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The development of unconventional oil and gas (UOG) resources has rapidly increased in recent 

years; however, the environmental impacts and risks are poorly understood. A single well can 

generate millions of liters of wastewater, representing a mixture of formation brine and injected 

hydraulic fracturing fluids. One of the most common methods for wastewater disposal is 

underground injection; we are assessing potential risks of this method through an intensive, 

interdisciplinary study at an injection disposal facility in West Virginia. In June 2014, waters 

collected downstream from the site had elevated specific conductance (416 μS/cm) and Na, Cl, 

Ba, Br, Sr, and Li concentrations, compared to upstream, background waters (conductivity, 74 

μS/cm). Elevated TDS, a marker of UOG wastewater, provided an early indication of impacts in 

the stream. Wastewater inputs are also evident by changes in 87Sr/86Sr in streamwater adjacent 

to the disposal facility. Sediments downstream from the facility were enriched in Ra and had 

high bioavailable Fe(III) concentrations relative to upstream sediments. Microbial communities 

in downstream sediments had lower diversity and shifts in composition. Although the hydrologic 

pathways were not able to be assessed, these data provide evidence demonstrating that activities 

at the disposal facility are impacting a nearby stream and altering the biogeochemistry of nearby 

ecosystems. 
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Wastewaters from oil and gas development pose largely unknown risks to environmental 

resources. In January 2015, 11.4 M L (million liters) of wastewater (300 g/L TDS) from oil 

production in the Williston Basin was reported to have leaked from a pipeline, spilling into 

Blacktail Creek, North Dakota. Geochemical and biological samples were collected in February 

and June 2015 to identify geochemical signatures of spilled wastewaters as well as biological 

responses along a 44-km river reach. February water samples had elevated chloride (1030 mg/L) 

and bromide (7.8 mg/L) downstream from the spill, compared to upstream levels (11 mg/L and 

&lt; 0.4 mg/L, respectively). Lithium (0.25 mg/L), boron (1.75 mg/L) and strontium (7.1 mg/L) 

were present downstream at 5–10 times upstream concentrations. Light hydrocarbon 

measurements indicated a persistent thermogenic source of methane in the stream. Semi-volatile 

hydrocarbons indicative of oil were not detected in filtered samples but low levels, including 

tetramethylbenzenes and di-methylnaphthalenes, were detected in unfiltered water samples 

downstream from the spill. Labile sediment-bound barium and strontium concentrations (June 

2015) were higher downstream from the Spill Site. Radium activities in sediment downstream 

from the Spill Site were up to 15 times the upstream activities and, combined with Sr isotope 

ratios, suggest contributions from the pipeline fluid and support the conclusion that elevated 

concentrations in Blacktail Creek water are from the leaking pipeline. Results from June 2015 

demonstrate the persistence of wastewater effects in Blacktail Creek several months after 

remediation efforts started. Aquatic health effects were observed in June 2015; fish bioassays 



showed only 2.5% survival at 7.1 km downstream from the spill compared to 89% at the 

upstream reference site. Additional potential biological impacts were indicated by estrogenic 

inhibition in downstream waters. Our findings demonstrate that environmental signatures from 

wastewater spills are persistent and create the potential for long-term environmental health 

effects. 
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Concerns have arisen among the public regarding the potential for drinking-water contamination 

from the migration of methane gas and hazardous chemicals associated with hydraulic fracturing 

and horizontal drilling. However, little attention has been paid to the potential for groundwater 

contamination resulting from surface spills from storage and production facilities at active well 

sites. We performed a search for publically available data regarding groundwater contamination 

from spills at ULS. drilling sites. The Colorado Oil and Gas Conservation Commission 

(COGCC) database was selected for further analysis because it was the most detailed. The 

majority of spills were in Weld County, Colorado, which has the highest density of wells that 

used hydraulic fracturing for completion, many producing both methane gas and crude oil. We 

analyzed publically available data reported by operators to the COGCC regarding surface spills 

that impacted groundwater From July 2010 to July 2011, we noted 77 reported surface spills 

impacting the groundwater in Weld County, which resulted in surface spills associated with less 

than 0.5% of the active wells. The reported data included groundwater samples that were 

analyzed for benzene, toluene, ethylbenzene, and xylene (BTEX) components of crude oil. For 

groundwater samples taken both within the spill excavation area and on the first reported date of 

sampling, the BTEX measurements exceeded National Drinking Water maximum contaminant 

levels (MCLs) in 90, 30, 12, and 8% of the samples, respectively. However, actions taken to 

remediate the spills were effective at reducing BJTEX levels, with at least 84% of the spills 

reportedly achieving remediation as of May 2012. Our analysis demonstrates that surface spills 

are an important route of potential groundwater contamination from hydraulic fracturing 

activities and should be a focus of programs to protect groundwater. 
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Unconventional natural gas development (UNGD) generates large volumes of wastewater, the 

detailed composition of which must be known for adequate risk assessment and treatment. In 

particular, transformation products of geogenic compounds and disclosed additives have not 

been described. This study investigated six Fayetteville Shale wastewater samples for organic 

composition using a suite of one- and two-dimensional gas chromatographic techniques to 

capture a broad distribution of chemical structures. Following the application of strict 

compound-identification-confidence criteria, we classified compounds according to their 

putative origin. Samples displayed distinct chemical distributions composed of typical geogenic 

substances (hydrocarbons and hopane biomarkers), disclosed UNGD additives (e.g., 

hydrocarbons, phthalates such as diisobutyl phthalate, and radical initiators such as 



azobis(isobutyronitrile)), and undisclosed compounds (e.g., halogenated hydrocarbons, such as 

2-bromohexane or 4-bromoheptane). Undisclosed chloromethyl alkanoates (chloromethyl 

propanoate, pentanoate, and octanoate) were identified as potential delayed acids (i.e., those that 

release acidic moieties only after hydrolytic cleavage, the rate of which could be potentially 

controlled), suggesting they were deliberately introduced to react in the subsurface. In contrast, 

the identification of halogenated methanes and acetones suggested that those compounds were 

formed as unintended byproducts. Our study highlights the possibility that UNGD operations 

generate transformation products and underscores the value of disclosing additives injected into 

the subsurface. 
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The rapid rise in natural gas extraction using hydraulic fracturing increases the potential for 

contamination of surface and ground water from chemicals used throughout the process. 

Hundreds of products containing more than 750 chemicals and components are potentially used 

throughout the extraction process, including more than 100 known or suspected endocrine-

disrupting chemicals. We hypothesized that a selected subset of chemicals used in natural gas 

drilling operations and also surface and ground water samples collected in a drilling-dense region 

of Garfield County, Colorado, would exhibit estrogen and androgen receptor activities. Water 

samples were collected, solid-phase extracted, and measured for estrogen and androgen receptor 

activities using reporter gene assays in human cell lines. Of the 39 unique water samples, 89%, 

41%, 12%, and 46% exhibited estrogenic, antiestrogenic, androgenic, and antiandrogenic 

activities, respectively. Testing of a subset of natural gas drilling chemicals revealed novel 

antiestrogenic, novel antiandrogenic, and limited estrogenic activities. The Colorado River, the 

drainage basin for this region, exhibited moderate levels of estrogenic, antiestrogenic, and 

antiandrogenic activities, suggesting that higher localized activity at sites with known natural 

gas–related spills surrounding the river might be contributing to the multiple receptor activities 

observed in this water source. The majority of water samples collected from sites in a drilling-

dense region of Colorado exhibited more estrogenic, antiestrogenic, or antiandrogenic activities 

than reference sites with limited nearby drilling operations. Our data suggest that natural gas 

drilling operations may result in elevated endocrine-disrupting chemical activity in surface and 

ground water. 
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High volume, hydraulic fracturing (HVHF) processes, used to extract natural gas and oil from 

underground shale deposits, pose many potential hazards to the environment and human health. 

HVHF can negatively affect the environment by contaminating soil, water, and air matrices with 

potential pollutants. Due to the relatively novel nature of the process, hazards to surface waters 

and human health are not well known. The purpose of this article is to link the impacts of HVHF 

operations on surface water integrity, with human health consequences. Surface water 

contamination risks include: increased structural failure rates of unconventional wells, issues 



with wastewater treatment, and accidental discharge of contaminated fluids. Human health risks 

associated with exposure to surface water contaminated with HVHF chemicals include increased 

cancer risk and turbidity of water, leading to increased pathogen survival time. Future research 

should focus on modeling contamination spread throughout the environment, and minimizing 

occupational exposure to harmful chemicals. 

 

(Rodgers 2015)  Rogers J.D., Burke T.L., Osborn S.G., Ryan J.N.  A framework for 
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Technol. Lett., 2 (2015), pp. 158–164 

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. 
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The rapid development of high-volume horizontal hydraulic fracturing for mining natural gas 

from shale has posed potential impacts on human health and biodiversity. The produced flow 

back waters after hydraulic stimulation are known to carry high levels of saline and total 

dissolved solids. To understand the toxicity and potential carcinogenic effects of these 

wastewaters, flow back waters from five Marcellus hydraulic fracturing oil and gas wells were 

analyzed. The physicochemical nature of these samples was analyzed by inductively coupled 

plasma mass spectrometry and scanning electron microscopy/energy dispersive X-ray 

spectroscopy. A cytotoxicity study using colony formation as the endpoint was carried out to 

define the LC50 values of test samples using human bronchial epithelial cells (BEAS-2B). The 

BEAS-2B cell transformation assay was employed to assess the carcinogenic potential of the 

samples. Barium and strontium were among the most abundant metals in these samples and the 

same metals were found to be elevated in BEAS-2B cells after long-term treatment. BEAS-2B 

cells treated for 6 weeks with flow back waters produced colony formation in soft agar that was 

concentration dependent. In addition, flow back water-transformed BEAS-2B cells show better 

migration capability when compared to control cells. This study provides information needed to 

assess the potential health impact of post-hydraulic fracturing flow back waters from Marcellus 

Shale natural gas mining. 

 

 



(Yost 2016) Yost, Erin E., et al. "Estimating the Potential Toxicity of Chemicals Associated 

with Hydraulic Fracturing Operations Using Quantitative Structure–Activity 

Relationship Modeling." Environmental science & technology 50.14 (2016): 

7732-7742.  

The United States Environmental Protection Agency (EPA) identified 1173 chemicals associated 

with hydraulic fracturing fluids, flowback, or produced water, of which 1026 (87%) lack chronic 

oral toxicity values for human health assessments. To facilitate the ranking and prioritization of 

chemicals that lack toxicity values, it may be useful to employ toxicity estimates from 

quantitative structure−activity relationship (QSAR) models. Here we describe an approach for 

applying the results of a QSAR model from the TOPKAT program suite, which provides 

estimates of the rat chronic oral lowest-observed-adverse-effect level (LOAEL). Of the 1173 

chemicals, TOPKAT was able to generate LOAEL estimates for 515 (44%). To address the 

uncertainty associated with these estimates, we assigned qualitative confidence scores (high, 

medium, or low) to each TOPKAT LOAEL estimate, and found 481 to be high-confidence. For 

48 chemicals that had both a high-confidence TOPKAT LOAEL estimate and a chronic oral 

reference dose from EPA’s Integrated Risk Information System (IRIS) database, Spearman rank 

correlation identified 68% agreement between the two values (permutation p-value =1 × 10−11). 

These results provide support for the use of TOPKAT LOAEL estimates in identifying and 

prioritizing potentially hazardous chemicals. High-confidence TOPKAT LOAEL estimates were 

available for 389 of 1026 hydraulic fracturing-related chemicals that lack chronic oral RfVs and 

OSFs from EPA-identified sources, including a subset of chemicals that are frequently used in 

hydraulic fracturing fluids. 
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ABSTRACT: The development of unconventional oil and gas
(UOG) resources has rapidly increased in recent years;
however, the environmental impacts and risks are poorly
understood. A single well can generate millions of liters of
wastewater, representing a mixture of formation brine and
injected hydraulic fracturing fluids. One of the most common
methods for wastewater disposal is underground injection; we
are assessing potential risks of this method through an
intensive, interdisciplinary study at an injection disposal facility
in West Virginia. In June 2014, waters collected downstream
from the site had elevated specific conductance (416 μS/cm)
and Na, Cl, Ba, Br, Sr, and Li concentrations, compared to
upstream, background waters (conductivity, 74 μS/cm).
Elevated TDS, a marker of UOG wastewater, provided an early indication of impacts in the stream. Wastewater inputs are
also evident by changes in 87Sr/86Sr in streamwater adjacent to the disposal facility. Sediments downstream from the facility were
enriched in Ra and had high bioavailable Fe(III) concentrations relative to upstream sediments. Microbial communities in
downstream sediments had lower diversity and shifts in composition. Although the hydrologic pathways were not able to be
assessed, these data provide evidence demonstrating that activities at the disposal facility are impacting a nearby stream and
altering the biogeochemistry of nearby ecosystems.

■ INTRODUCTION

Increasing demand for fossil fuels and depletion of traditional
oil and gas reservoirs has driven the development of shale gas,
coal-bed methane (CBM), and other unconventional oil and
gas (UOG) resources using technologies such as directional
drilling and hydraulic fracturing e.g., ref 1. These resources are
an important part of the United States’ energy resource
portfolio. While CBM production is estimated to remain at
current levels of national gas production (8%), development of
shale gas is estimated to account for at least 50% of all natural
gas produced in the U.S. by 2040.2 Production of UOG
resources results in liquid (e.g., produced waters or waste-
waters), solid (e.g., drill cuttings), and gaseous wastes, which
pose unknown risks and potential consequences to the quality
of atmospheric, groundwater, surface water, soil, and environ-
mental resources.
Wastewaters from UOG production are mixtures of residual

fluids used to complete the well and formation brine.1,3−7

Initially, these wastewaters reflect the composition of the
injected fluid, then over time, the chemistry shifts to reflect the
chemical composition of the formation, e.g.,.5 Wastewaters
from the Marcellus Shale typically have elevated total dissolved

solids (TDS, up to 300 000 mg/L),5,8−10 variable concen-
trations of organic compounds,6,11 and naturally occurring
radioactive material (NORM12). An average well producing
from the Marcellus Shale yields approximately 5 million liters of
wastewater over its lifetime; these large volumes of returned
fluids, with complex chemistries, present water management
challenges. The chemistry can affect the suitability of
wastewaters for reuse or the strategy for disposal.3,4,13,14

UOG wastewaters are managed in a variety of ways including
treatment and reuse for new well completions,15 disposal
through publicly owned or commercial wastewater treatment
plants,14,15 or disposal in Class II underground injection control
(UIC) wells.4,14,15 Class II disposal wells are estimated to be
disposing of over 2 billion gallons of wastewater from oil and
gas operations every day.16 They are located across the United
States and there are approximately 36 000 Class II UIC wells
handling wastewaters from UOG operations.16 Impacts on
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environmental health from accidental or intentional releases
during handling, disposal, treatment, or reuse are poorly
documented, with few reports in the literature.17 Potential
pathways for wastewater to enter surface water or groundwater
include: (1) releases from pipelines or tanker trucks trans-
porting fluids, (2) leakage from wastewater storage ponds
through compromised liners and overflows from the ponds, or
(3) migration of the fluids through the subsurface at the
injection depth or through failed injection well casings.
Research is needed to examine the potential impacts of
wastewater releases on environmental health, which are likely to
accelerate with the growing pace of UOG development.
Near Lochgelly, West Virginia, wastewaters from UOG

development are disposed of in a Class II UIC well. A small
stream runs through the facility and provides an opportunity to
sample surface water and sediments near a wastewater disposal
operation (Figure 1). This study is a part of a larger effort by
the US Geological Survey (USGS) and university researchers to
quantify biogeochemical and human health changes resulting
from UOG wastewater disposal.18 Here, we used key field and
inorganic chemical signatures, as well as microbial community
compositions, to identify UOG wastewater impacts to stream

biogeochemistry by characterizing differences between sites
within the disposal facility and background sites located
upstream or in a separate drainage with no known inputs
from oil and gas development. Although the pathway of
contaminants from the disposal facility to the stream could not
be assessed, these results clearly demonstrate that wastewater
handling practices at the site affect stream and sediment quality.

■ MATERIALS AND METHODS
Site Description. The study area is located near a UOG

wastewater UIC facility (disposal facility) in central West
Virginia (Figures 1 and S10 of the Supporting Information).
The disposal well was originally drilled in 1981 as a natural gas
production well to a depth of 990.6 m. The well was reworked
as a Class II injection well in 2002, with fluids injected into a
sandstone reservoir at a depth of 792.5 m. In addition to the
disposal well, the facility has brine storage tanks, an access road,
and two small, lined impoundment ponds. Until the spring of
2014, a portion of the wastewaters were temporarily stored in
the holding ponds prior to injection to allow for settling of
particulates that could potentially clog the pore space in the
receiving reservoir. The ponds operated from 2002 to spring
2014 when they were removed and the area recontoured and
planted with grass.
A certified record inventory for the site was obtained from

the West Virginia Environmental Quality Board (WVEQB),
which provided API numbers for 25 wells shipping wastewaters
to the facility. Between 2002 and 2014 the UIC well injected
approximately 1.5 million barrels (equal to ∼178 million liters)
of wastewater from the 25 production wells located in West
Virginia. Information about these production wells was
obtained from the West Virginia Department of Environmental
Protection (WVDEP), Office of Oil and Gas permit database
((http://tagis.dep.wv.gov/oog/) as detailed in Table S1. All of
the wells are producing natural gas, with 15 wells producing
coal bed methane, while four wells are producing from the
Marcellus Shale. An additional 4 wells are characterized as
horizontal gas wells producing from the Lower Huron shale
formation (Lower Huron is WVDEP nomenclature, USGS
usage is Huron Member of the Ohio Shale). We were unable to
find records for the remaining two wells listed in the WVEQB
document.
The Wolf Creek watershed encompasses 4430 ha with Wolf

Creek flowing to the northeast and joining the New River ∼10
km downstream from the facility (Figure S10). The New River
is used for recreation and is a local drinking-water source. The
headwaters of Wolf Creek flow through areas of past surface
coal mining that have since been covered or reclaimed and are
primarily residential or agricultural land.19 Despite reclamation,
Wolf Creek was classified as biologically impaired by the
WVDEP in 2008, due to high levels of iron and dissolved
aluminum,20 which may be due to acid mine drainage from the
Summerlee coal mine.21

An initial reconnaissance-sampling trip conducted in
September 2013 indicated potential impacts to the headwaters
requiring additional investigation (Table 1, Figure 1). To
further study impacts from the disposal facility, samples were
collected from two locations within the Wolf Creek watershed:
1) a small tributary that runs through the disposal facility and
2) a separate drainage (referred to as “background drainage”),
Site 2, with no potential impact from the disposal facility
(Figure 1A, Table 1). The tributary begins upstream from the
disposal facility and runs adjacent to the disposal well, then

Figure 1. Map of sampling locations near Fayetteville, WV within the
Wolf Creek watershed (A) and specific sites (B) in a stream running
adjacent to a class II disposal facility. Panel A shows that Site 2 was
located in a separate drainage from the disposal facility sites (outlined
in black box), which are shown in panel B (Sites 4, 5, 6, 7 and 3). In
panel B, the blue line highlights the stream, and the yellow outline is
the location of the former impoundment ponds. Source: Esri.
DigitalGlobe, GeoEy, i-cubed, Earthstar Geographies, CNES/Airbus
DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo,
and the GIS User Community.
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downhill from the two former impoundments (Figure 1B). The
background drainage-stream meets the disposal-facility-stream
prior to joining the main stem of Wolf Creek, ∼1000 m
downstream from the facility (Figure 1A). No samples were
obtained for the current study below Site 3 due to other
industrial activities in the area (e.g., an automotive junkyard).
Site Sampling and Analysis. The disposal facility and

background drainage streams (Site 2) were sampled in June
2014 at five points within the disposal facility, including
locations upstream (Site 4), within (Site 5 and 6), and
downstream (Sites 7 and 3) from the disposal facility (Figure
1B, Table 1). Conductivity, pH, and aqueous Fe2+ were
determined in the field as described in the SI Methods. Water
samples were collected from the approximate center of the
stream for analysis of alkalinity, cations, anions, strontium (Sr),
oxygen (O) and hydrogen (H) isotopes, nonvolatile dissolved
organic carbon (NVDOC), trace inorganic elements, and
disinfection byproducts (DBP) as described in the SI Methods.
Additional field measurements and water samples for NVDOC
and major and minor cations were collected in September 2013
and 2014 at Sites 2, 7, and 3. Streambed sediment samples were
collected for carbon, nitrogen, and sulfur elemental analysis
(CNS), Fe speciation, total inorganic elements, and microbial
community analysis as described in the SI Methods. Detailed
sampling, quality assurance/quality control (QA/QC) proce-
dures, and analytical methods are described in the SI Methods.
No hydrologic measurements were conducted or groundwater
sampled during the September and June sampling efforts.
Further investigations into the hydrology of the site were not
possible due to site access limitations. The microbial
community sequence data set was deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read
Archive (SRA) under accession number SRP073303.

■ RESULTS AND DISCUSSION
Impacts to Stream Water Quality. Tributaries of Wolf

Creek that were sampled in September 2013, June 2014, and
September 2014 showed impacts on the tributary downstream
from the injection disposal facility (Figure 1, Table 1). In
September 2013 exploratory sampling indicated that there was
elevated specific conductance at Sites 7 and 3 compared to the
background drainage Site 2 (Table 1). Intensive sampling in
June 2014 revealed that background sites located in the

separate drainage (Site 2) or upstream (Site 4), with no known
UOG wastewater inputs, exhibited no visual signs of impacts or
disturbance due to anthropogenic activity. Waters at these sites
had neutral pH and specific conductance (∼80 μS/cm, Table
1) in line with that of minimally impacted streams in the area.
Sites 5, 6, 7 and 3, which were located on the facility, adjacent
to the disposal injection well, adjacent to the former holding
ponds, or downstream, respectively, all exhibited visual signs of
impacts. All 4 of these sites had red-orange sediments and
waters characterized by neutral pH (Table 1). At Sites 6, 7, and
3 there were hydrocarbon odors once the sediment was
disturbed, although Site 6 waters had a specific conductance in
line with background sites and Site 5. Waters from sites
downstream from the former impoundments (Sites 7 and 3)
had elevated specific conductance (∼400 μS/cm) indicating
that visual impacts at these sites were associated with alterations
to the stream chemistry. The elevated specific conductance
provided the field evidence that impacts to the stream are due
to UOG wastewaters, because produced waters from both
conventional and unconventional oil and gas wells in the
Appalachian Basin are characterized by high salinity.5,6,10,22−26

Specific conductance at all of the sites was lowest at the June
2014 sampling time point, likely due to the fact that 3.0 cm of
precipitation fell in 24 h on June 12, 2014 in nearby Beckley,
WV,27 less than 1 week prior to our sampling on June 17, 2014.
Water samples collected in June 2014 showed clear

differences in chemistry upgradient and downgradient from
the waste-disposal facility (Figures 2 and 3 and Table S2).
Streams in this region are naturally low in NVDOC: below 1.5
mg/L at both background sites at the time of sampling (Figure
3a, Table S2). Concentrations increased to 2.2−3.3 mg/L at
sites on and downgradient from the facility. In contrast, nitrate
(NO3

−) and sulfate (SO4
2−) concentrations in the stream

decreased on and below the disposal facility. Total Fe
concentrations adjacent to the former impoundments were
8.1 mg/L, far in excess of the 0.13 mg/L found upstream from
the facility (Table S2).
Chloride (Cl−, 115 mg/L) and bromide (Br−, 0.80 mg/L)

concentrations were elevated adjacent to the former impound-
ments (Site 7), compared to 0.88 mg/L Cl− and <0.03 mg/L
Br− at Site 4, upstream from the facility (Figure 3b,c and Table
S2). The concentrations at Site 7 correspond to a Cl/Br ratio
(mass basis) of ∼144, which is in-line with produced waters

Table 1. Site Descriptions, Field Parameters and NVDOC of Water Samples Collected in September 2013, June 2014, and
September 2014 in Tributaries of Wolf Creeka

pH conductivity (μS/cm) temp. (°C) NVDOCb (mg/L)

sample type, location
Sept.
2013

June
2014

Sept.
2014

Sept.
2013

June
2014

Sept.
2014

Sept.
2013

June
2014

Sept.
2014

Sept.
2013

June
2014

Sept.
2014

site 2 background, separate drainage 7.8 6.5 NDc 216 109 ND 14.1 16.0 ND 2.65 1.42 ND

site 4 background, upstream of
disposal facility

ND 6.5 6.7 ND 74.0 125 ND 18.2 16.0 ND 1.13 1.60

site 5 adjacent to the disposal
facility

ND 6.2 ND ND 90.0 ND ND 20.3 ND ND 3.31 ND

site 6 adjacent to the injection
well shed

ND 6.9 ND ND 82.0 ND ND 20.1 ND ND 2.20 ND

site 7 adjacent to the former
impoundment ponds

5.8 6.4 6.5 1750 416 1040 21.0 24.1 17.4 7.35 2.49 3.10

site 3 downstream of the
disposal facility

6.4 6.1 6.5 1210 379 1110 25.0 22.9 17.7 3.85 3.24 3.40

field equipment
blank

blank ND ND ND ND ND ND ND ND ND 0.86 0.50 0.70

aSite locations are indicated in Figure 1. All field parameter values are the median of three individual measurements. Sites 7 and 3 were sampled in
duplicate in June 2014 and values presented are averages. bNVDOC = non volatile dissolved organic carbon. cND = not determined.
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derived from evaporated paleoseawater.28 Dissolved calcium
(Ca2+), sodium (Na+), strontium (Sr2+), and barium (Ba2+)
concentrations were also elevated at Sites 7 and 3 (Figure 3b,c).
Due to the very low concentrations of Cl− and Na+ in the
background water, these elements and Br−, Sr2+ and Ba2+, serve
as a good local tracer of UOG wastewater impacts.29 Iodine can
be another indicator of UOG wastewater impacts;30 however,
concentrations were below the detection limit of 1 mg/L at all
sites. Concentrations of several trace elements were also
elevated above background, particularly lithium (Li+), which is
present at over 6 times the background concentration at Site 7
(Table S2, Figure 3e). Increased trace element concentrations
in surface waters may be due to mobilization from sediments by
the wastewater-derived inorganic salts, similar to what has been

observed for roadside soils impacted by deicing salts.31−39

Increased concentrations of Cl−, Br−, Sr2+, and Ba2+ have been
found in Pennsylvania streams downstream from wastewater
treatment plants.30,40 Elevated Br− concentrations in UOG
wastewaters can lead to increases in disinfection byproducts
(DBP) downstream from wastewater treatment plants,41

however DBP were not observed at any of the sites sampled
in the Wolf Creek tributary.42

Although the concentrations of Cl− between Sites 7 and 3
did not change (indicating minimal dilution between the sites),
concentrations of Ca2+ and Na+ decreased by 12%, Ba2+ and Li+

Figure 2. Major anion and cation concentrations over time at Sites 2
(A), 4 (B), 7 (C), and 3 (D). Samples were collected in September
2013, June 2014, and September 2014 at all sites with the exception of
Sites 2 and 4, which were only sampled in Sept. 2013 and June 2014
and June and September 2014, respectively (ND = not determined).
Note the different scales in panels A and B.

Figure 3. Chemistry in waters collected in June 2014 from a stream
adjacent to the disposal facility. (A) Concentrations of nonvolatile
dissolved organic carbon (NVDOC), sulfate, and nitrate; (B) chloride,
calcium, and sodium concentrations; (C) strontium, barium, and
bromide concentrations; (D) concentrations of dissolved Mn and Fe;
and (E) trace element concentrations. Site locations are indicated in
Figure 1 and Sites 2 and 4 are background (Bck) sampling locations.
Site 2 is located in a separate drainage, whereas Site 4 is upstream of
the disposal facility. Sites 7 and 3 were sampled in duplicate and
averages (Avg) of individual measurements are presented. The blank is
the field equipment blank.
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by 9% and Sr2+ by 6%. Bromide decreased to below detection at
Site 3. The losses from solution of these elements indicate
potential for incorporation into the stream-bed sediments.
Skalak et al. 2014,43 found the accumulation of Sr, Ca, and Na
(in addition to Ra) in soils in areas of Pennsylvania where road
spreading of produced-water brines was a common approach
for deicing. Comparing the June 2014 results to those from
September 2013 and 2014 shows that most elements that were
elevated compared to background sites in June were lower in
absolute concentration than observed during the September
samplings (Figure 2), indicating dilution associated from recent
rain events prior to the June 2014 sampling.27

Isotopic Indicators of UOG Wastewater Sources.
Isotopic data for H, O, and Sr in samples collected in June
2014 show marked differences (Figure 4; Tables S2 and S5).
Background samples from Sites 2 (background drainage) and 4
(upstream), exhibit lower Sr concentrations and higher
87Sr/86Sr (>0.713), than the samples on or below the disposal
facility suggesting contribution from additional sources of water
into the stream. Because Sr isotopes do not fractionate
appreciably in the environment, sources of Sr-rich water with
a lower 87Sr/86Sr ratio appear to contribute to the stream near
Site 6 and again below the disposal facility (Sites 3 and 7). For
context, these data are compared against late stage produced
waters from the Marcellus Shale from Greene County,
Pennsylvania and mine drainage water from the various
Pennsylvanian age coals in the area (external Sr data from44).
There is some spatial variability in strontium isotope geo-
chemistry across the Marcellus Shale, so data from the closest
county (Greene) were used. On this type of plot (87Sr/86Sr vs
1/Sr), mixtures between any two end-members plot as straight
lines (Figure 4a). The data point for the Site 6 sample falls
along a mixing line between upstream water (Site 4) and
Marcellus Shale produced waters. End-member mixing
calculations suggest the sample from Site 6 is the result of a
small contribution of Marcellus Shale produced waters
(0.004%). Such small contributions can be identified because
of the high concentration of Sr in Marcellus Shale produced
water (>1500 mg/L) relative to the streamwater (<0.1 mg/L).
The Sr signatures for samples from Sites 3 and 7, downstream
from the disposal site are markedly different from the Site 6
sample. Their compositions overlap with data from Pittsburgh
coal mine water, potentially suggesting an input of up to 50% of
CBM produced waters in these samples. Loss of the apparent
Sr signature from Marcellus Shale produced waters in these
samples relative to the upstream Site 6 sample may be due to an
overprinting by the relatively Sr-rich coal-sourced water (∼1.2
mg/L coal-sourced water contribution vs ∼0.1 mg/L
contribution from the Marcellus Shale produced water).
Results from the δ18O and δ2H analyses (Figure 4b) indicate

that all of the samples collected are dominated by local
meteoric water. Produced water samples from the Marcellus
Shale from southwestern Pennsylvania are located distal to the
local meteoric water line (LMWL) related to their origin from
surface water mixing with formation water, which is highly
evaporated paleoseawater.5 No published δ18O and δ2H data
exist for conventional oil and gas wells produced waters in
nearby areas, but examination in other parts of the basin show
overlap between Marcellus Shale produced waters and those
from conventional oil and gas wells.5,23 Thus, these data show
no indication of mixing with substantial quantities of Marcellus
Shale produced waters or likely any local conventional
hydrocarbon produced waters. However, with a potential

contribution of <1% such as possibly predicted from Sr
isotopes at Site 6, no shift in δ18O and δ2H would be expected.
Estimated recharge temperatures based on equations by
Dansgaard45 are slightly warmer at the sites below the disposal
facility (mean = 8.1 °C) than those for the remaining sites
(mean = 7.4 °C), and their compositions cover the range of
local surface waters (data from ref 46) suggesting a relatively
shallow recharge source for the waters from Sites 3 and 7, such
as coal mine adits or CBM water, although no local δ18O and
δ2H data are available for either.

Characterization of Stream Sediments. Sediment
samples for total elemental analysis and extractable iron

Figure 4. Two-component mixing plots of 87Sr/86Sr against 1/Sr
concentration for Wolf Creek tributary water samples (green/white
squares). Values for Pennsylvania coal beds (circles), Venango Group
brines (blue squares), and Marcellus Shale produced waters (crosses)
are provided for reference. Red line in panel A shows mixing pathway
between Marcellus Shale produced water and Site 4. Percentages along
the pathway indicate relative contribution of Marcellus Shale produced
water in the mixture. Red line in panel B is the local meteoric water
line (LMWL).
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analyses were only obtained in June 2014. The percent carbon
composition of the samples ranged from less than 1% to 5.4%
with less than 1% of N and S. The C, N, and S contents of the
sediments were consistent among sites with the exception of
elevated C at site 6, which might be due to surface activities on
site. The bulk sediment cation and trace element concen-
trations were similar between upstream, background and
downstream streambed sediments (Figure S11 and Table S3),
indicating no measurable impact from the waste disposal
facility. Total Ca and Na concentrations observed were much
lower (<2.5 mg/g; Table S3) than that observed in sediments
impacted by oil and gas wastewaters (0.015−25 mg/g Ca and
0.01−48 mg/g Na;43).
Mercury and uranium concentrations (Table S4) in sediment

samples were within the range of values estimated for average
upper crustal rocks47 and showed no overall differences
between downstream, impacted and background sites (Table
S4 and Figure 5). In contrast, the 226Ra concentration at Site 6

was elevated well above background (228Ra concentrations were
below detection in all samples). In contrast to all other sites,
238U/226Ra in sediments at Site 6 were not in secular
equilibrium (Table S4) indicating an external source of 226Ra
to the sediments. Elevated 226Ra activity, a product of 238U
decay, is characteristic of produced water from the U-rich
Marcellus Shale (e.g., ref 12), and elevated Ra concentrations
were observed near a Marcellus Shale wastewater treatment
facility discharge site40 and in areas where conventional oil and
gas wastewaters were used for road deicing.43 The excess 226Ra
detected in sediments at Site 6 is consistent with the Sr isotope
data that suggest a small contribution of Marcellus Shale
produced water in water samples from the same location. The
226Ra at Sites 3 and 7 appears to be in secular equilibrium with
238U and suggests negligible input of external 226Ra at these
sites. This is consistent with input from coalbed methane
produced waters, as they generally contain very little radium
(<20 pCi/L).48

Total iron concentrations were higher at Site 3 (Figure S11),
but iron extractions showed that biogenic Fe(II) and
bioavailable Fe(III) were elevated at Sites 7 and 3 (Table
S4). Sites 7 and 3 had similar extractable Fe(III) concen-
trations, in agreement with the field observations of red-orange
iron oxide-rich sediments. However, Site 7 duplicate field
samples were highly variable visually (color, texture) and this is
reflected in the variability seen in iron values between samples.
One of the Site 7 samples was highly reduced, as shown by high
Fe(II) contents (1340 μmol/g sediment; Table S4) and low %

of Fe(III) and corresponded to a dark gray-black color of the
sediments. The elevated iron contents at the site are likely
associated with small-scale heterogeneities and potentially past
coal mining in the area,20,21 but wastewater contamination may
drive the distribution between biogenic Fe(II) and bioavailable
Fe(III).

Microbiology. Analysis of Illumina sequence reads of the
16S rRNA gene v4 region revealed striking differences in
microbial community structure in the streambed sediments
upstream and downstream of the disposal facility (Figure 6,
Table S8). The alpha diversity was observed to be much lower
at Site 7 (Inverse Simpson Index of 377), adjacent to the
former impoundments, than either downstream at Site 3

Figure 5. Ratios of total U and Ra in sediments collected from 5 sites
along a stream adjacent to the disposal facility. Site locations are
shown in Figure 1. Concentrations of total U and Ra are available in
Table S4. No 228Ra was detected so Total Ra equals 226Ra.

Figure 6. Heatmap and dendrogram of microbial orders comprising
>1% of microbial communities in sediments collected from 5 sites
along a stream adjacent to the disposal facility in June 2014. Site
locations are indicated in Figure 1, and sediments were collected from
the upper 5 cm of the streambed. Dendrogram represents relatedness
of communities between sites.
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(Inverse Simpson Index of 1063) or upstream at Sites 4 and 6
(Inverse Simpson’s Indices of 689 and 787, respectively). A
heatmap was constructed to visualize differences in the
structure of the microbial community using bacterial orders
of greater than 1% abundance combined with cluster analysis
(Figure 6). Notably, anaerobic orders including the Desulfur-
omonadales, Anaerolineales, and Syntrophobacterales were
found at greater abundance at Sites 7 and 3, suggesting
anaerobic conditions in the shallow streambed.49−51 In
addition, Clostridiales were observed in greater abundance at
Sites 7 and 3, a finding similar to that in other UOG wastewater
influenced systems.6,52 In contrast, the predominantly aerobic
Rhizobiales,53 Myxococcales,53 and Sphingobacteriales54 were
found in greater abundance at Sites 4 and 6.
Canonical correspondence analysis55 and the ENVFIT function

in the R vegan56 package were utilized to relate differences in
microbial community structure to the measured geochemical
parameters of the streamwater (Figure S12). The community at
Site 7 separates from Site 4 along axes 1 and 2, while the
community at Site 3 separates from Site 4 along axes 1 and 3. In
this analysis, the elevated dissolved metal concentrations
observed at Sites 7 and 3 vary along axes 1 and 2, suggesting
a relationship between the elevated metals found at these sites
and the shifts in microbial community composition. Eigenvec-
tors and loadings for Figure S12 are presented in Table S9.
Reactions That Control Element Stability/Fate and

Transport. TCO2 (total dissolved carbon dioxide) concen-
trations and PCO2 (partial pressure of carbon dioxide) values
were calculated from the solution compositions (Table S7).
PCO2 values at all sites ranged from 1.8% to 5.7%, substantially
higher the atmospheric value of 0.04%, indicating the impact of
respiration on the streamwater chemistry. Calcite, rhodocrosite
(MnCO3,s), and siderite (FeCO3,s) were undersaturated but
approached saturation with respect to rhodocrosite at Sites 5
and 6 and siderite at Sites 5 and 7. Saturation with respect to
barite (BaSO4,s), which can control both Ba2+ and Ra2+

concentrations and act as a reservoir for these elements in
sediments,57 was examined using the streamwater chemistry.
Barite was undersaturated or slightly supersaturated at all sites,
including the background sites (Table S7). Maximum
saturation indices were observed at Site 7 in September 2014
(0.7) and Site 3 in June 2014 (0.2−0.5). Barite precipitation at
these low degrees of saturation is unlikely given the inhibition
by humic and fulvic acids, principal constituents of NVDOC, at
NVDOC concentrations observed during this study (Table
S2).58 Thus, Sr2+, Ba2+, Ra2+, and other metal ions elevated
owing to UOG wastewater impacts are likely present as sorbed
species in the sediments rather than incorporated into minerals
and, as such, could be mobilized upon changing chemical
conditions.
Implications. Multiple lines of evidence demonstrate that

activities at the disposal facility are impacting the stream that
runs through the area, as shown by changes in the inorganic
chemistry and microbiology at the downstream sites. In
addition, collaborative papers examining the organic chemistry
and endocrine disrupting activity59 in the same samples,
provide additional lines of evidence demonstrating that
activities at the disposal facility are impacting the nearby
ecosystem. Many of the inorganic constituents known to be
associated with UOG wastewaters and Appalachian Basin
brines, e.g., Cl−, Ca2+, Na+, Sr2+, and Ba2+,5,6,10,22−26,29,30 were
elevated in streamwater samples downstream of the disposal
facility, indicating that the impacts were associated with UOG

wastewater inputs. Indeed, Site 7 waters had Cl− and Br−

concentrations consistent with the influence of wastewater
brines from conventional and unconventional resources, with
concentrations consistent with coal bed methane,25 Marcellus
Shale produced waters,9,30 and produced waters from
Appalachian Basin conventional oil and gas wells.23,30 However,
the contribution of wastewaters to the stream chemistry is
small, but still detectable, with less than 0.001 part brine to
0.999 parts freshwater needed to account for the observed
stream Br− and Cl− contents.
Inorganic components of brine can immediately impact

water quality, and can potentially alter ecosystem functions by
impacting biogeochemical nutrient cycling. For example,
increases in salinity due to deicing of roads are associated
with disruptions in nitrogen cycling, likely due to alterations of
microbial communities.60,61 The alterations in sediment
microbial communities at the downstream sites could impact
nutrient cycling in the stream, highlighting the importance of
understanding the link between microbial community structure
and function in environments impacted by UOG wastewater
releases. Increasing hardness and metal concentrations in
ecosystems impacted by road salt were also shown to have
toxic effects on aquatic organisms and terrestrial plants.38,62,63

At Wolf Creek, organisms may be similarly impacted; similar
components are elevated in stream waters due to disposal
activities and wastewater inputs.
Our findings show that the disposal facility is impacting the

stream but we are unable to identify a point source of
contaminants to the stream. Disposal facilities offer multiple
potential sources, including leaking wastewaters from storage
ponds and tanks, as well as from fuel and motor oil from
vehicles making frequent deliveries (e.g., wastewater transport).
Contaminants from impoundment ponds or spills can reach
streams by overland flow or through groundwater discharge
that leach into the subsurface through failed or incomplete
liners. In addition, background concentrations in streams may
be elevated owing to previous land use, such as coal mining,
which highlights the necessity of identifying and sampling an
appropriate background site (e.g., upstream). Further inves-
tigations of potential contaminants, endocrine disruption
activity of stream waters, as well as studies of aquatic organisms,
and comparisons with impacts from other anthropogenic inputs
are warranted to determine potential environmental health
impacts of UOG wastewater disposal practices.
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• UOG wastewater (N11 million liters)
spilled into Blacktail Creek, ND in Janu-
ary 2015.

• Elevated Na, Cl, Br, Sr, B, Li, NH4, and
hydrocarbons were detected in creek
waters.

• Geochemical baseline deviations persist
months after remediation efforts
started.

• B and Sr concentrations, and Ra activi-
ties were up to 15 times background
in sediment downstream.

• Biological impacts include reduced fish
survival and estrogenic inhibition
downstream.
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Wastewaters from oil and gas development pose largely unknown risks to environmental resources. In January
2015, 11.4M L (million liters) of wastewater (300 g/L TDS) from oil production in theWilliston Basinwas report-
ed to have leaked froma pipeline, spilling into Blacktail Creek, North Dakota. Geochemical and biological samples
were collected in February and June 2015 to identify geochemical signatures of spilled wastewaters aswell as bi-
ological responses along a 44-km river reach. February water samples had elevated chloride (1030 mg/L) and
bromide (7.8 mg/L) downstream from the spill, compared to upstream levels (11 mg/L and b0.4 mg/L, respec-
tively). Lithium (0.25 mg/L), boron (1.75 mg/L) and strontium (7.1 mg/L) were present downstream at 5–10
times upstream concentrations. Light hydrocarbon measurements indicated a persistent thermogenic source of
methane in the stream. Semi-volatile hydrocarbons indicative of oil were not detected in filtered samples but
low levels, including tetramethylbenzenes and di-methylnaphthalenes, were detected in unfiltered water sam-
ples downstream from the spill. Labile sediment-bound barium and strontium concentrations (June 2015)
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were higher downstream from the Spill Site. Radium activities in sediment downstream from the Spill Site were
up to 15 times the upstream activities and, combinedwith Sr isotope ratios, suggest contributions from the pipe-
line fluid and support the conclusion that elevated concentrations in Blacktail Creek water are from the leaking
pipeline. Results from June 2015 demonstrate the persistence of wastewater effects in Blacktail Creek several
months after remediation efforts started. Aquatic health effects were observed in June 2015; fish bioassays
showed only 2.5% survival at 7.1 km downstream from the spill compared to 89% at the upstream reference
site. Additional potential biological impacts were indicated by estrogenic inhibition in downstream waters. Our
findings demonstrate that environmental signatures fromwastewater spills are persistent and create the poten-
tial for long-term environmental health effects.

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Tight oil production
Williston Basin
Bakken Formation
Endocrine disrupting activity
1. Introduction

Liquid and solid wastes produced during development of oil and gas
resources, particularly those from unconventional oil and gas (UOG) re-
sources that are produced using horizontal drilling and hydraulic frac-
turing technologies, pose potential, but largely unquantified, risks to
environmental resources and the health of organisms, including
humans. Although several site investigations have been conducted,
(e.g., Akob et al., 2016; Lauer et al., 2016; Rivard et al., 2014; Skalak et
al., 2014; Warner et al., 2014), the significant variation in the composi-
tion of producedwater (defined in Engle et al., 2014, referred to as UOG
wastewaters herein) from shale and tight oil formations, (e.g., Akob et
al., 2016; Blondes et al., 2014; Engle et al., 2016; Harkness et al., 2015;
Rowan et al., 2015), as well as differences in disposal methods, climate,
and physiography, have limited our understanding of environmental ef-
fects of UOGwastes. Recent extensive increases in hydrocarbon produc-
tion from the tight oil reservoirs in the Williston Basin, including the
Bakken and Three Forks Formations, have resulted in increases in
water use (Gallegos and Varela, 2015; Scanlon et al., 2016; Scanlon et
al., 2014) and new sources and increased volumes of wastewaters
(Engle et al., 2014; Gallegos and Varela, 2015; Horner et al., 2016;
Kondash and Vengosh, 2015).

Recent studies have raised concerns about the environmental and
human health impacts of UOG wastes and have underscored the sub-
stantial knowledge gaps in understanding the ecological and human
health hazards associated with waste releases (Elliott et al., 2016;
Kassotis et al., 2016a; Kassotis et al., 2016b; Vengosh et al., 2014; Yost
et al., 2016). Knowledge gaps include identifying pathways to exposure
and the chemicals most likely to pose a hazard (Rogers et al., 2015).
Tracking UOG wastewaters through their life-cycle of use has required
development of new analytical approaches and modeling tools. Recent
studies have shown that 87Sr/86Sr ratios, for example, are useful geo-
chemicalfingerprints ofwastewaters because trapped formationwaters
can develop distinct isotopic signatures, which are conservative and
contain high concentrations of Sr (Lauer et al., 2016; Peterman et al.,
2012; Stewart et al., 2015; Warner et al., 2013). Further development
of analytical methods for trace levels of organics, stable and radioactive
isotopes, and compounds of environmental health concern, including
endocrine disruptors, are critical to a better understanding of the impact
of releases.

Wastewaters from UOG production can be highly saline (often re-
ferred to as brine) and contain a complex mixture of chemicals, includ-
ing toxic and radioactive elements from the formation and chemical
additives from production (Barbot et al., 2013; Engle et al., 2014;
Gregory et al., 2011), which may enter the environment in a variety of
ways including direct disposal or well-stimulation practices (DiGiulio
and Jackson, 2016; Skalak et al., 2014; Warner et al., 2014), accidental
leaks or spills (Akob et al., 2016; Drollette et al., 2015) or beneficial
uses such as de-icing on roadways or agricultural irrigation (Adams,
2011; Engle et al., 2014; Lutz et al., 2013; Skalak et al., 2014). Surface re-
leases of wastewaters have been hypothesized to be the source of trace
organic compounds in residential wells in theMarcellus Shale region of
Pennsylvania (Drollette et al., 2015). Activities at a wastewater disposal
facility inWest Virginia caused changes in stream chemistry andmicro-
biology, and measurable endocrine disrupting potential (Akob et al.,
2016; Kassotis et al., 2016a). Inorganic contaminants from brine spills
in North Dakota have been found to persist at elevated levels in sur-
face water from months to years (Lauer et al., 2016). In addition to
the work conducted by Lauer et al. (2016), two previous studies in
the Bakken region on the effects of UOG wastewater in the environ-
ment found evidence of brine contamination both in surface and
groundwater at a total of four different study site locations
(Gleason and Tangen, 2014; Mills et al., 2011). These studies high-
light the need to determine both the long-term effects and a more
comprehensive understanding of the constituents released into the
environment from UOG activities. It has become increasingly clear
that management of wastewaters from UOG extraction is a key
issue in avoiding environmental damage (Lutz et al., 2013; Vidic et
al., 2013).

In North Dakota, the boom in tight oil production ramped up in 2008
and has been associated with an increase in the number of spills at pro-
duction and disposal sites. An analysis of spills data reports from2008 to
2015 (detailed methodology presented in the SI Methods) available
from theNorth Dakota Department of Health, revealed that N8000 spills
of fluids were recorded (Fig. 1). Despite the fact that volumes and com-
positions of materials spilled are often not reported, almost 53 million
liters of “brine” spills were documented in the reports, representing
the vast majority of spills by volume. The documented spills constituted
over 75 million liters of total fluids, 17 million liters of which was clas-
sified as oil. Most of the spills have occurred in a relatively few number
of watersheds in the northwest corner of the state (Fig. 1). This has led
to some watersheds (examined at the HUC 10 scale, (Seaber et al.,
1987)) cumulatively receiving over 2.5 M L of reported spills and this
is likely a conservative estimate. Lauer et al. (2016) demonstrated an as-
sociation between oil well density and incidents of wastewater (brine)
spills in North Dakota.

In January 2015, a UOG wastewater pipeline leak was reported in
northwestern North Dakota that allowed an estimated 11.4 million li-
ters of wastewater to flow into nearby Blacktail Creek. Blacktail Creek
is a small tributary of the Little Muddy River, which flows into the Mis-
souri River (Fig. 2).We are using the largemagnitude spill into Blacktail
Creek to conduct in-depth interdisciplinary studies of the environmen-
tal fate and potential health effects of contaminants from UOG waste-
water releases that enter a surface-water body. This study aimed to
identify wastewater constituents that entered the environment, to un-
derstand how these components partitioned between water and sedi-
ment in the fluvial environment, and to evaluate some of the potential
impacts to ecological or human receptors. Samples collected during
two time periods, February and June 2015, indicate the presence of
wastewater markers and biological impacts in the river; these results
demonstrate the persistence of geochemical alterations six months
after the spill was discovered. Partitioning of elements from the waste-
water spill onto sediment attenuates contaminant concentrations and
decreases rates of aqueous transport but could provide a long-term
source which could negatively affect the aquatic ecosystems. This
work builds on the initial observations of Lauer et al. (2016), who

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Cumulative spills from oil and gas production on watersheds in North Dakota between January 2008 and June 2015. Watershed volumes were calculated by combining reported
values of oil, brine, and unidentified liquid waste accidentally released during drilling operations.

Fig. 2. Map of sampling locations along Blacktail Creek and Little Muddy River (A) tributaries of the Missouri River. Panel (B) shows specific sites located along Blacktail Creek and
proximity to the area of the spill (red circle). Specific conductance values were those measured in February 2015 (Table S9). Inset in (A) shows location within North Dakota. Map
data from: USGS The National Map: National Boundaries Dataset, National Elevation Dataset, Geographic Names Information System, National Hydrography Dataset, National Land
Cover Database, National Structures Dataset, and National Transportation Dataset; U.S. Census Bureau – TIGER/Line; HERE Road Data.
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collected and analyzed two samples of streamwater from the study site
in July 2015 and concluded, assuming a contribution of produced water
from the Bakken, that the pipeline fluid had entered the creek.

2. Materials and methods

2.1. Site description

The study area is located along Blacktail Creek and the Little Muddy
River just north ofWilliston, North Dakota (ND, Fig. 2a). A leak, reported
on January 6, 2015, from a shallow underground pipeline that crosses
Blacktail Creek resulted in wastewaters from oil production in the
Williston Basin to quickly enter into the stream. The leak was approxi-
mately 70 m from the stream on the west side of Blacktail Creek; the
creek flows approximately 11 km before it joins the Little Muddy
River and another 60 km until it flows into the Missouri River. Remedi-
ation efforts began in January 2015 and continue at the pipeline leak
site, significantly altering the natural hydrology and disturbing much
of the surrounding area. Satellite imagery and field reconnaissance per-
sonnel indicated that approximately 10,000 m2 of surface soil and sed-
iment has been removed at the site to a depth of 10–30 cm. The
stream has been temporarily impounded at several locations by low
headwater dams to collect and skim contaminated water. The ground-
water between the Spill Site and 4 kmdownstreamwas pumped exten-
sively during remediation in the spring and summer of 2015 to the
extent that the stream was largely non-flowing in this region during
our June 2015 sampling.

Blacktail Creek is a 3rd order tributary and its watershed is approxi-
mately 120 km2 in size. Blacktail Creek joins the Little Muddy whose
watershed is 1961 km2 and it enters the Missouri River at Lake
Sakakawea (formed by the Garrison Dam). Land use in the watershed
is 72% agriculture and 4% residential, with the remaining 24% undevel-
oped (scrub/wetland) (Homer et al., 2015). Analysis of spills reports re-
vealed that within the watershed (at HUC 10 level, Fig. 1), 200,014 L of
brine, 35,246 L of oil, and 10,819 L of “other” liquid from50other report-
ed spills from 76 newwells had been reported in the previous 7 years. A
U.S. Geological Survey stream gage (USGS Site ID 06331000) located on
Little Muddy, approximately 22.9 km downstream from the Spill Site,
has continuous discharge data since 1954. Average annual discharge
for Little Muddy River is approximately 0.92 cubic meters per second
(cms) (http://waterdata.usgs.gov/nd/nwis/). Flow observations were
collected at a temporary stream gage on Blacktail Creek near Marmon,
ND (USGS Site ID 06330515) from March to November 2015 located
2.6 kmdownstream from the Spill Site. Remediation efforts have greatly
affected the hydrology of the creek through the use of dams and
groundwater pumping. The average daily discharge from March to No-
vember 2015 ranged from 0 to 3.39 cmswith an average daily discharge
of 0.15 cms. During the remediation period, Blacktail Creek had
129 days of zeroflowout of the 256 days that the site recorded data. Sig-
nificant flow variations in the stream occur longitudinally likely due to
groundwater flow through observed paleochannels of coarser material
along the bank.

2.2. Site sampling and analysis

Samples of sediment and water were collected on February 9–13
and June 15–28, 2015 at 7 sites along Blacktail Creek and the Little
Muddy River (Fig. 2). Four of the sampling sites were located on Black-
tail Creek: approximately 0.9 km upstream from the spill (representing
background conditions for reference, site “BCR”), 0.1 km downstream
from the spill (inside the area being remediated, “Spill Site”), 4.7 km
downstream from the spill (just outside the area of remediation, site
“4.7 km”), and 7.2 km downstream from the spill near the confluence
of the Little Muddy River (site “7.2 km”) (Fig. 2b). The three sites on
the Little Muddy River were located 4.5 km upstream from the conflu-
ence with Blacktail Creek (site “LMR”, representing the background
(reference) condition on the Little Muddy), at the USGS stream gage
(site ID 06331000) located 22.9 km from the spill (site “22.9 km”),
and near the confluence of the Little Muddy and the Missouri river
43.8 km from the spill in the town of Williston, ND (site “43.8 km”).
Site locations were chosen to avoid the active remediation in progress
and to focus on examining the downstream impacts. However, the
Spill Site did experience active remediation efforts which likely affected
the samples we collected there.

Duplicate sampleswere collected at two sites (7.2 kmand at 22.9 km
indicated by (1) and (2) in figures and tables). Fish bioassay studies
were conducted at sites BCR, LMR, the Spill Site, and 4.7 km, 7.2 km,
and 22.9 km downstream from the spill. Water samples for total dis-
solved ammonium (NH4) analyses were collected after completion of
the fish bioassay studies on June 26, 2015. Total dissolved NH4 refers
to the sum of all dissolved ammonium species, including NH4

+ and
aqueous NH3.

In February 2015, the surfaces of Blacktail Creek and the Little
Muddy River were frozen and water samples were obtained by first
augering through the ice layer (approximately 30–50 cm) as described
in the Supplemental Information (SI) Methods and shown in Fig. S1.
In June 2015, all filtrationwas performed on site, using in-line filtration.
Detailed methods are described in the SI Methods. Field measurements
included specific conductance, pH, and dissolved oxygen (DO). Water
samples were collected and analyzed for alkalinity, cations, anions, am-
monium, strontium (87Sr/86Sr) isotopes, trace inorganics, nonvolatile
dissolved organic carbon (NVDOC), semi-volatile hydrocarbons and
UOG production organic additives, low-level light hydrocarbons, ex-
tractable hydrocarbons, low molecular weight organic acids
(LMWOA), and endocrine disrupting activities as described in the SI
Methods. Sediment was collected from the upper 1 to 2 cm of the
streambed and analyzed for carbon, hydrogen, nitrogen, sulfur
(CHNS); barium, strontium, calcium, radium; extractable hydrocarbons;
and for invertebrate bioassays. An unfiltered, acidified (HNO3) sample
of the pipeline wastewater was supplied by The North Dakota Depart-
ment of Health and analyzed for NVDOC, ammonium, 87Sr/86Sr isotopes,
cations, and anions using themethods described in the SIMethods. Geo-
chemical model computations were conducted using the pipeline and
surface water samples to assess saturation indices for key solid and
gas phases as described in the SIMethods. Ninety-six hour in situ bioas-
says were conducted during June 17–21, 2015, with Fathead Minnows
(Pimephales promelas, FHM) as described in the SI Methods. Survival
was recorded every 24 h and field parameters (water temperature,
DO, and specific conductance) were recorded hourly. Water samples
for cation and anion analyseswere collected daily during the in situ bio-
assays to assess total major ion concentrations.

3. Results and discussion

Historical discrete specific conductance values at the Little Muddy
River stream gage (Fig. S2) retrieved on June 6, 2016 showed a mean
specific conductance of 1858 μS/cm and a median specific conductance
of 2060 μS/cm. Specific conductance in October 2014 and January 2015
exceeded 3000 μS/cm, representing the two highest recorded values
since 1975, presumably reflecting the pipeline break upstream and
spillage of wastewater with high total dissolved solids (TDS) into the
river. Data collected for the current study, closer to the pipeline break,
showed specific conductance values increased by approximately a fac-
tor of two 4.7 km downstream from the spill compared with upstream
at BCR in February 2015 (Fig. 2b). Typical specific conductance values
for streams in western North Dakota range from about 700 to
3300 μS/cm (Galloway et al., 2012).

3.1. NVDOC and major inorganic chemistry

The pipelinewastewater had a TDS concentration of at least 300 g/L,
which is near the maximum TDS found in produced waters in the

http://waterdata.usgs.gov/nd/nwis/
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United States but near themedian for those from the Bakken Formation
(250 g/L) (Blondes et al., 2014) (Table S7). Ammonium was the third
most abundant cation (Table S7, S8), assuming near-neutral pH values
in the pipeline fluid. The high NH4 concentration determined in the
spilled fluid sample is consistent with high concentrations of NH4 in
produced water samples from this region as reported elsewhere
(Blondes et al., 2014; Lauer et al., 2016). Thus, the spill contributed a
largemass (2millionmol, which equals 28metric tons as N) of labile ni-
trogen to Blacktail Creek. As is evident from the data compiled in Table
S7, concentrations of most solutes are close to their corresponding me-
dian values for produced waters from the Bakken Formation compiled
in theUSGS ProducedWater Database (Blondes et al., 2014). One excep-
tion is sulfate (SO4), whose concentration of 2900 mg SO4/L is over 6
times the median sulfate concentration in the database but less than
themaximum concentration of 11,000mg SO4/L. The exact reservoir(s)
the pipeline fluid was sourced from is not known. Lauer et al. (2016)
showed similarities between the composition of two Blacktail Creek
samples from this site and produced waters from the Bakken but did
not examine other potential sources. During the interval 2013–2015,
~40% of the new wells in the Bakken-Three Forks petroleum system
were tight oil wells drilled into the Three Forks Formation (IHS
Markit, 2016). There are no known publicly available produced water
compositional or isotopic data for the Three Forks Formation. Thus,
these discrepancies may be due to all or some of the water being
sourced fromnon-Bakken reservoirs. Geochemicalmodel computations
conducted using the composition given in Table S7, a temperature of
25 °C, and model parameters described in the SI, show that the pipeline
fluid composition is slightly supersaturated with halite and supersatu-
rated with respect to celestite (SrSO4,), barite (BaSO4), and both anhy-
drite and gypsum (at equilibrium with each other at this composition).

Fig. 3 shows the concentrations of major chemical components,
NVDOC, chloride (Cl) and sodium (Na) in the pipeline sample and sur-
facewater samples. The concentration of NVDOC in the pipeline sample
was 34 mg/L carbon (C). The upstream sample from Blacktail Creek
(BCR) had NVDOC concentrations of 22 mg C/L and 21 mg C/L in
Fig. 3. Chloride (Cl), sodium (Na), and non-volatile dissolved organic carbon (NVDOC)
concentrations (mg/L) in February 2015 (A) and June 2015 (B) in the brine pipeline
sample and in water samples from surface water collected along Blacktail Creek and the
Little Muddy River, as shown in Fig. 2. Field duplicate samples were collected at sites 7.2
and 22.9 km downstream of the Spill Site and are indicated by (1) and (2). ND = not
determined.
February and June, respectively. The LMWOA analyses showed low
levels of lactate (0.3–0.5 mg/L) and trace amounts of formate (equal
to and b0.1 mg/L) in all samples along Blacktail Creek (Table S9C). Be-
cause of the high amount of carbon naturally present in the creek,
NVDOC is not a useful indicator of the presence of the wastewater in
the surface water.

Chloride and Na are present in the pipeline brine at concentrations
that are orders of magnitude higher than naturally present in either
Blacktail Creek or Little Muddy River (Fig. 3). The background waters
contain Cl concentrations below 15 mg/L and Na concentrations be-
tween 200 and 400 mg/L in both February and June 2015. At the Spill
Site, concentrations of pipeline indicators were low (Fig. 3), due to the
active damming and pumping of water at the site. Consequently, the
chemistry at the Spill Site was similar to upstream water chemistry at
BCR. However, at 4.7 km and 7.2 km downstream from the spill, Cl
and Na were substantially elevated, with Cl present at 67 and 72 times
the background concentration at BCR in February, respectively. These
observations indicate that despite remediation activities, the down-
stream waters are impacted by the spilled wastewater. Molar Na/Cl
ratios of excess Na and Cl (i.e., background-subtracted) in water
samples from the 4.7 km site (0.83) from February matches molar
Na/Cl ratios for typical Bakken produced water and the pipeline
water sample (0.8–0.9), similar to the observations of Lauer et al.
(2016) supporting the argument that produced water from the pipe-
line was the source of the increased salinity during this event. The
pipeline Na/Cl signature will be preserved in water downstream
from the spill if no more than a small fraction of the large mass of
Na derived from the pipeline spill sorbed to stream sediments. Ele-
vated Cl and Na concentrations were observed at sampling locations
as far downstream as 22.9 km on the Little Muddy River. In June 2016
the concentration of Cl at 4.7 km and 7.2 km were 18 and 11 times
higher than the concentrations at the upstream BCR site, respective-
ly. However, in June 2015, the Cl signature of the spill was no longer
detectable at the gage location 22.9 km downstream, indicating dilu-
tion of the wastewater signature. Complete chemistry for all samples
is available in Table S9.

Using a simple mass balance mixing model for Cl between the BCR
and pipeline data (as described in the SI Methods), we estimate that
the pipeline fluid contributed 0.6% of Cl at 4.7 km and 0.44–0.45% of Cl
at 7.2 km in February 2015 and 0.14% of Cl at 4.7 km and 0.08% of Cl at
7.2 km in June 2015 (Table S10). Almost no contribution of Cl from
the pipeline fluid is predicted from this model at the Spill Site
supporting the argument that remediation activities limited movement
of pipeline fluid into Blacktail Creek near the Spill Site at the location
and time of sampling.

The pipeline sample contained 825 mg/L bromide (Br), whereas Br
concentrations were below detection in BCR upstream from the spill
and in the LMR reference site (Fig. 4, Table S8 and S9). As was observed
for Na and Cl, Br concentrations at the Spill Site reflect the chemistry of
upstream water due to active remediation near the Spill Site. Elevated
Br concentrations downstream from the spill were detected at 4.7 km
and 7.2 km in February 2015, but not at sites farther downstream,
where substantial dilution by the higher flows of low-Br water in the
Little Muddy River attenuates Br concentrations. Bromide could still be
detected at sites along Blacktail Creek downstream from the Spill Site
in June 2015 (Fig. 4, Table S9). Other elements that were substantially
elevated above background concentrations included Sr, lithium (Li)
and boron (B) (Fig. 4). Boron was still detected at concentrations sub-
stantially above background at the gage, 22.9 km downstream. This
observation is consistent with the findings of Lauer et al. (2016); in
their study of a broad sampling of surface waters in ND affected by
brine spills, including 2 samples from this study area collected in
July 2015, they found that Br, Sr, Li, and B were positively correlated
with Cl indicating they may behave conservatively. Many of these
same elements were detected in surface waters downstream from a
UOG wastewater injection facility in West Virginia (Akob et al.,



Fig. 4.Bromide (Br), strontium (Sr), lithium (Li), and boron (B) concentrations in February
2015 (A) and June 2015 (B) in the brine pipeline sample and in water samples from
surface water collected at the sites shown in Fig. 2. Field duplicate samples were
collected at sites 7.2 and 22.9 km downstream of the Spill Site and are indicated by (1)
and (2). ND = not determined.
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2016) as a result of a common source for the formation waters of an-
cient, evaporated seawater.

Other major anions in this system include SO4, which is naturally
high in surface waters of the region (approximately 500 to
1500 mg SO4/L in the upstream background samples) and HCO3 (410–
635 mg HCO3/L in the upstream samples) (Table S9). Neither of these
species were present downstream from the spill at concentrations sub-
stantially different from background concentrations. Sulfate accounted
for all of the dissolved sulfur detected in samples from all sites within
analytical uncertainties. Nitrate and phosphate were below detection
in all samples. Cations of calcium (Ca),magnesium (Mg), and potassium
(K) were present at very high concentrations in the pipeline sample
(Table S8) and were detectable at 1 to 3 times the background concen-
trations in Blacktail Creek at 4.7 km in February 2015 (Table S9). By June
2015, only K was still detectable above background concentrations at
this location. The ammonium concentration measured in the pipeline
sample was 2500 mg N/L (Table S8); unfortunately no surface water
samples were able to be analyzed for NH4 in February from Blacktail
Creek.

Calcium and carbonate concentrations in water samples collected
along Blacktail Creekwere near saturationwith respect to calcite in Feb-
ruary (Table S11, Fig. S3). Stream-water samples were highly supersat-
urated with respect to calcite in June, consistent with findings from
Lauer et al. (2016) for stream-water samples collected a few weeks
later downstream from the Spill Site. Aqueous compositions along
Blacktail Creek show partial pressures of CO2 supersaturated with the
atmosphere by a factor of 20 or more in February. In winter the ice-
cover prevents atmospheric exchange, allowing accumulation of CO2

which, in turn, contributes to conditions favorable to dissolution of car-
bonate minerals. The PCO2

values in June were close to equilibriumwith
the atmosphere (saturation ratios of 0.6–2), indicating that rates of ex-
changewith the atmospherewere commensuratewith rates of CO2 pro-
duction and consumption in the stream. It is possible that calcite or
aragonite (saturation index for aragonite is 0.14 units lower than that
for calcite) precipitation in the summer could result in accumulation
of a reservoir of Sr in the sediments, the dissolution of which could pro-
vide a source to aquatic communities trapped under ice in the winter.

3.2. Minor and trace elements

The pipeline sample contained elevated concentrations of many
other elements that are typically present at low concentrations in sur-
face waters in the region; manganese and iron concentrations, for ex-
ample, were 5.6 mg/L and 34 mg/L, respectively (Table S8).
Manganese concentrations downstream from the Spill Site in February
2015 were approximately double the background upstream concentra-
tions and reached a maximum value of 470 μg/L (Table S9), which is
substantially greater than the Maximum Contaminant Level (MCL) of
50 μg/L. Manganese and iron are expected to undergo sorption onto
stream sediments and oxidation-reduction reactions throughout the
water column. The temporal and spatial scales over which these reac-
tions operate to retain or remobilize these elements in Blacktail Creek
are unknown. Concentrations of many trace inorganic elements were
quantified in stream-water samples (Table S9). The extent to which
these elements are derived from the wastewater spill as compared to
other anthropogenic (e.g., agriculture) and natural sources was not
determined.

Strontium and barium concentrations along Blacktail Creek were el-
evated downstream from the Spill Site in both February and June (Fig. 4,
Table S9). These elements have previously been reported to be useful
tracers of UOG wastewater impacts fromMarcellus Shale development
(e.g. Akob et al., 2016; Brantley et al., 2014). Strontium concentrations
4.7 and 7.2 km downstream from the Spill Site were 7–9 times the
BCR concentration in February and twice the BCR concentration in
June. Barium concentrations 4.7 and 7.2 km along Blacktail Creek were
two to three times the corresponding concentrations at the BCR site in
both February and June. Aqueous chemical compositions of stream-
water samples collected in February at all sites along Blacktail Creek in-
dicated supersaturationwith respect to barite (BaSO4,s),with somewhat
higher supersaturations downstream from the Spill Site (Table S11, Fig.
S3). By June 2015, only water samples collected downstream from the
Spill Site were supersaturated with respect to barite. Lauer et al.
(2016) also previously reported that water in Blacktail Creek down-
stream from the Spill Sitewas supersaturatedwith respect to barite. Ra-
dium co-precipitates readily with barite (e.g., Brandt et al., 2015; Curti
et al., 2010). Therefore, barite precipitation in the wastewater flowing
through the pipeline and water downstream from the spill could result
in a reservoir of wastewater-derived Ba and Ra in the sediments that
could continue to supply these elements to benthic communities and
stream water after the pulse of aqueous spill-derived Ba and Ra has
been transported downstream.

3.3. Isotope signatures

The 87Sr/86Sr isotopic composition of the pipeline wastewater was
distinctly more radiogenic than the Sr isotopic composition in water
samples collected from background sites BCR and LMR (Fig. 5). The de-
gree to which the composition of the single sample of pipeline fluid we
were able to obtain is representative of the composition of the millions
of liters spilled is unknown, but likely there was some variability over
time in the composition of fluid in the pipeline. To estimate the contri-
bution of the pipeline fluid to the various samples, an 87Sr/86Srmass bal-
ance mixing models between the pipeline fluid and the Blacktail
reference site (BCR) was produced (detailed in SI Methods). Strontium
compositions in water samples collected along Blacktail Creek 4.7 and
7.2 km downstream of the spill both in February and June 2015 plot
closely along mixing lines between the pipeline spill sample and the
corresponding BCR sample (Fig. 5), as did the July 2015 samples collect-
ed by Lauer et al. (2016) (although the composition of an upstream site
was not provided in that study). Deviations between the observed com-
positions and the actual compositions likely result primarily from



Fig. 5. Ratios of 87Sr/86Sr plotted against the reciprocal of the strontium concentration (mg
Sr/L) for aqueous samples from February 2015 (green) and June 2015 (blue) collected at
sites shown in Fig. 2. Also shown are data from the site from July 2015 by Lauer et al.
(2016). Lines from mixing calculations are shown along Blacktail Creek (squares).
External precision of the isotopic measurements (2 s = 0.000013) is smaller than the
symbol size.
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variations over time in the background composition, as can be seen by
comparing the locations of the BCR compositions in February and June
2015 (Fig. 5). Results from the mixing calculations (Table S10) indicate
that 0.3 and 0.09% of the Sr in water collected from Blacktail Creek
4.7 km downstream of the Spill Site in February and June 2015, respec-
tively, was derived from the spill. The relative contribution of pipeline
fluid at the spill site was negligible, again suggesting that local remedi-
ation activities such as groundwater pumping limited movement of
pipeline fluid into the stream at this location close to the point of the
fluid release. These estimated contributions compare well with mass
balance mixing models using Cl data (Table S10). Similarly, water col-
lected from Blacktail Creek 7.2 km downstream from the Spill Site in
February and June 2015 had 0.3% and 0.064%, respectively, of its Sr
Table 1
Semi-volatile organics observed in water samples from Blacktail Creek and Little Muddy River.
but were not quantified are indicated by “+”; compounds not detected are indicated by "-". Q
internal standards. Field duplicate samples were collected at sites 7.2 and 22.9 km downstream

BCR LMR Spill Site 4.7 km 7.2

1,3,5-Trimethylbenzene − − − 0.390 1.4
1,2,3,5-Tetramethylbenzene − − − + +
1,2,3,4-Tetramethylbenzene − − − 3.64 4.7
n-Ethyl-n,n-dimethylbenzene − − − − +
Naphthalene − − − − −
2-Methylnaphthalene − − − − −
1-Methylnaphthalene − − − 1.71 2.1
Ethylnapthalene − − − − −
2,6;2,7-Dimethylnaphthalene − − − + +
1,3;1,7-Dimethylnaphthalene − − + + +
1,6-Dimethylnaphthalene − − − + +
2,3; 1,4; 1,5-Dimethylnaphthalene − − + − −
1,2-Dimethylnaphthalene − − − − −
1,8-Dimethylnaphthalene − − − − −
1,4,6 Trimethylnapthalene − − − + +
2,3,6 Trimethylnapthalene − − + + +
1,6,7 Trimethylnapthalene − − + + +
derived from the spill. The Sr compositions of water samples collected
from the 22.9 km downstream site, in February 2015, reflect mixing of
water from the reference sites (LMR and BCR) and the spilled pipeline
fluid. The isotopic composition of these samples was notably more ra-
diogenic than the background samples from either source, consistent
with a contribution from water from the spill.

3.4. Semi-volatile and extractable hydrocarbons in water and sediment

In February 2015, the field team reported visible oil sheen on the
water under the ice, downstream from the pipeline break. The semi-vol-
atile hydrocarbon analyses done on unfiltered samples showed the
presence of low levels of alkylbenzenes and methyl-, dimethyl-, and
trimethyl-naphthalenes in unfiltered samples downstream from the
spill (Table 1). Concentrations were in the range 1 to 5 μg/L. 1-Methyl-
naphthalenewas detected the farthest downstreamat 22.9 km. Extract-
able hydrocarbon analyses of filtered samples, however, showed no de-
tectable concentrations of hydrocarbons (Fig. S4) and no measurable
concentrations of UOG production additives. This method has been
used previously to identify organic compounds in wastewater from
UOG production by this USGS laboratory (Engle et al., 2016; Orem et
al., 2014) and by others investigating produced water chemistry in
shale-gas wells in Colorado, Pennsylvania, Texas and New Mexico
(Lester et al., 2015; Maguire-Boyle and Barron, 2014). There was, how-
ever, an unresolved complex mixture (UCM) evident in the chromato-
grams from all sites along Blacktail Creek in February, that may
indicate a mixture of hydrocarbons (straight and branched alkanes
and alkenes and aromatics), but at low levels. The UCM was present
both upstream and downstream from the spill and is thus not likely to
be linked to thewastewater spill andmay be due to background organic
compounds present naturally in the watershed, or possibly hydrocar-
bons from general oil and gas production in the region.

These results indicate that the semi-volatile hydrocarbons that were
measured at very low levels in the river downstream from the spill at
the time of the sampling may have been associated with particulate
matter in the creek since they were not detected in filtered samples.
Sorption of hydrophobic organic compounds, including naphthalene
onto soil and sediments, is well-documented (Eadie et al., 1996; Kile
et al., 1995;Moyo et al., 2014) and known to be enhanced at lower tem-
peratures (Piatt et al., 1996). The sediment extracts of soils done in Feb-
ruary 2015 contained traces of naphthalene, methylnaphthalenes, and
other polycyclic aromatic hydrocarbons but they were below the
reporting limits in all samples. Sorption processes might also explain
the lack of detection of UOG additives in the river downstream from
the spill (the wastewater flowed overland or through sediments for
Compounds which were tentatively identified via automated search against NIST libraries,
uantified compounds are in μg/L of the compound and were identified against deuterated
of the Spill Site and are indicated by (1) and (2).

km (1) 7.2 km (2) 22.9 km (1) 22.9 km (2) 43.8 km Blank

90 − − − − −
+ − − − −

6 4.56 − − − −
+ − − − −
− − − − −
− − − − −

7 2.12 0.13 0.10 − −
− − − − −
+ + + − −
+ − − − −
+ − − − −
− + + − −
− − − − −
− − − − −
+ + + − −
+ + + − −
+ + + − −
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10s ofmeters before entering the stream), although the lack of any pipe-
line sample for organics analyses limits what can be said about the po-
tential fate of organic compounds in the wastewater.

3.5. Light (C1–C6) hydrocarbons in surface water

Light hydrocarbonswere at low concentrations in Blacktail and Little
Muddy Creek (Fig. 6, Table S12), but show a distinct thermogenic hy-
drocarbon signature. Total concentrations in both upstream and down-
stream locations were higher in February than in June, probably due to
the ice cap over the rivers that would have restricted atmospheric
venting. Methane is themost prevalent compound in all light hydrocar-
bon samples, and total C1–C6 concentrations vary between 39.8
and 91.3 nmol/kg in February and 0.91 and 37.7 in June. In February
2015, the 7.2 km site had the highest ethane and propane concentra-
tions (1 to 2 orders of magnitude higher than BCR). The ratios of the
constituents of the dissolved hydrocarbons measurements can be used
to infer the origins of the gases in the sample. Biogenic gas is typically
dominated by methane, with trace amounts of heavier alkanes
(~1 mol% or less); in contrast, thermogenic gases can have significant
amounts of higher alkanes in stepwise decreasing abundances in a
cracking pattern produced by thermal maturation (Schoell, 1983;
Taylor, 2000). The ethane/methane molar ratio increases to
5.74 × 10−1 at 7.2 km from 3.12 × 10−3 at BCR, with concomitant in-
creases in the ratios of methane to higher alkanes, giving a distinct ther-
mogenic signature to the light hydrocarbon ratios that extends to n-
hexane, the heaviest alkane reported. The ratios of ethane/methane,
propane/ethane, and n-butane/propane were maintained in down-
stream samples after the confluence of the Blacktail Creek and Little
Muddy River. Compared to the BCR and LMR, the concentrations of hy-
drocarbons, particularly ethane and unsaturated hydrocarbons were
generally elevated downstream, including the 43.8 km Site. The ratios
Fig. 6. Low level hydrocarbon concentrations in February 2015 (A) and June 2015 (B) in
water samples from surface water collected along Blacktail Creek and the Little Muddy
River, as shown in Fig. 2. No samples were analyzed from the Spill Site and 4.7 km
collected in February due to observed liquid hydrocarbon sheen on the water surface
that precluded trace hydrocarbon analysis. Concentrations are expressed in nanomoles
of the specific compound per kilogram water. Field duplicate samples were collected at
the 22.9 km site, indicated by (1) and (2). NA = not analyzed.
of propane/ethane and n-pentane/n-butane were also similar at the
22.9 km site. Compared to the BCR and LMR, the concentrations of hy-
drocarbons, particularly ethane and unsaturated hydrocarbons were
generally elevated downstream, including the 43.8 km site. The ratios
of propane/ethane and n-pentane/n-butane were also similar at the
22.9 km site.

In June 2015, the Spill Site, 4.7 km, and 7.2 kmhad the highestmeth-
ane and ethane concentrations. Although 7.2 kmhad the highest ethane
and propane concentrations inwater from the sites sampled in June, the
ratios of ethane, propane, and other higher hydrocarbons tomethane at
the 7.2 km site were lower than in February due to the relatively large
amount of methane present (ethane/methane: 1.11 × 10−2, propane/
methane: 5.28 × 10−3). The ratios of propane/ethane and n-butane/
propane were similar to those observed at the site in February and dis-
tinct from those observed in the background sites, suggesting that there
was a common, lingering source of these compounds at 7.2 kmbetween
the two sampling dates. In February, the downstreamhydrocarbon con-
centrations and ratios show dilution and transport of a common source
(or set of sources) of thermogenic hydrocarbons. The persistence of
these was likely enhanced by the limited ventilation through the iced
covered river, higher solubility at low temperatures, and limited micro-
biological activity in winter. In contrast, the June downstream concen-
trations of C2–C6 hydrocarbons were low enough that exogenous
sources (from microbial activity and water in contact with ambient air
with mixing ratios of less than a ppbv) obscure the ratios of compounds
that might be transported downstream and diluted from the 7.2 km site
during the June sampling event. The ratios and concentrations upstream
at 4.2 km and the Spill Site were discordant with those observed at
7.2 km (and downstream in February). If the light hydrocarbons were
ultimately sourced from the pipeline spill, this could indicate that the
upstream light hydrocarbonsweremodified or attenuated by the reme-
diation activities, and that they were sorbed to in the riverbed or shal-
low groundwater around the pipe and are slowly leaving via the
discharge into the river.

These light hydrocarbonmeasurements are interesting because they
show that releases may be traced considerable distance downstream
and may linger in the environment for considerable time even though
they are highly volatile. Although the controls on the concentrations
and ratios of light hydrocarbons at low concentrations in water are
not well understood, the differences between upstream, spill, and far
downstream sites show that this technique has promise for identifying
the extent and compositional origin of UOG materials released into the
environment. The concentrations of alkenes may also be indicators of
microbial activity, for example thehigh levels of ethene, a compound re-
leased by algae as a byproduct of sulfur reduction (Plettner et al., 2005).

3.6. Sediment chemistry

Labile Ba and Sr concentrations extracted from sediments collected
along Blacktail Creek in June 2015 were higher downstream from the
Spill Site than upstream (Fig. 7a). Labile sediment-bound Ba and Sr
were assayed using short-term, dilute hydrochloric acid extractions
(methods detailed in the SI). Sediments collected directly from the
Spill Site had labile Ba and Sr concentrations similar to sediments col-
lected upstream. This is likely a result of the remediation operations
that had been conducted at the Spill Site, similar to the results seen in
the water samples. The isotopic composition of labile Sr extracted
from sediments collected downstream in June 2015 exhibited a signifi-
cant contribution of Sr from the pipeline fluid (Fig. 7b), especially at the
4.7 km site. This observation supports the hypothesis that the small in-
crease in labile Sr on sediments downstream from the spill results from
retention of Sr and, likely, Ba from the spill on the sediments.

226Radium activities in sediments from Blacktail Creek and the Little
Muddy River ranged from a background of about 10–20 Bq/kg in sedi-
ments collected upstream at BCR to 464 Bq/kg in sediments collected
from the Spill Site in June 2015 (Fig. 8, Table 2). Ratios of 226Ra/238U



Fig. 7. (A) Potassium-chloride-extractable ammonium and hydrochloric-acid-extractable
strontium and barium concentrations from sediments collected along Blacktail Creek in
June 2015. (B) Strontium isotopic ratios in HCl extracts of the sediments collected along
Blacktail Creek and the pipeline brine aqueous sample. Field duplicate samples were
collected at site 7.2 km and are indicated by (1) and (2). External precision of the
isotopicmeasurements (2 s= 0.000013) is too small to be plotted. ND=not determined.
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equal to 1.0 (within measurement error) were observed in sediment
samples collected upstream from the Spill Site suggesting secular equi-
librium in these samples. Given that secular equilibrium in the
226Ra-238U system requires several thousand years, it is likely that the
Ra content of these samples represents naturally occurring background
concentrations of Ra. Sediments collected in February 2015 had slightly
elevated 226Ra/238U ratios over secular equilibrium at the Spill Site.
However, it is important to note the February Spill Site sample may
not be representative of actual spill concentrations at this location be-
cause of remediation efforts, including soil removal, which had already
Fig. 8. Radium-226 activities in river sediment in February 2015 and June 2015 collected
along Blacktail Creek and the Little Muddy River, as shown in Fig. 2. “ND” indicates no
data were collected.
occurred at the spill location. Additionally, comparison of low activity
samples such as these is difficult as the differences of grain size and ge-
ometry, interference peaks of other radioactivematerial, and low counts
create greater uncertainty compared to higher activity samples. The
226Ra/238U ratios downstream at 4.7 km in February 2015, had a 9-fold
excess of 226Ra over secular equilibrium and suggests that the spill
had resulted in contamination of these sediments with 226Ra. These ob-
servations are consistent with those of Akob et al. (2016) who found
that 226Ra/238U activity ratios in sediments at a wastewater injection fa-
cility could be used to detect wastewater spills. Samples collected in
February 2015 farther downstream showed no significant elevation of
226Ra over that in secular equilibrium with 238U.

Sediments collected at the Spill Site in June 2015 exhibited higher
concentrations of Ra in excess of secular equilibrium, compared with
February 2015 samples (Table 2), suggesting additional input of con-
taminated water or sediments at the site. Furthermore, sediments col-
lected at 4.7 km downstream and at 7.2 km downstream from the
Spill Site had a 14-fold and 5.5-fold excess of 226Ra over secular equilib-
rium, respectively. Lauer et al. (2016) found that sediments collected
downstream from the Spill Site in July 2015 had total Ra [226Ra plus
228Ra] activities in the range 550 to 4700 Bq/kg whereas water samples
had total Ra activities of 0.3 Bq/L. Sediments from Blacktail Creek with
excess 226Ra also had 228Ra/226Ra ratios (Table 2) lower than the value
of 1.1 determined on sediments from Blacktail Creek upstream from
the Spill Site by Lauer et al. (2016), consistent with contributions from
Bakken brines, which have 228Ra/226Ra ratios in the range 0.4–0.5
(Lauer et al., 2016). However, it should be noted that 228Ra has a
5.75 year half-life and our sediment samples were measured up to a lit-
tle over a year after they were collected. Ratios in our sediment samples
may be lower than those determined by Lauer et al. (2016) because our
activity ratios have not been corrected for 228Ra decay between when
our sediment samples were collected and when they were analyzed.

The chemical form of excess Ra in wastewater-contaminated sedi-
ments is unknown. As discussed previously, Ra incorporated into barite
is one potential form of sediment-bound Ra. In addition, Ra sorption can
occur on sediments exposed to elevated dissolved concentrations of Ra.
However, it has been noted by others (Harto et al., 2014; Kraemer and
Reid, 1984; Landa and Reid, 1983; Lauer et al., 2016; Nelson et al.,
2015) that the degree of Ra sorption to sediment and soil depends on
both the quantity and quality of the water present in the sample (such
as salinity and chemistry) and the type and character of the sediment
or soil (e.g., grain size, organic matter content, cation exchange capaci-
ty). The salinity of the brines can inhibit Ra sorption to the soil (which
would have a higher potential of occurring close to the spill source
where the salinity is greater). Downstream from the spill, the brine be-
comes diluted with freshwater from surface and groundwater, which
could favor Ra sorption onto the sediments. Determining the chemical
form of Ra in the sediments is an important topic of further research.

The increases in 226Ra activities in sediment samples collected along
Blacktail Creek between February and June 2015, could be a reflection of
transport of contaminated material downstream, changing site condi-
tions, and remediation efforts at the spill site. Downstream transport
of particle-associated constituents are hypothesized to occur through
two potential mechanisms: 1) fluvial transport and storage of fine sed-
iment with precipitates and sorbed constituents, and 2) transport of
contaminated groundwater through the channel bed sediments and
the hyporheic zone. Field conditions in February were cold and the
stream was frozen (Fig. S1), possibly limiting input of contaminated
soil to the stream. Remediation efforts were also fully underway with
significant soil around the spill having been removed, limiting the avail-
ability of contaminated material for transport. In June 2015, sampling
was conducted after the spring snowmelt which could have resulted
in increased groundwater transport, thereby contaminating soils, and
enhancing Ra sorption onto fluvial sediment. These results are consis-
tent with work done on Ra activities conducted along Blacktail Creek
by Lauer et al. (2016).



Table 2
Uranium and radium activitiesa in sediments from background, Spill Site, and downstream locations.

Location Date 238U (Bq/kg) 226Ra (Bq/kg) 228Ra (Bq/kg) 226Ra
238U

228Ra
226Ra

BCR 2/11/15 20 ± 7 12 ± 4 NDb 0.6 ± 0.3 –
LMR No sample
Spill Sited 2/11/15 12 ± 7 30 ± 4 NDb 2.6 ± 1.5 –
4.7 km 2/11/15 18 ± 6 166 ± 3 149 ± 7 9.2 ± 2.9 0.90 ± 0.05
7.2 km 2/10/15 29 ± 5 33 ± 4 ND 1.2 ± 0.3 –
22.9 km 2/10/15 30 ± 7 26 ± 5 ND 0.8 ± 0.2 –
43.8 km 2/10/15 BDc 20 ± 1 BD – –
BCR 6/17/15 9 ± 4 17 ± 2 ND 1.8 ± 0.8 –
LMR 6/17/15 29 ± 3 32 ± 1 21 ± 1 1.1 ± 0.1 0.66 ± 0.11
Spill Site 6/17/15 26 ± 9 464 ± 7 290 ± 1 18 ± 4 0.62 ± 0.01
4.7 km 6/17/15 12 ± 6 159 ± 2 133 ± 2 14 ± 1 0.83 ± 0.02
7.2 km 6/17/15 8 ± 2 41 ± 2 33 ± 1 5.5 ± 1.7 0.74 ± 0.09
22.9 km 6/18/15 11 ± 8 18 ± 5 ND 1.6 ± 1.2 –
43.8 km No sample

a Activity in becquerels (disintegrations per second) per kilogram sediment dry weight. Concentrations can be calculated from the formula: Ci = (Ait1/2,i)/{(Na)(ln2)}, where i refers to
the specific radionuclide, Ci the concentration (moles/kg sediment), Ai the activity, t1/1,i the half-life (seconds),Na Avogadro's number (dimensionless), and ln2 is thenatural logarithmof 2.

b ND = not determined.
c BD= below detection, could not be quantified because of low activity.
d Coarse gravelly sample; may effect concentrations.

Fig. 9. Estrogen receptor (A) activity and (B) inhibition of surface water samples collected
at sites indicated via mammalian reporter gene assay. (C) Estrogen equivalents (EEQ,
relative to 17b-estradiol) of OASIS HLB extracted water samples using the
bioluminescent yeast estrogen screen (BLYES). Values are mean of triplicate reads; error
bars indicate standard error of the mean. BD = below detection. ND = not determined
(sample not analyzed). Field duplicate samples were collected at sites 7.2 and 22.9 km
downstream of the Spill Site and are indicated by (1) and (2). The duplicate sample
from 4.7 km was not evaluated due to sample loss during shipping.
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Labile sediment bound ammonium concentrations were assayed
using short-term potassium chloride extractions (as described in the
SI Methods) on sediment samples collected in June 2015. Sediment-
bound ammonium concentrations 4.7 km downstream from the Spill
Site were over 10 times those observed at the background site (BCR)
(Fig. 7A, Table S13). Sediment-bound ammonium concentrations were
somewhat elevated compared to the background site at the Spill Site
and 7.2 km downstream from the Spill Site. This pattern is similar to
the pattern in sediment-bound Ba and Sr, consistent with the pipeline
spill being the source of all three constituents (Fig. 7A). However, con-
tributions to the observed pattern from variability in natural and an-
thropogenic sources along Blacktail Creek cannot be ruled out without
additional research.

3.7. Potential endocrine disruption activity

No estrogenic receptor activity was noted for themammalian assays
inwater downstream from the Spill Site, comparedwithwater collected
upstream, in either February or June 2015 (Fig. 9a). However, estrogen
receptor inhibition was substantially greater at 7.2 km downstream in
February 2015 compared to the upstream waters at BCR. These differ-
ences were still measurable but less pronounced in June 2015 (Fig.
9b). However, the water sample from Little Muddy River also showed
some estrogen receptor inhibition in the same range as the June 2015
samples, indicating the June observations may be within natural varia-
tions in these waters.

Estrogenicity using yeast reporter strains was noted in samples col-
lected at a number of sites during February and June (Fig. 9c).
Estrogenicity was detected in samples from all sites evaluated during
the February collection. The process control was always below detec-
tion. Net estrogenicity was greatest at the site 4.7 km downstream
from the spill (2.13 ± 0.11 ng/L). Modest estrogenic activity was ob-
served both up- and downstream from the Spill Site. Calculated estro-
gen equivalents (EEQ) ranged from 1.30–2.13 ng/L across the
downstream site gradient from BCR to 4.7 km. In general, estrogenicity
was higher in February compared to June. The maximum observed EEQ
in June was 0.54 ± 0.11 ng/L at BCR, upstream from the Spill Site. It is
not clear if this estrogenic signal is associated with UOG activity as a
modest signal was identified upstream from the spill location on Black-
tail Creek. Endocrine disrupting activity has been associated with UOG
spills in Colorado and West Virginia (Kassotis et al., 2014; Kassotis et
al., 2016b); to our knowledge, this is the first report of EDC activity as-
sociated with UOG spills in ND. Although these results indicate that a
full understanding of the endocrine disrupting chemical (EDC) activity
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of water downstream from these types of spills requires further study,
the elevated EDC activity, specifically inhibition of estrogen receptor ac-
tivity, downstream from the spill site in February is consistentwith pre-
vious reports of an association between EDC activity in water and UOG
activities (Kassotis et al., 2014; Kassotis et al., 2016b). Previous work by
others has shown antiestrogens can negatively impact aquatic organ-
isms, and in the current study we found moderate antiestrogenic activ-
ity within a potential bioactive range (Madureira et al., 2015; Roepke et
al., 2005).

3.8. Aquatic health studies

Ninety-six hour survival of early life stage Fathead Minnows (FHM)
downstream from thewastewater pipeline rupturewas significantly re-
duced at 1 of 4 experimental sites approximately 6-months after the
spill was detected. Survival of b48 h aged FHM after 96 h was 89.2% at
BCR, 94.7% at LMR, 89.7% at the Spill Site, 89.2% at 4.7 km, 2.5% at
7.2 km, and 74.2% at 22.9 km (Table S14). The reduction in survival ob-
served at 7.2 km is statistically significant at p ≤ 0.05. Mortality of two
resident Madtom Catfish (Noturus sp.) was observed at 7.2 km at 72 h
and an oily rainbow-colored sheen was observed on the water surface
at 96 h (Fig. S5), although the relationship between this observation
and fish survival is unknown. Although no systematic native fish sam-
pling was conducted, live resident fish were observed at all sites, with
the exception of the 7.2 km site where no live resident fish were ob-
served (Fig. S5b and c). There was no statistical difference between sur-
vival at the LMR and the 22.9 km downstream site.

Large diel fluctuations in dissolved oxygen and temperature were
recorded at all sites in June 2105; oxygen saturation ranged from
b10% to over 200% (Fig. S6), and water temperatures ranged from 15
to 28 °C, except at site 7.2 km. At the 7.2 km site declining temperatures
were observed at 72 and 96 h, dropping to 7.95 °C. Total dissolved salt
(TDS) concentrations, hardness, and SO4 concentrations were generally
consistent among sites. Concentrations of Cl and bicarbonate were sta-
ble at all sites except at 7.2 km, where they increased from 194 to
568mg/L and from 41.6 to 727mg CaCO3/L, respectively. To a lesser de-
gree, Cl but not bicarbonate increased at the 4.7 km site, where 316 and
499 mg/L were measured at 0 and 96 h respectively with a slight de-
crease to 308 mg/L at 24 h (Table S15).

Reduced temperatures and increased Cl and HCO3 concentrations
suggests a pulsed upwelling of groundwater into the stream at the
time that mortalities were observed. Variations in stream discharge ob-
served during our field investigations and are consistentwith the obser-
vations of paleochannels by environmental remediation consultants
working at the site (H. Rhodes, personal communication, June 2015);
these paleochannels are highly conductive and could act as conduits of
spill contaminated groundwater into the surfacewater. The changes ob-
served in water chemistry were accompanied by a decrease in surface
water flow, and highlight the need for further study to assess the hydro-
logic conditions and potential contaminant pathways at the site.

Changes in water chemistry and visual observations concurrent with
observed mortalities were increased Cl and bicarbonate concentrations,
decreased water temperature, and a rainbow-colored oily sheen on the
water's surface. The median lethal concentration (LC 50) of Cl and HCO3

to FHM is approximately 4000mg Cl/L and 1250mg HCO3/L respectively
in laboratory studies (Harper et al., 2014; Mount et al., 1997). But in wa-
ters with high hardness, calcium may have an ameliorating effect on ion
toxicity (Soucek et al., 2011). Under the hardness conditions found in
Blacktail Creek, the increased concentrations of Cl and HCO3 alone did
not appear sufficiently high to induce acute toxicity at the 7.2 km site.

The 2500mg N/L NH4 concentration (as defined above as total NH4)
in the pipeline spill fluid had the potential for causing chronic or even
acute toxicity to fish and aquatic life. The toxic form of NH4 is the aque-
ous NH3 species, sometimes referred to as “un-ionized ammonia”. The
U.S. EPA acute NH4 criterion for the protection of aquatic life is
17 mg N/L and the chronic NH4 criterion is 1.9 mg N/L (U.S. EPA,
2013). Note that the U.S. EPA (2013) term “ammonia” refers to what
we call “total dissolved ammonium” (NH4). Ammonium concentrations
of 10 mg N/L were measured at the 7.2 km site in February (Table S9)
but aqueous NH3 concentrations were b0.1 mg N/L owing to the low
pH values (Table S11). Lauer et al. (2016) reported NH4 concentrations
in water samples collected in July 2015 from Blacktail Creek near the
Spill Site of 17–21 mg N/L, equal to or exceeding the U.S. EPA criterion
for acute toxicity. Aqueous NH3 concentrations could not be computed
because Lauer et al. (2016) did not report pH values or temperatures
for individual samples. After completion of the experiment with FHM
described above, NH4 concentrations were determined in water sam-
ples collected at BCR, LMR, the Spill Site, and at 4.7 km, 7.2 km, and
22.9 km downstream. Concentrations at all sites were 0.1 mg N/L or
less except the 7.2 km site, which had an NH4 concentration of
3.4 mg N/L (Table S16). This concentration exceeds the U.S. EPA criteri-
on for chronic toxicity to aquatic life. Thurston et al. (1983) reported
acute aqueous NH3 toxicity to FHM ranging from 0.75 to 3.4 mg N/L;
the toxicity was reduced as temperature increased to 23 °C, the upper
temperature limit of the study. At the pH and temperature at site
7.2 km (8.83, 27 °C), the NH4 concentration of 3.4 mg N/L corresponds
to a concentration of aqueous NH3 of 0.85 mg N/L, within the range of
concentrations Thurston et al. (1983) found to cause acute toxicity to
FHM. The U.S. EPA criterion for acute toxicity at a temperature of 27 °C
and pH of 8.8 is 0.44 mg N/L of total NH4 (U.S. EPA, 2013). Thus, these
measurements, under the conditions observed at our site, show that
chronic or even acute toxic levels of NH4 could have been reached in
Blacktail Creek.

In situ experiments take advantage of diel fluctuations in physical
and chemical conditions that cannot be recreated in the laboratory but
are typical in prairie stream conditions (Farag et al., 2014). As a result,
these experiments provide relevant information about the resiliency
of fish in Blacktail Creek and the Little Muddy River six months after
the UOG wastewater pipeline rupture, and during continued remedia-
tion efforts. Early lifestage FHM did not survive 96 h at the 7.2 km site.
Almost all of themortalities from this site were observed 24 h following
the discovery of dead resident fish at the site. Diel fluctuations in DO
were large at all sites measured and neither the BCR nor the 7.2 km
sites went anoxic (Fig. S6), yet significant mortality of FHM was ob-
served only at the 7.2 km site, and mortalities of resident madtoms oc-
curred at the same site within 24 h of the experiments with the FHM.
These observations suggest that changes in DO were not the cause of
death in the madtoms or FHM.

Laboratory invertebrate health studies showed an inconclusive im-
pact on amphipods. Differences in survival, growth (average mg per in-
dividual), and total biomass (total mg per replicate) of amphipods,
midges, and mussels among sites were evaluated by one-way analysis
of variance of rank-transformed data, with differences among means
evaluated using Tukey's test. Survival of all three specieswasunaffected.
Growth of midges andmussels and biomass of all three species differed
significantly among sites, but sites downstream from the spill location
generally did not show significant reductions in these endpoints relative
to reference sites (Table S17). Overall, there was a non-significant trend
of lower growth and biomass of amphipods at two sites downstream
from the Spill Site (e.g., growth amphipod BCR 0.76 mg ±0.02 vs. Spill
Site 0.67 mg ±0.04 and 4.7 km 0.59 mg ±0.07) and to a lesser extent
the 7.2 km site (0.73 mg±0.07). Although these results do not demon-
strate strong or consistent toxic effects of sediments from reaches of
Blacktail Creek or Little Muddy Creek affected by the spill, they do indi-
cate that longer-term investigations of sediment toxicity after spill or
release events are warranted.

4. Implications

Although there are critical knowledge gaps regarding the effects of
contaminants released to the environment during UOG waste manage-
ment activities, it is apparent from this study that the type of spill
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(pipeline rupture), the constituents from the spill (brine with some hy-
drocarbons mixture), physiography, and location of the spill (discharge
adjacent to a stream) will influence the environmental pathways and
effects. This research advances our understanding and quantifies poten-
tial impacts through the analyses of Ra and Sr concentrations and isoto-
pic compositions, trace inorganic and organic compounds, as well as
endocrine disrupting effects and bioassays with model organisms. This
set of analytical tools provides insights into potentials for human expo-
sures. Concentrations of many wastewater-derived contaminants in
stream water were several times background concentrations, but still
relatively low compared to U. S. EPA drinking water standards. Never-
theless, wastewater-derived elements and radioisotopes partitioned
onto sediments, potentially providing a long-term source of Ba, Ra,
and other contaminants to aquatic life. Results from this study and
Lauer et al. (2016) show that radium activities were significantly
above the U.S. EPA action level for 226Ra in surface soils, which should
not exceed 5 pCi/g (185 Bq/kg). Episodic increases in NH4were at levels
high enough to be toxic to aquatic life, particularly in the spring and
summer when pH values increase during peak photosynthetic activity,
shifting speciation in favor of the more toxic aqueous NH3 form.

Potential health effects are indicated by fish bioassays, in which fish
experienced mortality, and endocrine disrupting activity was observed
downstream from the spill. There was a clear increase in antagonism
below the spill site. This increased antagonism previously has been as-
sociated with UOG impacted waters (Kassotis et al., 2016a; Kassotis et
al., 2014). The total estrogenicity measured above and below the spill
site was modest compared to other locations in the U.S. where strain
BLYES has been utilized to measure estrogen agonism. Measures of
estrogenicity N1 ng/L are typicallymore characteristic of waters impact-
ed by wastewater reclamations discharge or animal feeding operations
(Ciparis et al., 2012; Iwanowicz et al., 2016). Published accounts of a
reasonable aquatic organism adverse effects threshold for estrogenicity
range from 0.73 ng/L to 2 ng/L (Caldwell et al., 2012; Wu et al., 2014;
Young et al., 2002). Conley et al. (2016) have suggested 1 ng/L as an ad-
verse effects trigger value. A number of the February measures proxi-
mate to the Spill Site exceed this value suggesting the potential for
adverse effects in resident aquatic organisms. The identity of these en-
docrine-active chemicals is not known based on the current analyses,
but the bioassay endpoints clearly indicate their presence at biologically
meaningful concentrations.

The results of this work suggest that whereas wastewater spills in-
troduce both organic and inorganic constituents into the environment,
elements from brines (such as NH4, Ra, Ba, and Sr) occur at higher con-
centrations and may persist longer in the environment due to
partitioning onto sediment. This is an especially significant finding con-
sidering that 3 times asmany brine spills were reported (2007–2015) in
North Dakota as compared to oil spills during the same period.

Our observations show that initial remediation of the spill effectively
removed some types of contamination while allowing others to persist.
Temporal sampling indicates that contaminated groundwater and soil
can reintroduce different contaminants at variable rates leading to po-
tentially different site management concerns between initial contami-
nation and long-term impact. Partitioning of chemicals onto the
sediment limits movement of wastewater components downstream
but could provide a long-term source of contaminants to aquatic organ-
isms. Sediment-bound forms of elements like Ba, Sr, and Ra could in-
clude ion exchangeable species as well as elements incorporated into
solid phases like calcite or aragonite, and barite. Carbonate minerals
that form during the summer may dissolve in response to rising PCO2

values during periods when ice-cover prevents atmospheric exchange,
releasing co-precipitated contaminants. Increasing Ca concentrations
in response to dissolution of carbonate minerals could perturb ion
exchange equilibria, potentially mobilizing elements like Ba, Sr, and
Ra. Understanding chemical forms of wastewater-spill derived con-
taminants retained in sediments is an important area of future
research.
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Concerns have arisen among the public regarding the potential for drinking-water contamination from the migration of methane
gas and hazardous chemicals associated with hydraulic fracturing and horizontal drilling. However, little attention has been paid to
the potential for groundwater contamination resulting from surface spills from storage and production facilities at active well sites.
We performed a search for publically available data regarding groundwater contamination from spills at U.S. drilling sites. The
Colorado Oil and Gas Conservation Commission (COGCC) database was selected for further analysis because it was the most
detailed. The majority of spills were in Weld County, Colorado, which has the highest density of wells that used hydraulic fracturing
for completion, many producing both methane gas and crude oil. We analyzed publically available data reported by operators to the
COGCC regarding surface spills that impacted groundwater. From July 2010 to July 2011, we noted 77 reported surface spills
impacting the groundwater in Weld County, which resulted in surface spills associated with less than 0.5% of the active wells. The
reported data included groundwater samples that were analyzed for benzene, toluene, ethylbenzene, and xylene (BTEX) components
of crude oil. For groundwater samples taken both within the spill excavation area and on the first reported date of sampling, the
BTEX measurements exceeded National Drinking Water maximum contaminant levels (MCLs) in 90, 30, 12, and 8% of the samples,
respectively. However, actions taken to remediate the spills were effective at reducing BTEX levels, with at least 84% of the spills
reportedly achieving remediation as of May 2012. Our analysis demonstrates that surface spills are an important route of potential
groundwater contamination from hydraulic fracturing activities and should be a focus of programs to protect groundwater.

Implications: While benzene can occur naturally in groundwater sources, spills and migration of chemicals used for hydraulic
fracturing activities have recently been thought to be a main source of benzene contamination in groundwater. However, there is little
scientific literature to support that claim. Therefore, we accessed a publically available database and tracked the number of reported
surface spills with potential groundwater impact over a 1-year period. Although the number of surface spills was minimal, our
analysis provides scientific evidence that benzene can contaminate groundwater sources following surface spills at active well sites.

Supplemental Materials: Supplemental materials are available for this paper. Go to the publisher’s online edition of the Journal of
the Air & Waste Management Association for an illustration of the average concentration of each BTEX chemical from pooled
sample measurements, and various metrics from all 77 spills analyzed in this study.

Introduction

Increases in the global demand for energy are driving
advances in natural gas extraction techniques such as hydraulic
fracturing and horizontal drilling (Kennedy, 2007). These two
technologies make it economically feasible to recover unconven-
tional oil and gas resources from coal beds, shale formations, and
tight sand reservoirs. Although hydraulic fracturing has received
recent attention, the technology has been in commercial use in
the United States for exploration and extraction of crude oil since
the 1940s (STRONGER, 2011). Hydraulic fracturing is a tech-
nology that relies on the high-pressure injection of water mixed

with a combination of chemicals and sand formulated to physi-
cally fracture subsurface reservoirs for the purpose of extracting
oil and gas. Depending upon the type of geological formation
and the depth associated with horizontal drilling, fracturing
activities can take place anywhere from several hundred feet to
several miles below the surface (ALL Consulting, 2009).

Public concerns have been expressed about drinking-water
contamination from migration of chemicals used during the
hydraulic fracturing process, aswell as from the escape ofmethane
from fractured rock and well casings (Dammel et al., 2011; Groat
and Grimshaw, 2012; Osborn et al., 2011; Rozell and Reaven,
2012; U.S. EPA, 2011). However, strong scientific evidence to
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support these concerns is lacking. To our knowledge, only one
study has been published in the scientific literature evaluating the
potential for groundwater contamination with methane (Osborn
et al., 2011). These authors reported methane contamination of
aquifers overlying the Marcellus Shale formation and noted that
the contamination accompanied gas-well drilling and hydraulic
fracturing activities in the area. However, the authors concluded
that more research was still needed to clearly understand the
mechanism of contamination (Osborn et al., 2011).

In November 2011, the U.S. EPA introduced a plan to exam-
ine methane contamination of drinking water in several drilling
areas across the United States, including theMarcellus Shale; the
results of this study are forthcoming (U.S. EPA, 2011).
Regarding drinking water contamination from hydraulic fractur-
ing fluids, a recent U.S. EPA study reported that two deep
monitoring wells near an aquifer in Pavillion, Wyoming, tested
positive for glycols, alcohols, and high levels of methane, all of
which were thought to originate from hydraulic fracturing activ-
ity conducted below the aquifer. This was the first report of
drinking-water contamination resulting from the migration of
chemicals from a fractured formation, although, to date, confir-
mation of chemical migration remains in question and conclu-
sions from this study are currently undergoing further evaluation
(DiGiulio et al., 2011; McLernon, 2012).

Groundwater contamination may occur from various activ-
ities that take place at the ground surface before, during, and after
a well is brought into production. In a recent article published in
a nationally recognized water quality journal, it was noted that
most water quality issues in the United States associated with
hydraulic fracturing activities are the result of surface spills or
leakage into the shallow water formations (Metzger, 2011). Only
recently has the U.S. EPA announced its first proposal of a
Quality Assurance Project Plan to analyze data from surface
spills in states with both oil and gas production, such as Texas,
Colorado, and Pennsylvania (U.S. EPA, 2012).

Based on our review, no study has been published in the peer-
reviewed scientific literature that addresses the potential for
groundwater contamination from surface spills associated with
hydraulic fracturing activities (Groat and Grimshaw, 2012).
Wells producing crude oil in addition to methane gas are a
potential source of petroleum hydrocarbon release into ground-
water via surface spills. Of particular interest is the release of
benzene, toluene, ethylbenzene, and xylene (i.e., BTEX), which
are present in low percentages in crude oil and, at sufficient
doses, have been associated with adverse human health effects
(ATSDR, 2000, 2007a, 2007b, 2010; Osborn et al., 2011).
Opportunities for surface spills and leaks of BTEX-containing
liquids include lined holding ponds, which are often constructed
at well sites for temporary storage of “flowback” or “produced
water,” which is the water that comes to the surface with the oil
and gas following the hydraulic fracturing procedure. These
ponds typically consist of a mixture of gas, oil, metals, fracturing
fluids, and possibly naturally occurring radioactive materials
(NORM) and can potentially leach into the groundwater through
failures in the lining (Gregory et al., 2011; Smith, 1992). Tank
battery systems, which are a group of tanks used for storing
produced water and crude oil in various stages of separation, can
contribute to leaks and spills. Moreover, production facilities are

sources of hydrocarbons in the refining process. Combinations
of these types of facilities are found at most well sites. Although
there are many different combinations of chemicals and waste
products associated with hydraulic fracturing activities and
therefore potentially stored at the well site, we limited our ana-
lysis to data that were publically available for review (i.e.,
BTEX) and regulated by the National Drinking Water maximum
contaminant level (MCL), such as benzene (5 ppb), toluene
(1000 ppb), ethylbenzene (700 ppb), and xylene (10,000 ppb),
respectively (Colborn et al., 2011; HDR, 2011).

We performed a search for publicly available data regarding
groundwater contamination from spills at U.S. drilling sites. The
Colorado Oil and Gas Conservation Commission (COGCC)
database was selected for further analysis because it was the
most detailed. In addition, numerous articles have been pub-
lished in the Colorado news media that suggest that surface spills
at drilling sites in Weld County, Colorado were associated with
the release of benzene at concentrations markedly exceeding
state water quality standards (5 ppb) (Finley, 2011). Weld
County is located on the eastern plains of Colorado and the
county overlays part of the Niobrara Shale formation within the
Denver–Julesburg Basin. The eastern plains have very little sur-
face water and therefore groundwater is the main source of water
supply for users in the area (Colorado Division of Water
Resources, 2012; Pielou, 1998). We chose to focus on Weld
County because nearly all active wells in Colorado have used
hydraulic fracturing for completion, because it is the most den-
sely populated county for drilling in the United States, and
because some areas of Weld County may have a very shallow
depth to water table (COGCC, 2012; Wockner, 2012;
STRONGER, 2011). Given the increased attention to surface
spills of benzene in the Colorado local news and the limited
attention in the scientific literature given to surface activities, we
investigated operator reports of groundwater contamination with
BTEX at drilling sites in Weld County, Colorado, between July
1, 2010, and July 1, 2011.

To evaluate the potential impact to groundwater from BTEX
in surface spills reported during our study period, (COGCC,
2011e), we specifically focused on initial measurements taken
before or early in the remediation process so that we could
characterize the high end of BTEX contamination that may
have occurred during the course of these spills. In addition, we
analyzed various other spill metrics including spill frequency,
average spill size and depth, and recorded cause of the spills, as
well as the fraction of spills for which remediation had been
successfully completed.

Methods

COGCC database

We analyzed publically available data reported by operators to
COGCC. We considered other datasets by searching multiple
websites including those associated with the Wyoming Oil &
Gas Conservation Commission, Pennsylvania Independent
Oil and Gas Association, Pennsylvania Department of
Environmental Protection: Oil & Gas Reporting Website, Texas
Oil & Gas Association, Railroad Commission of Texas, and New
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Mexico Energy, Minerals and Natural Resources Department Oil
Conservation Division, as well as the oil and gas conservation
commissions of Oklahoma, Kansas, Montana, Arizona, Idaho,
Nebraska, Iowa, Missouri, North Dakota, South Dakota, and
Arkansas. We chose the COGCC database because it had the
most robust data set regarding surface spills.

We analyzed surface spills in Weld County between July 1,
2010, and July 1, 2011, using data reported to COGCC
(COGCC, 2011e). The COGCC data were not in a tabulated or
compiled format; rather, the information for each spillwas found on
one or more separate documents. Thus, as a first step, it was
necessary to manually extract all of the relevant data and compile
them in a format that was useful for analysis. The study period was
selected to provide a snapshot of surface spills that were reported to
have groundwater impact. According to the rules outlined by the
COGCC, surface spills that are greater than five barrels in size or
that impact state water sources must be self-reported by the opera-
tors. Operators are required to map the area affected by the spill,
including the directional flow of the groundwater, to describe how
the spill was excavated, and to submit a groundwater sampling plan
to determine the extent of the groundwater contamination
(COGCC, 2011a). According to the COGCC Rule 900 Series,
“samples shall be collected from areas most likely to have been
impacted, downgradient or in the middle of excavated areas. The
number and location of samples shall be appropriate to determine
the horizontal and vertical extent of the impact.” Groundwater
samples were collected by various methods, including bore holes
or excavation of the soil at the spill site.

Once collected, groundwater samples were analyzed for
BTEX concentrations by an independent laboratory using
U.S. EPAMethod 8260B (COGCC, 2011d). Information regard-
ing the spill volume, the area and depth of the spill, the type of
facility from which the spill originated, and the reported cause of
the spill was also extracted from the COGCC database.

BTEX concentrations

We sought to characterize BTEX groundwater concentrations
during the course of the spill and the remediation, (i.e., ground-
water samples that were taken early in each spill, either before or
shortly after remediation began). Seventy-seven spills impacting
groundwater were reported to COGCC by operators in Weld
County during the study period. Sixty-two of the spill reports
were accompanied by analytical BTEX concentrations from
initial groundwater sampling. For 10 of the remaining spills,
groundwater monitoring data were not collected during the
initial stages of the spill and therefore were not used in our
analysis. For the remaining five reported spills, there were no
BTEX measurements available for review.

Statistical analysis

Among the 62 spills for which groundwater sampling data
were available, there were in total 218 groundwater samples
collected. Descriptive statistics were performed for all 218 sam-
ples pooled together and for various subsets of these data.
Because there were a high number of samples below the report-
ing limit, PROUCL 4.0 was used to estimate means using the

Kaplan–Meier (KM) method, which is useful for analyzing left-
censored data sets with multiple reporting limits and is not based
on an underlying distribution of the data set (Helsel, 2005). Also
using PROUCL 4.0, the 97.5% upper confidence limits (UCL)
on the means were calculated using the Chebyshev inequality
with KM. The 97.5% UCL was calculated rather than a 95%
UCL because of the sample size, skewness of the data, and
percent of samples below the reporting limit (Singh et al.,
2006). Pairwise comparisons between means were evaluated
using the Gehan method, a nonparametric test that is useful for
censored data sets with multiple reporting limits (Millard and
Deverel, 1988; Palachek et al., 1993). For the data shown in
Supplemental Figure S1, nondetect values were treated as one-
half the reporting limit because there were frequently too few
samples per spill to permit use of the Kaplan–Meier method
when estimating the mean for each spill.

Disposition of spills

We performed a follow-up survey of the remediation status of
the 77 spills with groundwater impact by reviewing publically
available documents on the COGCC website and noting which
spills were deemed “resolved” by COGCC such that no addi-
tional remediation was required (see Supplemental Table S1)
(COGCC, Form 19A).

Results

Frequency of spills

Between July 1, 2010, and July 1, 2011, operators drilling for
gas and oil in Weld County reported 77 surface spills with
groundwater impact. During this time period, there were nearly
18,000 active wells in Weld County (COGCC, 2012). These
findings indicated that less than 0.5% of these active wells
experienced a spill that impacted groundwater. Analysis of sur-
face spills without groundwater impact was outside the scope of
the current study.

Adherence to Colorado regulations may be a contributing
factor to the low percentage of surface spills with groundwater
impact at active well sites. There are a number of regulations and
contingency plans in place that operators must follow in order to
control fluids used and stored at the surface, as well as to manage
risk of groundwater contamination from surface spills should
they occur. For example, the COGCC site selection criteria take
into account operating near surface water supply areas, equip-
ment to be used, secondary containment, baseline groundwater
sampling, and an emergency plan (COGCC, 2011b). Placement
and protection of tanks as well as industry standards for tank
construction, maintenance, operation, and labeling are also regu-
lated under Colorado guidelines. Colorado rules dictate the
operating standards for permitting requirements, and for the
construction and protection of holding ponds (COGCC, 2011c,
2011d; STRONGER, 2011).

Size and depth of surface spills

If known, operators reported the volume of oil or produced
water spilled at awell site. Only 13 of 77 reported spills indicated a
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specific volume of oil spilled (average: 24 barrels; range: 1–177
barrels). Of the 13 reported oil spill volumes, only one operator
indicated that all of the oil spilled was recovered. Six reports
indicated that no oil was recovered and six reports indicated that
some oil was recovered (42–84%). For eight spills, the operators
indicated that no oil was spilled. Regarding the remaining spills,
the volume of spilled oil was noted to be unknown or to be
determined.

In addition to the oil spills, operators inWeld County reported
spills composed of produced water. Only 5 of 77 operators
reported a specific volume of produced water spilled (average:
7 barrels; range: 1–28 barrels). Of the five reports that specified
a spill volume for produced water, one operator indicated that all
of the produced water was recovered. Two operators reported
that no produced water was recovered from the spill and two
additional operators indicated that some produced water was
recovered (50–96%). For 23 spills, the operators indicated that
no produced water was spilled. Regarding the remaining spills,
the volume of produced water spilled was noted to be unknown
or to be determined. The unknown volumes were likely due to
difficulties in estimating the amount of oil or produced water that
was spilled after it had saturated the ground.

Spill areas were estimated were based on rectangular dimen-
sions reported by the operators for 59 of 77 spills. The average
estimated area was 2120 square feet (range: 96 to 10,500 square
feet). In 55 of 77 of the spills, the depth was also recorded and
ranged from 2 to 18 feet (average 7 feet). It should be noted that
these area values are probably overestimated, as fluid spills are
unlikely to completely fill the rectangular dimensions.

Origin of spills

The types of facilities from which surface spills were reported
to occur and the number of spills associated with each facility
type are summarized in Table 1. The tank battery systems (34/77
spills) and production facilities (29/77 spills) were by far the
largest sources of surface spills with groundwater impact. The
remaining facilities and equipment were each reported for 5 or
fewer of the 77 spills. Four of these remaining facility types, with
one spill attributed to each, were associated with the tank bat-
teries, and thus might be more appropriately counted as part of
that category.

A tank battery usually provides storage for the collected oil
and equipment for separating the oil from produced water
(COGCC, 2011a). The tanks are commonly connected by mani-
folds and other piping to permit transfer of liquids from one tank
to another. Production facilities are used to remove water, gases,
and other impurities from the oil and natural gas. The U.S. EPA
requires that secondary containment structures for tank batteries
and production facilities such as dikes, berms, and other barriers
be used around these two systems to help prevent migration of
leaks or spills (U.S. EPA, 2009). In total, 26 of 77 spills in Weld
County were retained within a constructed containment,
although the spill report still indicated an impact to the ground-
water. For the remaining 51 spills, the spilled fluid was not
contained. The reason for failure of a required secondary con-
tainment system around tank batteries and production facilities

inWeld County was unclear. It is of note that none of the spills in
Weld County was reported to be associated with a holding pond.

Causes of spills

Operators are also required to indicate the cause of the spill.
Therefore, we categorized the surface spills with groundwater
impact according to reported cause of the spill (Table 2).
Equipment failure (47/77 spills) was the most common cause
of groundwater impact, whereas 10 of 77 spills reportedly
resulted from corrosion/equipment failure. Historical impact
(i.e., discovery of a spill during inspection) was cited as the

Table 1. Type of facility associated with groundwater impact in Weld County,
Colorado, between July 1, 2010, and July 1, 2011

Number of spills

Facility type
BTEX data not

available
BTEX data
available Total

Tank battery 5 29 34
Production facility 2 27 29
Flow line 1 4 5
Compressor station 2 0 2
Tank battery,

flow line
0 1 1

Tank battery
cement water pit

1 0 1

Tank battery, water
tank

1 0 1

Tank battery
dump line

1 0 1

Gathering line 0 1 1
Oil dump line 1 0 1
No facility type

reported
1 0 1

Total 15 62 77

Table 2. Cause of spill associated with groundwater impact in Weld County,
Colorado, between July 1, 2010, and July 1, 2011

Number of spills

Failure Cause
BTEX data not

available
BTEX data
available Total

Equipment failure 10 37 47
Corrosion/equipment

failure
1 9 10

Historical impact 1 14 15
Human error 1 2 3
Multiple leaks in

dump line system
1 0 1

Unknown 1 0 1
Sum 15 62 77
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cause of the spill in 15 of 77 reported spills. Only 3 of 77 spills
were associated with human error.

BTEX measurements

Although BTEX measurements were taken throughout the
spill remediation process, we focused our analysis on BTEX
measurements from groundwater samples that were taken either
before or shortly after remediation began, as opposed to during
the monitoring stages of a Remediation Work Plan. This allowed
us to characterize the high end of BTEX contamination that
occurred during the course of the spill and the ensuing remedia-
tion. BTEX data were available for 62 of 77 spills, constituting a
total of 218 total samples per chemical. Summary statistics for
these data are presented in Table 3. In addition, the average,
minimum, and maximum concentrations of each BTEX chemi-
cal for each reported spill are illustrated in Figure S1 of the
supplemental material.

As noted in Table 3, BTEX measurements for 78 of 218
groundwater samples were taken for a single spill (#2608769);
thus, we considered this spill separately so that the analysis
would not be overly influenced by the results of a single spill.
It was not clear from the information available why so many
groundwater samples were collected for this single spill.

Since we expected that the groundwater samples taken from
inside of the spill excavation areas would have higher BTEX
concentrations than the samples taken outside of the excavation
areas, these groups of groundwater samples were analyzed sepa-
rately (Table 3). In accordancewith our expectations, groundwater
samples collected within the excavation area had reported mean
BTEX measurements that were 2.2-, 3.3-, 1.8-, and 3.5-fold
higher, respectively, than groundwater samples collected just out-
side the excavation area. The difference in KM means from
samples inside versus outside the excavation area was found to
be significant for each BTEX chemical (p < 0.05, Gehan test).

Some groundwater sampling from reported surface spills
during the initial sampling stage were done on multiple days.
We hypothesized that groundwater samples taken on later dates
of a spill would be associated with lower BTEX measurements.
Therefore, we also analyzed the BTEX concentrations from
recurring sampling events (i.e., the first, second, or third or
later groundwater sampling date). As expected, the mean
BTEX values decreased from the first sampling date to the
second, as well as from the second sampling date to the subse-
quent sampling dates. The mean BTEX concentrations from
groundwater samples taken during the third or later sampling
date decreased 41-, 65-, 36-, and 42-fold, respectively, compared
to samples taken on the first sampling date. For each BTEX
chemical, comparisons of the KM means between the different
sampling dates were significant, except for benzene on the
second sampling date compared to the third or later sampling
date (p < 0.5, Gehan test).

Air monitoring for BTEX has been conducted during var-
ious stages of well development and production at some well
sites in Colorado (McKenzie et al., 2012). In the environment,
BTEX can volatilize from soil or the water’s surface, and once
volatilized, BTEX disperse and readily biodegrade
(e.g., benzene degrades in days, and toluene degrades in the

atmosphere within hours); BTEX can also pass through soil
into the groundwater. Since BTEX are only slightly soluble in
water, BTEX tend to collect at the top of the water table where
they degrade more slowly than in the soil (ATSDR, 2007a). It is
likely that the observed decrease in mean BTEX concentrations
over the course of multiple sampling dates is, at least in part,
attributable to evaporation and degradation of the BTEX
chemicals.

Of the 218 measurements taken for each BTEX chemical, 60
samples per chemical were taken inside of the excavation areas
during the first sampling date (Table 3). The KM mean of the 60
measurements were 1400, 2200, 190, and 2600 ppb for BTEX,
respectively. These means constitute 280-, 2.2-, 0.27-, and 0.26-
fold of the National Drinking Water MCLs for BTEX, respec-
tively (HDR, 2011). Thus, the KM means for benzene and
toluene in these samples were above their respective MCLs
(benzene 5 ppb and toluene 1000 ppb), whereas the KM means
for ethylbenzene and xylene were below their respective MCLs
(ethylbenzene 700 ppb and xylene 10,000 ppb). It should be
noted that the distributions of these data are highly skewed, as
evidenced by the fact that the median values are much lower than
the estimated means, in some cases several hundred-fold lower.
None of the median values for toluene, ethylbenzene, or xylene
exceed their respective MCLs.

Comparing these 60 BTEX measurements to their respec-
tive MCLs, 90, 30, 12, and 8% of the BTEX samples, respec-
tively, were above their MCLs. These data indicate that
benzene and toluene are of greater concern than ethylbenzene
and xylene when considering BTEX groundwater concentra-
tions from these surface spills. In fact, the 97.5% UCL of the
mean for these 60 samples was below the MCL for ethylben-
zene and xylene, and the 95th percentile measurements
exceeded the MCL by only 1.3-fold for ethylbenzene and
1.2-fold for xylene.

Although the mean benzene and toluene measurements for
the 60 groundwater samples taken inside the excavation areas
during the first sampling date exceeded the MCL by 280- and
2.2-fold respectively, the benzene and toluene mean concen-
trations decreased significantly for later sampling dates and
for groundwater samples collected just outside the excavation
area. This suggests that actions taken by the operators to stop
and remediate the spill were effective for reducing ground-
water BTEX contamination. The 95th percentile toluene con-
centration from the 25 groundwater samples collected during
the second sampling date is below the MCL, and for the third
or later sampling date, none of the toluene measurements was
greater than the MCL. Regarding benzene, the mean concen-
tration decreased 41-fold in groundwater samples collected
during the first sampling date compared to samples collected
on the third or later sampling date. Although 59% of the
benzene measurements in groundwater samples collected on
the third or later sampling date still exceeded the MCL for
benzene, it would be expected that benzene concentrations in
groundwater samples would continue to decrease with time
and as additional remediation is carried out. Likewise, the
mean benzene concentration decreased two-fold in ground-
water samples taken inside versus just outside of the excava-
tion area, with only 37% of samples outside of the excavation
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Table 3. BTEX concentrations (ppb) from groundwater samples taken before or early during the remediation process of Weld County surface spills involving
groundwater contamination. Samples (n ¼ 218) were pooled from spills that that occurred between July 1, 2010, to July 1, 2011

Count
Percent below

RLa
50th

percentile
95th

percentile
KM
meanf

97.5%
UCL

Percent above
MCL

Benzene
Spill #2608769 78 88% <1.0b 14.6 6.6d 24d 8%
Other spills 140 27% 22 5900 920 2100 66%
-Inside excavated area 102 16% 38 6100 1100 2600 77%
-1st sampling date 60 8% 100 6100 1400 3400 90%
-2nd sampling date 25 20% 13 8900 970 5000 60%
-3rd or later
sampling date

17 35% 5.5 140 34 160 59%

-Outside excavated area 38 58% <1.0b 3300 510 1900 37%
All data 218 49% 1.5 4800 590 1400 45%

Toluene
Spill #2608769 78 100% <1.0b <1.0c nae nae 0%
Other spills 140 42% 2.4 8800 1200 3000 17%
-Inside excavated area 102 31% 10 10,000 1400 3800 19%
-1st sampling date 60 25% 64 10,000 2200 5800 30%
-2nd sampling date 25 36% 7.0 630 680 4700 4%
-3rd or later
sampling date

17 47% 1.3 120 34d 240d 0%

-Outside excavated area 38 71% <1.0b 3200 430 1700 13%
All data 218 63% <1.0b 4100 750 1900 11%

Ethylbenzene
Spill #2608769 78 91% <1.0b 49 8.2d 36d 0%
Other spills 140 41% 3.0 720 100 230 6%
-Inside excavated area 102 32% 4.3 780 120 290 7%
-1st sampling date 60 18% 47 900 190 460 12%
-2nd sampling date 25 32% 2.3 150 20 88 0%
-3rd or later
sampling date

17 82% <1.0b 26 5.3d 28d 0%

-Outside excavated area 38 66% <1.0b 420 65 220 3%
All data 218 59% <1.0b 420 67 150 4%

Xylene
Spill #2608769 78 86% 3.0 1700 230 810 0%
Other spills 140 25% 66 8400 1500 3900 4%
-Inside excavated area 102 15% 130 12,000 1800 5000 6%
-1st sampling date 60 7% 320 12,000 2600 7600 8%
-2nd sampling date 25 20% 41 6900 1100 6000 4%
-3rd or later
sampling date

17 35% 7.6 390 62 310 0%

-Outside excavated area 38 53% <1.0b 2200 520 2000 0%
All data 218 47% 4.4 5600 1000 2600 3%

aThe reporting limit was 1 pbb for all benzene, toluene, and ethylbenzene samples that were below the reporting limit. The average reporting limit and standard
deviation for the xylene samples that were below the reporting limit was 2.3 � 0.9 ppb. bMore than 50% of the data were below the reporting limit (RL), and
therefore the reported 50th percentiles are based on nondetect values. cMore than 95% of the data were below the reporting limit (RL), and therefore the reported
95th percentile is based on nondetect values. dThese values were calculated based on fewer than 10 values above the reporting limit (9 for benzene and toluene, 7 for
ethylbenzene spill #2608769, and 3 for ethylbenzene day 3 or later), and thus may not be as reliable as the other reported values. eIt was not possible to calculate a
value because there were no measurements above the reporting limit. fThe Gehan test was used to test for significant differences between the following
measurements: 1st sampling date vs. 2nd sampling date, 1st sampling date vs. 3rd or later sampling date, 2nd sampling date vs. 3rd or later sampling date, and
inside vs. outside the excavation area. All pairwise comparisons were found to be significant (p < 0.05) except for benzene 2nd sampling date vs. 3rd or later
sampling date.
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area exceeding the MCL for benzene. This highlights the fact
that benzene groundwater concentrations decrease rapidly for
locations further away from the spill site.

Disposition of spills

In addition to BTEX measurements in groundwater, we also
assessed the remediation status of the spills. The remediation or
“resolution” process outlined in the COGCC database appeared
to vary as a function of the initial BTEX concentrations. When
the initial sampling was below the National Drinking Water
MCLs, the spill was considered “resolved” according to the
COGCC and no further remediation was required.
Alternatively, if the BTEX concentrations in the groundwater
from the initial sampling exceed the applicable National
Drinking Water MCLs, operators are required to remove the
contaminated soil and groundwater, to dispose of the contami-
nated waste in a state authorized hazardous waste disposal site,
and to complete a Remediation Work Plan (COGCC, 2011f). As
part of the remediation plan, groundwater monitoring is carried
out by an independent reclamation company under the guidance
of the operator. Specifically, the monitoring guidelines set forth
by COGCC for remediation of groundwater indicate that a spill
may be considered resolved when the measured groundwater
contaminant concentrations fall below the respective MCLs for
four consecutive sampling periods following excavation of the
spill (COGCC, 2009). The COGCC’s use of the term “resolved”
refers to this specific metric and does not refer to evaluation or
resolution of other spill metrics.

For each of the 77 reported spills in Weld County with impact
to groundwater, we determined whether the spill had been
labeled “resolved” by COGCC as of May 2012 by accessing
publically available data on the COGCC website. For 54 of 77
reported spills, resolution acceptable to COGCC was achieved
after the initial excavation was performed and the operator
completed a remediation plan for the spill. Alternatively, for 11
of 77 spills, resolution was achieved when a COGCC agent
determined that the initial excavation of the spill and the respec-
tive BTEX analysis indicated that no further action was neces-
sary. For all of these 11 spills, the reported initial BTEX
concentrations in the associated groundwater samples were
below the reporting limit following excavation of the spill.
Regarding the remaining 12 reported spills, three spills were
still in the process of remediation and remained unresolved per
COGCC. Finally, for 9 of 77 spills no information regarding spill
resolution was available for review.

To our knowledge, our analysis is the first attempt to quanti-
tatively analyze the potential impact to groundwater from surface
spills containing BTEX concentration at drilling sites where
hydraulic fracturing occurs. However, there are several limita-
tions to our analysis.

Limitations of analysis

First, our analysis was constrained by the availability and
accuracy of the information on the COGCC website. All data
were obtained from operator-reported spills, and therefore it is
possible that additional spills may have occurred which went

unreported. In addition, BTEX measurements from ground-
water samples were not available for all reported spills.
However, since BTEX data were available for over 80% of the
spills, and remediation status could be determined for 88% of
the spills, we do not anticipate that our conclusions would
change markedly if the missing data were made available. In
turn, it is important to note that our findings are specific to
Weld County, Colorado, and do not necessarily represent other
geographical areas where hydraulic fracturing activities are
conducted. Regional differences including different regulations
and average depth towater table would likely impact that rate of
groundwater BTEX contamination from surface spills. Since
depth to the water table in some parts of Weld County is
shallow, groundwater contamination from spills in this county
may be more likely should a spill occur.

Another important piece of information that was not available
for our analysis was baseline sampling measurements of BTEX
in the groundwater. Although such sampling may have occurred,
we were unable to locate it in the COGCC database. BTEX are
found at low levels in crude oil and are also natural compounds
found in coal and gas deposits. As such, BTEX may naturally be
present at low concentrations in groundwater located in the
vicinity of these types of deposits.Without baselinewater quality
analysis performed prior to development of the drilling site and/
or prior to the spill, the background BTEX concentrations in the
groundwater are uncertain.

It is possible that BTEX groundwater concentrations prior to
the first sampling date may have exceeded the reported measure-
ments because there was often a delay between the reported spill
date and the first day of sampling. In addition, 15 of the spills
were noted to be historical, which indicates that they were leak-
ing for some time before the spill was discovered.

Although our study demonstrated that groundwater BTEX
concentrations decreased rapidly with distance from spill site
and with time after remediation began, it was beyond the scope
of our analysis to estimate BTEX concentrations at any down-
stream receptor location for any time during the course of these
spills or during the remediation process. Such an analysis may be
useful in some circumstances depending on the proximity of
downstream receptors of concern and the BTEX concentrations
in groundwater samples taken at the spill site. In addition to
potential groundwater impacts, spills of crude oil and produced
water also pose potential impacts from BTEX inhalation or
dermal absorption by workers or others in the vicinity of the
spills. Analysis of potential BTEX exposures via these routes
was also beyond the scope of this study.

Conclusions and Recommendations

Our analysis indicates that surface spills of produced water
from the fracturing process or crude oil from fractured wells
could pose the potential for release of BTEX chemicals in excess
of the national MCLs for each compound. However, the spill
reports posted on the COGCC website for Weld County,
Colorado, appear to indicate that the remediation process set
forth by COGCC Rule 900 Series and implemented by operators
has been effective at resolving spills according to these
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requirements. While there are limitations to the approach we
used in our analysis, these data are nonetheless valuable in
beginning to obtain a quantitative characterization of the pre-
sence and fate of BTEX in surface spills at drill sites where
hydraulic fracturing activities are conducted. It also appears
possible that some members of the public may hold a negative
view of hydraulic fracturing activities in their community
because of the lack of information regarding processes such as
this one to address surface spills. It is also unclear how the
determination of spill “resolution” as defined by COGCC
affected any actual impacts to groundwater. As a result, we
offer the following recommendations going forward in order to
help address any potential impact of BTEX chemicals in surface
spills to the groundwater in Weld County and elsewhere.

Recommendations going forward

It has been estimated that over the next 20 to 30 years, the
density of well sites will increase in the most productive areas of
oil and gas recovery (Kennedy, 2007; Pelley, 2003). The current
expansion has already introduced oil and gas recovery opera-
tions to suburban and urban populations, and concerns have
arisen regarding potential adverse health impacts, property
damage, and ecological damage. Based on our analysis, we
suggest the following recommendations, some of which are
specific to the potential for BTEX groundwater contamination
from surface spills, and many of which are more general and
apply to multiple facets of hydraulic fracturing activities.

(1) A comprehensive chemical risk analysis should be conducted
by well operators in order to provide a formalized method for
objectively identifying and evaluating the hazard and expo-
sure potential posed by specific chemicals and chemical
mixtures that are used in the hydraulic fracturing process
(Panko and Hitchcock, 2011). This process, which has been
referred to as chemical footprinting, can provide operators
with an evaluation of positive and negative environmental
characteristics including biopersistence, bioaccumulation
potential, mobility, and exposure potential by multiple routes.
With this knowledge, operators may better identify areas for
improvement and safeguard against current and future regu-
latory compliance and public perception issues.

(2) After identifying which chemicals may pose a greater risk,
operators may choose to employ alternative chemicals or to
implement enhanced safety measures such as additional or
increased monitoring for certain chemicals on a regular basis.

(3) Any environmental sampling plan should take into account
spatial and temporal variability of chemical concentrations,
achieve adequate detection limits, and properly characterize
baseline or background levels of chemicals of interest.
According to the COGCC website, a water sampling plan
is currently under review.

(4) Important factors such as variations in the depth of the water
table on the eastern plains of Colorado should be carefully
considered when evaluating the location of drilling site
operations. As such, consideration should be made regard-
ing placement of storage tanks and production facilities
since our data indicated that these facilities were the most

common sources of high concentrations of BTEX in surface
spills with groundwater impact.

(5) Given the finding that many spills reported to COGCC were
the result of equipment failure rather than operator error,
equipment safety systems on the surface at drilling site should
be carefully considered and enhancedwhere needed.With the
remote location of many of the drilling sites in Weld County
and the absence of on-site personnel to continuously monitor
each well, the improvement of remote monitoring capabilities
and an increase in the redundancy of spill prevention mea-
sures may be warranted at some drilling locations.

(6) Well operators or third parties should actively engage in
public education in local communities regarding the proce-
dures used in hydraulic fracturing and horizontal drilling.
Expanding and improving the public sharing of such infor-
mation would be helpful in assisting workers and commu-
nity members in the evaluation of personal risk versus
community benefit.

(7) Well operators should more effectively communicate the
health and environmental protection procedures that they
have in place prior to production so that workers and local
communities are aware of the extent to which hydraulic
fracturing activities may or may not pose a risk.

While our recommendationsmay already be fully implemented by
some well operations, based on the concerns voiced in Colorado
by the media and the public, it appears that the procedures for
prevention and mitigation of risks associated with surface spills at
active well sites are not yet fully and clearly communicated.
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ABSTRACT: Unconventional natural gas development (UNGD)
generates large volumes of wastewater, the detailed composition of
which must be known for adequate risk assessment and treatment. In
particular, transformation products of geogenic compounds and
disclosed additives have not been described. This study investigated
six Fayetteville Shale wastewater samples for organic composition
using a suite of one- and two-dimensional gas chromatographic
techniques to capture a broad distribution of chemical structures.
Following the application of strict compound-identification-con-
fidence criteria, we classified compounds according to their putative
origin. Samples displayed distinct chemical distributions composed of
typical geogenic substances (hydrocarbons and hopane biomarkers),
disclosed UNGD additives (e.g., hydrocarbons, phthalates such as diisobutyl phthalate, and radical initiators such as
azobis(isobutyronitrile)), and undisclosed compounds (e.g., halogenated hydrocarbons, such as 2-bromohexane or 4-
bromoheptane). Undisclosed chloromethyl alkanoates (chloromethyl propanoate, pentanoate, and octanoate) were identified as
potential delayed acids (i.e., those that release acidic moieties only after hydrolytic cleavage, the rate of which could be potentially
controlled), suggesting they were deliberately introduced to react in the subsurface. In contrast, the identification of halogenated
methanes and acetones suggested that those compounds were formed as unintended byproducts. Our study highlights the
possibility that UNGD operations generate transformation products and underscores the value of disclosing additives injected
into the subsurface.

■ INTRODUCTION

The recent growth in unconventional natural gas development
(UNGD) has led to a dramatic increase in related wastewater
volumes,1−3 collectively referred to as flowback and produced
waters. For instance, residual fluids from UNGD totaled 570
million L in 2015’s first three quarters in Pennsylvania alone.4

Field studies have provided preliminary evidence that current
wastewater-treatment practices are not sufficient,3,5 and risks to
human and ecosystem health are inadequately explored.
Furthermore, UNGD-related substances may serve as molecular
markers of hydraulic fracturing activities. As a result, much
interest is directed at identifying these indicator compounds,
recognizing chemicals of particular concern, and considering
implications for their adequate disposal.

While flowback fluids and produced water have been analyzed
with regard to inorganic composition, such as halides, alkali earth
ions, radioactive species, and heavy metals,6−9 a similar
description for organic compounds is only starting to emerge.
Several studies have deployed liquid chromatography (LC) with
high-resolution mass spectrometry (HRMS) to the study of
flowback and produced waters,10−14 a technique that targets
roughly 90% of the disclosed chemical additives.3 However, the
majority of geogenic compounds and the remaining 10% of
additives are expected to be amenable to gas chromatography
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(GC) rather than LC. Available GC studies differ in (a) the level
of detail aimed at identifying specific chemical substances, (b) the
target-compound range and resolving power of the analytical
methods, and (c) the confidence criteria applied to uniquely
identify substances of interest. In all of the studies that detected
substances of anthropogenic origin, such as phenols, phthalates,
or biocides, investigations relied on one-dimensional gas
chromatography−quadrupole mass spectrometry (GC−
QMS).12,15−17 Although useful for many applications, QMS is
not ideal for nontarget analysis due to its relatively poor mass
resolution and slow acquisition time. However, it can be a useful
screening tool due to the vast NIST library available. For
instance, compound identifications in prior flowback- and
produced-water studies12,15−17 were based on the similarity of
mass spectra with NIST library matches. These postulated
structural assignments could benefit from the application of
additional confidence criteria (e.g., the use of authentic standard
retention times or predictions thereof or measured retention
indices such as the NIST retention index database),18,19 which
were not used in most cases. In other studies,20−22 the use of
comprehensive two-dimensional gas chromatography coupled to
time-of-flight MS (GC×GC−TOF-MS) offered enhanced
chromatographic and mass resolution. However, even the most
robust GC×GC−MS study to date20 grouped identifications
according to substance class (e.g., PAHs and aromatics) rather
than confirming them as individual compounds. In the absence of
such confirmations, we note that enhanced identifications should
be possible because retention-index databases, such as the Kovats
measured and predicted retention indices, are available from
NIST for traditional 1D GC. Lastly, particular substances of
anthropogenic origin were not delineated in prior studies.20 In
contrast, two recent studies21,22 confirmed the chemical identity
for single compounds using authentic standards for known
UNGD additives (e.g., 2-butoxyethanol and bis(2-ethylhexyl)-
phthalate), but these were in groundwaters with suspected
hydraulic fracturing influence rather than confirmed flowback or
produced waters. Perhaps most importantly, the focus of these
previous studies has been on substances that are potentially
applied as hydraulic fracturing additives; none have searched for
compounds that may possibly be formed from such additives in
subsurface transformations.
A recent review23 brought forth the possibility of trans-

formation on the basis of the consideration that certain
compounds (e.g., strong oxidizers and breakers) are likely
designed to react in the subsurface, and other compounds may
undergo unintended transformations at elevated temperatures,
pressure, and salinity. Since putative transformation products are
not known to regulatory agencies, and perhaps even industrial
operators, these compounds could be a primary source of
unintended environmental impacts. Although their identification
is needed, the possibility of transformation product formation
has not been investigated in shale-gas wastewater samples.
In light of these knowledge gaps, the aims of this study were:

(1) to investigate the organic-compound composition of shale-
gas wastewater samples through the application of more
stringent identification-confidence criteria, (2) to classify
compounds according to their possible origin, and (3) to search
for those substances not previously targeted by chemical analysis:
those designed to react in the subsurface and those formed as
transformation products.

■ EXPERIMENTAL SECTION

Overarching Approach. To identify volatile compounds,
we relied on purge and trap (P&T) coupled to GC−flame
ionization detection (FID) or GC−MS using authentic stand-
ards. Less-volatile, hydrophobic substances were targeted by
liquid−liquid extraction (LLE) followed by GC−MS, GC×GC−
FID, and GC×GC−TOF-MS. Following GC×GC−MS library
searching, compound assignment was strengthened according to
the following confidence criteria (listed in order of increasing
confidence): (i) NIST library agreement with forward and
reverse similarity greater than 85% (i.e., 850 out of 999), (ii)
plausible retention behavior in accordance with the NIST Kovats
retention indices, and (iii) confirmation with authentic stand-
ards. Furthermore, we note where a chromatographic feature was
detected in multiple samples and assigned the same structural
identity. On the basis of these assignments, we sought to classify
each unique detection according to the putative origin of
detected compounds by comparison to those commonly found
in formation water (classified as being of geogenic origin) and
disclosed additives (classified as explicitly disclosed UNGD
additives). Compounds that were structurally similar or included
in a family of disclosed additives were classified as implicitly
disclosed UNGD additives (e.g., members of a group of
compounds, such as “alkanes C10−C14”). Note that all disclosure
databases were populated on a voluntary basis at the time of this
data collection, but as of June 2015, toxic chemicals must be
disclosed unless they are deemed as trade secrets (e.g., U.S. EPA
Confidential Business Information). Finally, we sought to
identify compounds that were likely degradation products
(either because of their chemical structure or because of an
abundance pattern that cannot be explained by geogenic
occurrence) but which were not likely to be original additives.
For these compounds, we postulate reactions by which they may
form as transformation products.

Sample Collection and Storage. Arkansas Oil and Gas
Commission personnel collected samples of Fayetteville Shale
(1500−6500 ft below surface)24 UNGD wastewater from
production wells into 250-mL high-density polyethylene
(HDPE) bottles in May 2012. A total of five of the samples
were collected within 3 weeks of the initial fracturing event (i.e.,
“flowback waters”; samples A−E) and another sample was
collected after approximately 50 weeks of the initial hydraulic
fracturing (i.e., “produced water”; sample F). The water samples
were shipped to Duke University (Durham, NC), where they
were immediately transferred to precombusted, glass volatile-
organic analysis (VOA) vials (acidified with 1 mL of 50% (v/v)
hydrochloric acid (HCl) and kept at 4 °C until analysis by P&T−
GC−FID or P&T−GC−MS) or to amber jars (without
acidification and frozen until analysis by LLE and GC×GC−
FID andGC×GC−TOFMS). Note that all of the extractions and
analyses were conducted within 4 weeks of sample receipt except
for the GC×GC analysis. Samples for GC×GC analysis were
extracted in November 2012 from samples frozen in
precombusted, amber glass jars and analyzed twice: once in
November 2012 by 1D GC and again in October 2013 by
GC×GC from preserved extracts.
Critically, we note that HDPE bottles are not ideal for any

organic chemical analyses due to potential losses to the
headspace and the polyethylene, in addition to HDPE acting as
a potential source of organic chemicals (e.g., phthalates) to the
sample. Nevertheless, because access to such samples is rare
currently and the qualitative information contained therein is of
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Figure 1. continued
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Figure 1. GC×GC−FID chromatograms for different UNGD wastewater samples with highlighted compounds and compound groups. The abscissa
gives the first-dimension retention time (with respect to n-alkane retention time), and the ordinate displays the second-dimension retention time. The
heat map reflects signal intensity, increasing from blue to yellow to red. Structures are shown for a subset of compounds identified with a high degree of
confidence. Note: insets in the upper-right corners of panels display portions of the chromatograms that would otherwise be outside the selected display
range. Samples A−Ewere collected within 3 weeks of the initial well fracture (i.e., flowback waters); sample F was collected after approximately 50 weeks
of the initial hydraulic fracturing (i.e., produced water).
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high value, we performed a thorough and cautious assessment for
potential sample contamination (the Control Experiments
section in the Supporting Information) and estimated the loss
of material to the headspace (see Table S2). With up to 40%
headspace, assuming equilibrium was achieved and ignoring the
effect of salts and particles, the outgassing of volatile compounds
may have resulted in loss of up to 15% for compounds such as
benzene and toluene, less than 10% for compounds such as 1,4-
dichlorobenzene, and less than 1% for ethylbenzene, xylene,
toluene, naphthalene, and representative phthalates. Com-
pounds such as octane would have been almost fully transferred
to the air phase (99%), and nearly half of the octadecane (45%)
would have partitioned to the air. Of course, we expect some loss
of hydrophobic compounds to the HDPE to have occurred, but
equilibrating into the HDPE “reservoir” would have been slow
(on the order of several weeks for a compound like benzene to
years for a phthalate). Therefore, using equilibrium partitioning
to estimate losses could be misleading for compounds with low
polyethylene diffusivities (i.e., slow transfer into the poly-
ethylene). For example, low-density polyethylene (LDPE)-water
partitioning constants (KiPEs)

25 are high (log KiPEs > 5) for many
of the hydrophobic analytes in our study, and more than 99% of
the material would have been lost to the HDPE bottles if
equilibrium were achieved. For a more polar compound (e.g.,
phenol, log KiPEs = 2.4),25 95% would be in the polyethylene
(PE) with 5% in the aqueous phase and a negligible amount in
the air at equilibrium. Because results indicate hydrophobic
organic compounds persisted in the aqueous phase, the system
was either extremely concentrated (i.e., exceeding the uptake
capacity of the HDPE) or not at equilibrium. Ultimately, we
caution that the results presented here are qualitative.
Analytical Methods. Briefly, two approaches were deployed

to cover a broad physicochemical spectrum of GC-amenable
organic compounds: (1) volatile compounds were analyzed by
P&T−GC−FID and P&T−GC−MS (details in the Supporting
Information) and (2) nonpurgeable compounds were analyzed
by GC×GC−TOF-MS and GC×GC−FID (see the Supporting
Information for the LLE method). These analyses were
performed at the Woods Hole Oceanographic Institution on a
LECO Pegasus 4D (see the Supporting Information for details).
Confidence Assignments. Traditional analytical chemistry

classifies compound identifications as either tentative or

confirmed. Confirmed identifications require at least two
independent pieces of evidence of a compound’s identity (e.g.,
mass spectral library match plus confirmed retention time with
an authentic standard or confirmation of retention time against
an authentic standard via the use of two distinct chromatographic
columns).26−28 In contrast, tentative identifications require only
one piece of information, and, in many published organic
analyses in flowback-water literature,15,17,20 this has relied on
GC−MS library match assignments. This reliance on single-
datum compound assignments largely results because tentatively
identified compounds are either not available as authentic
standards or too numerous to confirm with standards within a
reasonable amount of time and cost (e.g., approximately 2500
compounds at $50 per standard would cost $125 000). Here, we
endeavor to provide confirmed identifications when possible and
desirable (e.g., for “exotic” compounds beyond the standard
alkanes and fatty acids through the use of available authentic
standards) and provide additional confidence beyond a typical
tentative identification. Several degrees of confidence were
assigned (ranked from lowest to highest): (i) tentative
agreement between measured and NIST library mass spectra
(at least 850 forward and reverse similarity (out of 999), where
800−900 is classified as “good” and >900 is “excellent”),29 at least
eight coeluting apexing masses, and at least 10× signal-to-noise
threshold), (ii) analyte retention index matches in the first
dimension of GC×GC with a Kovats retention index library, and
finally, (iii) authentic standard confirmation. Furthermore, we
note where a chromatographic feature (i.e., peak at a given
retention time) was assigned the same compound identity in
multiple samples (i.e., convergent identifications for a given
chromatographic peak).
The NIST Mass Spectral Library with Search Program (data

version NIST 14; software version 2.2) was used to collect
experimental and estimated retention index data for all available
compounds detected in this study. Based on our own n-alkane
standards (n-C7 to n-C36), we calculated experimental retention
indices for each of the compound detections that passed the 850
forward and reverse similarity criteria. Retention indices from
NIST and calculated values were both based on the “Kovats
Retention Index” for temperature-programmed chromatography
(see the Supporting Information), and retention agreements
within ±100 were classified as positive confidence. The wide

Figure 2.Compound classifications and disclosure. (a) Classification framework for detected compounds. Explicit disclosures were explicitly mentioned
by chemical name or synonym on FracFocus, Skytruth, or the “Waxman List.” Implicit disclosures included structures that were nonspecific or disclosed
as a group of compounds. Undisclosed items had no declarations of use in unconventional natural-gas development (UNGD) activities. Ultimate source
classification was assigned using chemical structure, compound class, knowledge of geogenic materials previously reported in oil and gas plays,
understanding of potential utility in an UNGD operation (i.e., suspect fracking fluid), and putative transformation pathways with likely precursors. Also
shown is the breakdown of disclosure by (b) compound class and (c) source classification by compound class. A detailed list of analytes can be found in
Table S1.
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Table 1. Overview of Selected Compounds and Compound Classes Detected in Shale-Gas Wastewater Samples

aBold-faced numbers indicate compound identity and correspond to their respective structures in the gray boxes. bFID signals were below limit of
quantification but above the limit of detection for several instances. cStds: x = confirmed with authentic standards. dMSL: x = Mass Spectra Library
forward and reverse similarity (reported as a percent of a total possible match of 999). eCA: positive confidence assignment via Kovats retention-
index match. fSome of the depicted compounds were confirmed by authentic standards. gCompounds 61 and 62 are displayed in Scheme 1.
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tolerance threshold was chosen to allow for enough deviation
from NIST database (e.g., to account for experimental and
configurational variances) while still narrow enough to reject
egregious identifications. These results were compared to a
boiling-point-prediction model (which was less robust to the
broad spectrum of compounds observed here), whose approach
and results are available in the Supporting Information.

■ RESULTS AND DISCUSSION
Among the six flowback- and produced-water samples, there
were broad differences in the hydrocarbon chemical distribution
reflected in the GC×GC chromatograms (Figure 1), indicating
these may potentially serve as chemical fingerprints and carry
information about the UNGD process as well as the geologic
formation. Despite these differences, there was a remarkable
similarity in the total number of compounds detected via
GC×GC−FID (2550 ± 140 for n = 6; 2762, 2565, 2600, 2346,
2490, and 2523 for samples A through F, respectively). Note that
not all peaks are visible in Figure 1 due to scaling. Of these nearly
2500 compounds, GC×GC−TOF-MS was able to postulate
identifications for 729 unique compounds (using relatively strict
MS library match criteria). After the application of the Kovats
retention index match to reject egregious identifications, the
number of confident assignments was reduced to 404, just 55.5%
of the original total number of identifications (Table S1). This is
reasonable compared to the 25% false positive rate that results
fromMS library match only shown for much smaller data sets (n
= 30, 45, and 87).30 In the discussion that follows, we refer only
to confidently identified chemicals (i.e., those that pass the
relatively strict MS criteria and the Kovats retention-index
match). As a consequence, tentative identifications that did not
pass the retention index match were omitted from this discussion
but are nevertheless listed in Table S1 for completeness.
Detected Substance Classes and Disclosure Rates.

Hydrocarbons (i.e., alkanes, alkenes, and aromatic compounds)
were most abundant in our detected list of compounds (Figure
2). This is consistent with previous findings15,16,20 and is not
surprising because such hydrocarbons are (a) disclosed as
additives or solvents in practically every UNGD operation23 and
(b) may stem from the geologic target formation. In contrast,
substances with functional groups like carbonyl compounds,
alcohols, halogenated compounds, carboxylic acids, ethers,
epoxides, and others (e.g., nitriles and siloxanes; Table 1) were
detected in smaller numbers. Typically, many of these
compounds are not reported in shale formations16,20 or found
in crude oil extracts, suggesting an anthropogenic origin. Such
compounds could be informative because functional groups and
their associated reaction chemistry indicate a putative purpose as
fracking additives. Strikingly, it is precisely these compounds,
those potentially performing the critical subsurface chemistry,
that are disclosed at a much lower rate compared to alkanes and
petroleum hydrocarbons. For example, the disclosure frequency
(i.e., number of reports per number of total disclosures) on
FracFocus31 is less than 1% for the organohalogens (other than
the biocides, benzyl chloride and dichloromethane), less than 5%
for carboxylic acids (other than formic acid, acetic acid, and their
salts), and between 2 and 5% for ethers and epoxides.23,32,33 In
comparison, petroleum distillates are disclosed in roughly 100%
of all UNGD operations reported on FracFocus, with additional
disclosure of specific aromatic structures in 30 to 50% of
operations.23,32,33

Sample Heterogeneity and Emerging Similarities:
Insights from GC×GC. First, we note that all six of the

UNGD wastewater samples were derived from a single shale
play. Although a sample set of six is small and may fail to capture
the true heterogeneity of flowback and produced water, this is
one of the largest data sets of its kind. Nevertheless, caution
should be taken in extending these results to other produced and
flowback waters, which could vary between and within a single
formation, as a function of time since spud date and, of course,
due to the variability in additives (i.e., fracturing-fluid
composition from well-to-well). This work aims to build on
the growing body of knowledge that seeks to delineate the
possible chemical characters of UNGD waste fluids.
Comprehensive two-dimensional GC offers enhanced reso-

lution of hydrophobic complex mixtures that has revolutionized
the study of oil and gas extracts27,28,34−36 (Figure 1). Commonly,
and in our GC×GC analysis, substances are separated according
to vapor pressure in the first dimension (i.e., abscissa or x-axis)
and according to polarity in the second dimension (i.e., ordinate
or y-axis). Note that samples A−Ewere collected at the same well
age and from the same shale play, yet each exhibits a
heterogeneous chemical character visible in GC×GC space.
As expected for shale-derived samples, the majority of the

components were detected between n-C11 and n-C20 in the first
dimension. A higher percentage of lower-boiling, lower-polarity
compounds (n-C12 to n-C16 and roughly 0.5−1 s in the second
dimension) was observed in the samples E (and F, the produced
water) compared to the samples A and B, which had a broader
distribution in both dimensions (n-C11 to n-C20 and roughly 0.5−
1.5 s). This difference does not correspond to weathering, in
which one would expect losses of lower-boiling and higher-
polarity compounds preferentially.37 That is, if samples E and F
were similar to A and B but had experienced some weathering
event (either in the field, during transport, or in the lab), then E
and F would have some loss in the “front end” (low-boiling and
high-polarity compounds) but not at the “back end” (higher-
boiling, lower-polarity compounds).37,38 Since E and F are
lacking both the high- and low-volatility compounds relative to
samples A and B, then the difference is likely due to authentic
variations in the chemistry of the source water rather than
weathering in the field or a sampling artifact. As all samples were
derived from the same shale formation and are of the same age
(except for the relatively older F), this suggests that some of the
detected hydrocarbons may be hydraulic fracturing additives,
contributing to the geogenic hydrocarbons.
Intersample differences became even more pronounced in the

polar regions of the chromatograms (between 1 and 2 s in the
second dimension; Figure 1). Here, carboxylic acid peaks
occurred at regular intervals in a ladderlike fashion. An even-
over-odd preference is visible in several samples (B, E, and A),
which is consistent with Orem et al.’s reporting of C12, C14, and
C16 carboxylic acids

16 as anaerobic biotic breakdown metabolites
of geopolymeric substances39 and is expected for mixtures of
these compounds due to the biological production pathways
used to make them (both in the environment and in
industry).40−42 However, in some instances, this pattern of
likely geogenic origin is overlain by an overwhelming dominance
of a specific alkanoic acid (e.g., pentanoic acid in A and butanoic
and hexanoic acid in E). This suggests that these fatty acids derive
from UNGD additives through direct addition or through in situ
production from an abundant precursor additive. For instance, in
sample A, pentanoic acid occurred together with chloromethyl
pentanoate, pentanoyl chloride, and pentanoic acid anhydride,
whereas hexanoic acid co-occurred with chloromethylhexanoate
in sample E. These chloromethyl alkanoic acids, alkanoyl
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chlorides, alkanoyl anhydrides, and their potential trans-
formation pathways are described in detail below.
A total of two classes of compounds emerged that are almost

assuredly of geogenic origin: the archean core ether lipids and the
pentacyclic terpenoids (i.e., hopanes). These appear in the
biomarker region (>n-C25 and around 2 s in the second
dimension) and can be used to trace or fingerprint the shale
formation itself, gauge the thermal maturity of the oil
hydrocarbons there, and ultimately determine the origin (e.g.,
kingdom of life) of the organic matter that gave rise to the oil in
the source rock.26,28,43−45 Samples A and B showed a clearly
defined hopane biomarker region (see Figure S3), and thermal
maturity indicators, such as the Ts/Tm ratio (where Ts is 18α(H)-
22,29,30-trisnorneohopane and Tm is 17α(H)-22,29,30-trisno-
rhopane), suggested that samples were of the same geological age
(see the Supporting Information). Note that sample A was much
less concentrated than B, but the relative proportions and
distribution of hopanes were similar between the two. Other
samples had indiscernible levels of hopane biomarkers. Steranes,
which can indicate geological formation source information,
were not detected. Nevertheless, where available, these
biomarkers are powerful for tracing shale wastewaters or in
environmental forensics associated with such source apportion-
ment between heterogeneous, complex mixtures.
Sample heterogeneity persisted at higher second dimension

retention times (2−3 s), where multiple phthalate esters were
detected. Although their occurrence clearly indicates an
anthropogenic influence, we caution that polymer containers
utilized during the initial sample collection by the Arkansas Oil
and Gas Commission raise concern as a potential source of
phthalates. However, we do not consider this the prime or only
source in our study for the following reasons: (a) the phthalate
esters were not detected in all samples, even though all of the
samples utilized the same types of containers over the same time
frame; (b) the specific type of detected phthalate varied among
the samples but would not have varied between the containers;
and (c) laboratory control studies in which saline water was
equilibrated with the containers over 120 days showed no
detectable phthalates at a seven parts per billion detection limit
(see the Control Experiments section). Thus, while we caution
that phthalates are ubiquitous industrial chemicals (i.e.,
potentially derived from pipe utilized in the field), we expect
that these compounds are authentic to the sample and derive
from hydraulic fracturing operations. Indeed, bis(2-ethylhexyl)
phthalate is disclosed as a diverting agent (e.g., from Nabors
Completion and Production Services),46 and di-n-octyl phthalate
was reported in UNGD wastewater.47 Undisclosed phthalates,
such as diisobutyl, dibutyl, butylisobutyl, dioctyl, and diisooctyl
phthalate, were also detected, suggesting that phthalates may
have more pervasive uses in hydraulic fracturing than indicated
by their disclosure rates.23 Note that all phthalates were
confirmed with authentic standards (and all but dioctyl phthalate
passed the Kovats retention index confidence check).
Finally, two additional compounds at very high retention times

(around 6 s; Figure 1 insets) are strongly indicative as UNGD
additives: azobis(isobutyronitrile) (AIBN), a disclosed, common
radical initiator,48 in sample B; and tetramethylsuccinonitrile
(TMSN), its direct transformation product, in sample E
(Scheme 1C; discussion below). Radical-initiating azo com-
pounds are occasionally reported in the “Waxman List” and on
FracFocus, and they do not have geogenic origins. As such, these
compounds were categorized as hydraulic fracturing additives

Scheme 1. Mechanisms of Subsurface Reaction-Product
Formationa

a(a) Putative delayed acids render acidic protons after a hydrolysis
reaction. (b) Putative halogenation reactions can occur via radical-
mediated substitution, nucleophilic substitution, or electrophilic
addition. (c) Demonstrated transformation pathways of disclosed
hydraulic fracturing additives, such as radical initiators (AIBN
(azobisisobutyronitrile) degrading to TMSN (tetramethylsuccinoni-
trile))45 and alkylphenol ethoxylates degrading to alkylphenols, which
can occur biotically and abiotically.
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and present interesting opportunities for radical-initiated
transformation pathways in the subsurface.
Structural Classification and Quantitative Overview of

Detected Compounds. To provide an accessible overview, we
classified compounds according to their chemical structure
(Tables 1 and S1) in a similar way as presented in a recent review
of disclosed UNGD additives.23 Only those compounds that
could be confirmed via more rigorous confidence assignment
criteria (e.g., 311 hydrocarbons and 27 alcohols via methods such
as authentic standards (“Stds”), mass spectral library agreement
score (“MSL”), and retention-index-confidence assignment
(“CA”)) are presented in the main text (Table 1), whereas a
comprehensive overview of all tentative identifications (n = 729)
are presented in Table S1. Out of these classes, structures are
given for those substances that stand out because of their
occurrence in several samples (i.e., columns “A” to “F” in Table
1) and functional groups that indicate a specific reaction
chemistry. Identifications are supported by CAS (Chemical
Abstracts Services) numbers (where available), putative origin
(Table S1), and patent number (where available), as well as by
the provision of references to previous studies that tentatively
detected the same chemicals in flowback waters.
Hydrocarbons were the most prominent compound class, and

they are both geogenic and utilized as UNGD additives. Among
the hydrocarbons, the well-known groundwater contaminants
benzene, toluene, ethylbenzene, and xylenes were present in
some of the samples and occurred in concentrations up to 7.3 ±
0.5 μg L−1 (Tables S2 and S3), although we emphasize that up to
15% of the original benzene may have partitioned to the
headspace in the nonideal collection approach (i.e., HDPE
containers with headspace). If equilibrium with the HDPE were
achieved (>2 weeks), functionally all of the BTEX would have
partitioned into the container itself. In addition, many alcohols
were detected and allocated as putative fracturing chemicals
(additives) or their transformation products because (a) long-
chain alcohols are occasional UNGD additives commonly used
as solvents (e.g., 1-decanol, 2-ethyl-1-hexanol, and isopropyl
alcohol, which has a disclosure frequency of 47−50%)23,33 and
(b) may form by degradation from ethoxylated alcohols, either
by abiotic oxidation of the weak C−H bonds next to an either
group49 or in biotic degradation.50 Such ethoxylated alcohols are
disclosed as frequent additives (between 65 and 100%) and have
been detected in flowback.51 (c) Finally, alcohols can be products
of chemical hydration of alkenes or of ester hydrolysis,52 and
certain alcohols can be the biotic fermentation product of sugars.
However, because alcohols are typically not prominent in shale-
gas formation water and due to the structural similarity to
disclosed compounds, other detected alcohols were also
considered as suspect UNGD additives or transformation
products.
Remarkably, there are numerous compounds that are not

likely of geogenic origin and are also not known reported
hydraulic fracturing additives (Table 1). In particular, there was a
high abundance of certain carboxylic acids (pentanoic acid in
sample A and butanoic and hexanoic acid in sample E) together
with the occurrence of hitherto unknown putative-fracturing
additives (e.g., chloromethyl alkanoates and alkanoic anhy-
drides). Another example is the rather high occurrence rate of
alkyl phenols and benzyl alcohol, which stands in contrast to the
low frequencies at which these compounds are reported as
fracturing additives on FracFocus (nonylphenol <0.2%; benzyl
alcohol is not disclosed).23,32,33 Additionally, there is strong
evidence for halogenated hydrocarbons that were observed in all

flowback- and produced-water samples. With the exception of
benzyl chloride (reported on FracFocus in 6−7% of all
operations23,32,33), halogenated hydrocarbons are practically
nonexistent in lists of reported hydraulic fracturing additives.
Specifically, the brominated, iodated, and chlorinated (e.g.,
bromoacetone, 1-chloro-5-iodopentane, and dicloromethane)
substances that were detected in our study were not disclosed as
additives in fracturing applications except for the seldom-
reported dichloromethane (0.01% frequency).23,32,33 This
contrasts strongly with our finding that dichloromethane and
1-iodo-tetradecane were detected in two samples, and
chloroacetone or bromoacetone were detected in five out of six
samples. Considering the low disclosure rates, we entertain the
hypothesis that these chemicals formed as unintended trans-
formation products in the process of the hydraulic fracturing
process. In the subsequent discussion, we postulate putative
reaction mechanisms that may lead to formation of these
compounds.

Proposed Reaction Mechanisms Leading to Trans-
formation Products. In general, transformation products can
arise in both abiotic and biotic reactions, and very few
environments are truly sterile.53 During the hydraulic fracturing
process, conditions are met that are favorable for abiotic
processes, such as elevated temperature, pressure, salinity, and
the use of strong oxidizing agents and biocides. Although the
possibility of biological transformations must not be ignored,
here we consider primarily abiotic transformations to explain
products hypothesized to form during the UNGD process (e.g.,
halogenation reactions are possible in halotolerant organisms but
are generally not considered a broadly distributed, common
metabolic capability).54 In contrast, conditions at the surface for
flowback and produced water are quite favorable for biogenic
transformation, and we presume degradation was assuredly
occurring after the fracturing process.

1. Hydrolysis Reactions of Putative Delayed Acids: Intended
Transformations. Detected alkanoyl anhydrides, alkanoyl
chlorides, and chloromethyl alkanoates provide an example of
likely intended abiotic subsurface transformations, as they can
function as delayed acids (Scheme 1). In the course of a hydraulic
fracturing operation, a base fluid must first be low-friction to
convey the fracturing pressure underground, and then the fluid
must become viscous to effectively transport proppants into the
formation, and subsequently, the fluid must become nonviscous
again to facilitate flow back to the surface. To catalyze the last
transition, operators add so-called “breakers” to destroy the 3D
polymer structure of a water-based gel and thereby decrease its
viscosity. In the case of guar gum, by far the most commonly
applied gel-forming agent in UNGD operations,23 borates are
used as cross-linkers to form three-dimensional polymer
structures. Here, acids serve as convenient breakers by shifting
the acid−base equilibrium of borate to boric acid. This
sequestration of borate ions as cross-linkers causes the 3D gel
structure to break.55 If such a strategy is pursued, the timing of
acid addition is crucial. If cross-links were broken up too early,
proppants could not be transported, and the fractures in the
formation would close prior to gas recovery. For this reason,
alkanoyl anhydrides, alkanoyl chlorides, and chloromethyl
alkanoates can be attractive reagents. These first undergo
chemical hydrolysis reactions and subsequently release their
acid equivalents (Scheme 1A) after the appropriate delay time
(i.e., they are delayed acids). Potentially, this time could be tuned
by choosing different compounds in varying proportions and by

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b00430
Environ. Sci. Technol. 2016, 50, 8036−8048

8044

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00430/suppl_file/es6b00430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00430/suppl_file/es6b00430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00430/suppl_file/es6b00430_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b00430/suppl_file/es6b00430_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b00430


changing the chain length of the alkanoic acid (e.g., C3, C4, or C5)
to lend the additives different degrees of hydrophilicity.
2. Halogenation Reactions: Unintended Transformations.

The halogenation of hydrocarbons provides a potential example
of unintended transformation reactions that may generate
problematic byproducts (Scheme 1B). Even though biotic
organohalogen production, e.g., by marine algae, sponges, and
bacteria is known,56 we hypothesize that detected compounds
are attributable to abiotic transformation (with the possible
exception of biotic halomethane formation in the reservoir).
Specifically, underlying reaction rates may be enhanced due to
the elevated temperatures and high salinity prevailing in the
subsurface, and many of these reactions could be triggered by the
strong oxidants introduced as breakers in the course of the
hydraulic fracturing process.23 For example, in the presence of
strong oxidants, halides can form molecular halogens (Cl2, Br2,
and I2) and, simultaneously, these oxidants can also attack
methane, which is present in high concentrations in the
formation (Scheme 1B1). Once methyl radicals are formed,
they are readily halogenated under these conditions in radical
substitution reactions. Alternatively, nucleophilic attack (SN2) by
halide ions (Cl− and Br−) may generate dihalomethanes out of
the putative chloromethyl alkanoate additives, even in the
absence of oxidants (Scheme 1B2). This is an example of how
undisclosed additives may potentially generate unintended
byproducts, underscoring the importance of disclosing UNGD
additives. Finally, molecular halogens and hypohalogenic acids
may also facilitate electrophilic addition reactions, which can
explain the formation of halogenated acetones and a halogenated
pyrane observed in this study (Scheme 1B3).
3. Transformation Reactions of Disclosed Additives:

Products of Known Additives. Several compounds detected in
our study may stem from transformation reactions of disclosed
additives (Scheme 1C). One example is the formation of TMSN
(62) from the radical initiator AIBN (61). AIBN (61)
spontaneously and abiotically releases a molecule of nitrogen
gas originating from the azo group to form two 2-cyanoprop-2-yl
radicals,57 which can initiate polymer chain reactions or
recombine to TMSN (62). These compounds were found in
two out of six samples in our Fayetteville sampling, suggesting
they may serve as UNGD additives to initiate polymerization
more often than reflected by the national disclosure rate (0.01%).
(An alternative source could be leaching from polymers; see
Elsner and Hoelzer).23 Another example of a reaction byproduct
of a known additive is benzyl alcohol (23), which is not itself
reported as UNGD additive.23 However, benzyl alcohol can form
via abiotic hydrolysis of benzyl chloride in an SN1 reaction.
Indeed, benzyl chloride is a rather frequent additive (application
frequency of 6%−7% on FracFocus).23,32,33 Finally, even though
phenols are reported as naturally occurring constituents in shale
formation water,46,58 and phenols are also occasionally reported
as UNGD additives,23 we hypothesize that at least some of the
phenols detected in our study are formed (biotically or
abiotically) as transformation products. In particular, (a) the
structures of the compounds 4-tert-octyl phenol (a precursor in
the synthesis of octylphenol polyethoxylates) and p-tert-butyl
phenol (26, 25) appear too specialized to be of likely natural
origin, and (b) the reports of phenols in UNGD databases are
greatly outnumbered by the instances at which alkoxylated
phenols are reported.23 For this reason, we hypothesize that
these phenols are formed as transformation products of the
respective alkylphenol ethoxylates59,60 (Scheme 1C). Note that
alkylphenol ethoxylates can give rise to alkylphenols as

metabolites via ϖ-oxidation or central fission50,59,61,62 or abiotic
oxidation of the weak C−H bond adjacent to ether bonds.49

Compounds outside the Confidence Assignment. The
compounds discussed above passed careful evaluation of data
quality by high MS library match scores (>85%), as well as
additional confidence assignment criteria, making this study
conservative relative to previous investigations. Had we applied
less-strict proceedings, some other observations would be made,
which we describe briefly. Beyond our strict confidence
assignments, there were indications for more halogenated
compounds. For example, 1-chloro-5-iodo-pentane was detected
in five samples with at least 620 forward and reverse similarities in
theMS library (and with greater than 850 similarities and passing
the retention index CA in an additional sample) and iodohexane
(320 similarities) in three samples. Furthermore, a total of nine
sulfurous acid alkyl esters were tentatively detected (one passed
the Kovats confidence assignment: sulfurous acid, 2-ethylhexyl
isohexyl ester). These are not reported as fracturing additives;
only inorganic sulfite salts (paired with ammonium or organic
ammonium ions) are disclosed to serve for oxygen scavenging or
corrosion inhibition. Our findings might indicate their use as
additives, although the purported utility of the sulfurous acid
esters is unclear. Nevertheless, the detections are supported by
Strong et al.,20 who detected a similar sulfurous acid ester, namely
sulfurous acid, dodecyl 2-propyl ester.20

Implications for Monitoring and the Environment.
These data demonstrate that UNGD wastewater not only
contains fracturing additives and compounds of geogenic origin
but also intended and unintended transformation products
generated during the process. This has the following important
consequences. (1) Standard monitoring methods are not
sufficient for a proper assessment of UNGD wastewaters.
Regularly monitored compounds (e.g., via EPA standard
methods) overlook a variety of constituents, especially trans-
formation products. Consequently, more comprehensive mon-
itoring concepts are needed, especially as advanced instrumenta-
tion becomes more accessible. For instance, GC×GC−TOF-MS
(among other advanced techniques) allows the detection of
undisclosed compounds or transformation products, which
could not be observed in targeted analysis. In the absence of
the broad application of advanced analytical techniques, a
primary screen of diesel-range organic compounds would enable
one to identify samples for which a more thorough GC×GC
analysis was merited.3,22 Note that here, we are only describing
methods for the hydrophobic organic compounds, and a
comprehensive chemical description of these waters is indeed a
complex undertaking (i.e., for inorganic materials, naturally
occurring radioactive materials (NORMS), and polar organic
analytes, which are a large fraction of the disclosed chemical
database).3 In addition, as UNGD expands, heterogeneities
between formation waters, injected fracturing fluids, and
transformation products must be elucidated, and studies
pursuant to this should be undertaken whenever possible. (2)
Full disclosure of UNGD additives is needed to accurately gauge
risk associated with UNGD wastewaters. Current practice (June
2015 to present) maintains that it is sufficient to disclose merely
whether an additive is toxic or not while concealing the chemical
identity due to its proprietary nature. Here, we show that even
nontoxic precursors can be converted to problematic products,
and disclosing chemical additives could enable enhanced
prediction, toxicity screening (see the Supporting Information
for discussion), and the mitigation of unintended byproducts.
Furthermore, because waste-treatment practices tend to target
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biodegradable compounds, it is possible that standard waste-
treatment practices would not capture many of these non-
biodegradable components. In high-salinity waters, these could
go on to give rise to enhanced disinfection byproduct formation
in drinking-water treatment plants whose intakes are down-
stream from treated-waste-receiving waters. Thus, the informa-
tion presented in this study could aid in the development of
targeted treatment practices that could prevent such unintended
consequences. (3) We recommend iodide monitoring63,64

alongside chloride and bromide as well as iodated, chlorinated,
and brominated compounds. This is particularly important
because iodo-organics’ health impacts are often more severe than
those of chlorinated and brominated species,65,66 and it is not yet
clear to what extent they are present in UNGD wastewaters.
Furthermore, likely exposure routes of UNGD wastes to the
environment should be evaluated and addressed if treatment is
deemed necessary.3,64,67 Overall, these considerations illustrate
the far-reaching consequences of an adequate identification of
transformation products. Here, we present a path for further
research in this direction, which must be accompanied by
toxicological studies and studies of biological transformation
pathways and ultimately channeled into strategies for wastewater
treatment (see the Supporting Information for further
discussion).
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Currently, N95% of end disposal of hydraulic fracturingwastewater fromunconventional oil and gas operations in
the US occurs via injection wells. Key data gaps exist in understanding the potential impact of underground in-
jection on surface water quality and environmental health. The goal of this study was to assess endocrine
disrupting activity in surface water at a West Virginia injection well disposal site. Water samples were collected
from a background site in the area andupstream, on, anddownstreamof thedisposal facility. Sampleswere solid-
phase extracted, and extracts assessed for agonist and antagonist hormonal activities for five hormone receptors
in mammalian and yeast reporter gene assays. Compared to reference water extracts upstream and distal to the
disposal well, samples collected adjacent and downstream exhibited considerably higher antagonist activity for
the estrogen, androgen, progesterone, glucocorticoid and thyroid hormone receptors. In contrast, low levels of
agonist activity were measured in upstream/distal sites, and were inhibited or absent at downstream sites
with significant antagonism. Concurrent analyses by partner laboratories (published separately) describe the
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analytical and geochemical profiling of the water; elevated conductivity as well as high sodium, chloride, stron-
tium, and barium concentrations indicate impacts due to handling of unconventional oil and gaswastewater. No-
tably, antagonist activities in downstream samples were at equivalent authentic standard concentrations known
to disrupt reproduction and/or development in aquatic animals. Given the widespread use of injection wells for
end-disposal of hydraulic fracturing wastewater, these data raise concerns for human and animal health nearby.

© 2016 Elsevier B.V. All rights reserved.
Injection well
Wastewater disposal
1. Introduction

It has recently been demonstrated that chemicals used in and/or
produced by unconventional oil and natural gas (UOG) operations
include endocrine disrupting chemicals (EDCs) (Bolden et al.,
2015; Kassotis et al., 2014; Webb et al., 2014). EDCs are exogenous
chemicals or mixtures of chemicals that can interfere with any aspect of
hormone action (Zoeller et al., 2012). As many as one thousand EDCs
have been identified (TEDX, 2013), both synthetic and naturally occur-
ring, that can directly interact with hormone receptors as agonists or an-
tagonists (Tyler et al., 1998; Yang et al., 2006), or indirectly interact via
modulating responses to endogenous hormones (Chen et al., 2007;
Jansen et al., 2004), endogenous hormone levels (Chen et al., 2007;
Hayes, 2002), or through other mechanisms (Diamanti-Kandarakis
et al., 2009). EDCs can exhibit biological effects at very low environmental
concentrations (Roepkeet al., 2005), can exhibit non-monotonic response
curves (quantitatively and qualitatively different outcomes at low versus
high concentrations), and can alter development during critical windows
and increase the risk of disease (Vandenberg et al., 2012;Welshons et al.,
2003).

UOG extraction involves harvesting oil and natural gas reserves,
including shale gas, coal bed methane, and shale oil, trapped in im-
permeable or low-permeability geologic layers. As such, extraction
of these energy resources requires stimulation, routinely via pro-
cesses such as hydraulic fracturing (high pressure injection of
water, chemicals, and suspended solids), to fracture the target
layer and release the trapped natural gas and/or oil (Waxman
et al., 2011; Wiseman, 2008). While less than fifty chemicals are
typically used for the hydraulic fracturing of a single well, there
are approximately 1000 different chemicals used by industry across
the US (US EPA, 2015; Waxman et al., 2011); of these, N100 are
known or suspected EDCs (Colborn et al., 2011; Kassotis et al.,
2014; Waxman et al., 2011). A small percentage of injected fluids
are recovered as “flow back” over approximately the first two
weeks, while “produced water” is then generated over the life of
the producing well (Deutch et al., 2011; Engle et al., 2014). These
wastewaters can be heavily laden with naturally occurring radioac-
tive compounds, heavymetals, and other compounds from the shale
layer (Akob et al., 2015; Rowan et al., 2015), as well as chemicals
and compounds used and produced by fracturing operations, and
are routinely injected into disposal wells, reused in future fractur-
ing operations, and/or pumped into open evaporation pits for dis-
posal (Deutch et al., 2011; Lee et al., 2011; Lester et al., 2015;
Wiseman, 2008).

Economically feasible methods to treat and reuse hydraulic frac-
turing wastewater are still under development, so injection remains
the major disposal method, despite concerns over associations be-
tween injection disposal wells and increased seismicity and earth-
quakes (Ellsworth et al., 2015; Weingarten et al., 2015). More than
95% of produced wastewater in the US is injected for final disposal
(US EPA, 2015; Clark and Veil, 2009), though centralized wastewater
disposal facilities handle a more significant portion of wastewater in
the Marcellus Shale region specifically (US EPA, 2015; Lutz et al.,
2013). Spills and/or discharges of wastewater have been shown to
increase: 1) fracturing chemical concentrations in local water sup-
plies and sediments (DiGiulio et al., 2011; Rozell and Reaven, 2012;
Skalak et al., 2014), 2) heavy metals in drinking water (Fontenot
et al., 2013; Jackson et al., 2013; Osborn et al., 2011), and 3) radioac-
tivity, salinity, and total dissolved solids in rivers downstream from
treatment plants and/or discharges (Harkness et al., 2015; Hladik
et al., 2014; Warner et al., 2013), potentially leading to the produc-
tion of disinfection byproducts (Harkness et al., 2015; Hladik et al.,
2014; Parker et al., 2014). Previous work in our laboratory has re-
ported potential human and animal health concerns via UOG con-
tamination (Kassotis et al., 2014, 2015c; Webb et al., 2014) as well
as adverse health outcomes in male C57 mice exposed during gesta-
tion to potentially environmentally-relevant concentrations of a hy-
draulic fracturing chemical mixture (Kassotis et al., 2015b). Because
of these health concerns and the many potential contamination
pathways (spills during transport to/from sites, improper handling
and disposal of wastewater, failure of well casings, etc.), it is impor-
tant to fill key data gaps in understanding contamination via under-
ground injection activities and potential environmental impacts (US
EPA, 2015).

As such, the goals of this study were to characterize the endocrine
disrupting activities of water samples collected from a site where the
chemical analyses indicated release of UOG wastewater had oc-
curred and to ascertain potential health risks. Due to the high degree
of conservation in nuclear receptor pathways (Diamanti-Kandarakis
et al., 2009), in vitro screens such as reporter gene assays and yeast
receptor screens are commonly used to assess potential health ef-
fects in human and wildlife populations (Naylor, 1999; Soto et al.,
2006). These in vitro screens can more easily assess potential threats
to human and environmental health than more costly and time-
consuming animal studies, since the ability of a chemical to interfere
with any aspect of hormone action is a clear indicator of potential re-
sultant health outcomes (Zoeller et al., 2012). Mammalian reporter
gene assays are often used due to high sensitivity and the transla-
tional potential of results (Naylor, 1999; Soto et al., 2006). Yeast re-
ceptor screens tend to be less sensitive, though are less susceptible
to toxicity (Leusch et al., 2010). Due to these factors, we opted to
couple mammalian and yeast bioassays to assess differences be-
tween the systems and to ensure that toxicity concerns would not
prevent characterization of EDC activities at these sites. We further
used authentic standards to convert receptor activities to equivalent
concentrations of well-described control chemicals, facilitating the
translation of in vitro results, as exposure to EDCs has been linked
to a number of negative health outcomes in laboratory animals at en-
vironmentally relevant concentrations, wildlife and humans
(Akingbemi and Hardy, 2001; Christiansen et al., 2008; Kelce and
Wilson, 1997; Kidd et al., 2007; Mendiola et al., 2011; Sumpter and
Jobling, 1995; Tyler et al., 1998).

The site examined herein was a West Virginia wastewater injec-
tion disposal facility that included an injection disposal well, several
lined holding ponds and brine storage tanks, and a small stream that
flows through the site (Fig. 1). This stream flows into theWolf Creek
downstream, and eventually into the New River, a drinking water
source for local communities and important recreational area. A
second tributary of Wolf Creek was identified as a background,
non-impacted site, and samples were collected from both streams
and assessed for agonist and antagonist activities for the estrogen
(ER), androgen (AR), progesterone (PR), glucocorticoid (GR), and
thyroid (TR) receptors. From our prior work with individual UOG
chemicals and mixtures, we hypothesized that the disposal facility



Fig. 1.Map of sampling locations.Map of sampling locations near Fayetteville,WV within the Wolf Creek watershed (A) and specific sites (B) in a stream running adjacent to a class II disposal
facility. Panel A shows that Site 2was located in a separate drainage from the disposal facility sites (outlined in black box),which are shown in panel B (Sites 4, 5, 6, 7 and 3). In panel B, the blue line
highlights the stream as it flows through the disposal site. Water samples were not collected at Sites 1 and 5 for the work described herein.
Source: Esri. DigitalGlobe, GeoEy, i-cubed, Earthstar Geographies, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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may contribute antagonist activities to the stream that could impact
local health.

2. Materials and methods

2.1. Chemicals

17β-Estradiol (E2; estrogen agonist, 98% pure), ICI 182,780 (es-
trogen antagonist, 98% pure), 4,5α-dihydrotestosterone (DHT; an-
drogen agonist, ≥97.5% pure), flutamide (androgen antagonist,
100% pure), 3,3′,5-triiodo-L-thyronine (T3; thyroid agonist, ≥95%
pure), progesterone (P4; progesterone agonist, ≥99% pure), mifep-
ristone (glucocorticoid/progesterone antagonists, ≥98% pure), dexa-
methasone (DXM; glucocorticoid agonist, 99.5% pure), and
hydrocortisone (glucocorticoid agonist, 98% purity) were purchased
from Sigma-Aldrich Co. (St. Louis, MO). 1-850 (thyroid antagonist,
≥95% pure) was purchased from EMD Millipore (Billerica, MA).
Stock solutions were prepared at 10 mM in HPLC-grade methanol
and stored at −20 °C, (except T3 and 1-850, which were prepared
in dimethylsulfoxide; DMSO), and then diluted in respective sol-
vents to required working solution concentrations.

2.2. Selection of sample sites and controls

Water samples (n = 6) were collected from surface water sites in
June 2014 (Fig. 1, SI 2), including four sites associated with the dis-
posal well: one sample collected upstream from the injection well
(Background, Site 4), one near the injection well (Site 6), and anoth-
er two samples downstream (Sites 7 and 3). Samples were collected
from an additional background site in a separate drainage (“back-
ground drainage”) with no known oil and gas wastewater inputs
(Site 2). For additional information about the sampling sites, see
Akob et al. (2016, unpublished results).

Process controls were prepared using one liter of Fisher HPLC-grade
water (Fisher Scientific catalog # WFSK-4) and followed the same pro-
cessing and analysis procedures used for all experimental samples. Pro-
cess controls were included in assays to assess any receptor activities
contributed by the solid phase extraction process.
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2.3. Grab sample collection

All samples for Lab One (mammalian assays) were collected in
one-liter amber glass bottles (Thermo Scientific catalog # 05-719-
91) and samples for Lab Two (yeast assays) were collected in one-
liter amber glass bottles (C&G Containers and Scientific Supplies,
Lafayette, LA), all certified to meet the EPA standards for metals, pes-
ticides, volatiles, and non-volatiles. Surface water samples were
taken from flowing stream water by submerging bottles, filling
completely, and capping without headspace. Samples for mammali-
an assays were preserved in the field by adding 1 g of sodium azide. A
duplicate sample was collected at Site 3 and processed separately as
an internal control (Supplemental information 2). Field blanks were
collected at Site 3, and contained one liter of laboratory control
water, opened and briefly exposed to the air, and then preserved
and processed in the same manner as field samples. All samples
were stored on ice in the field, shipped in coolers overnight to anal-
ysis labs, corrected to pH 3with 6 N HCl (yeast assays only), stored at
4 °C in the respective laboratories, and were processed within two
weeks of collection. All analyses were performed blinded to sample
identification using non-identifiable coded IDs, and chain of custody
procedures followed throughout the shipping and receiving
processes.

2.4. Extraction of water samples

The two laboratories followed similar but distinct solid-phase ex-
traction (SPE) protocols, both utilizing Oasis HLB glass cartridges
(Waters # 186000683) after a pre-filtration step using glass-fiber fil-
ters. Cartridges for mammalian assays were conditioned with 100%
HPLC-grade methanol and 100% HPLC-grade H2O. Water samples
(1 L) were loaded onto the cartridge and washed with 5 mL of 5%
methanol. Cartridges were then removed from the vacuummanifold
and elution was performed with three 1-mL additions of 100% meth-
anol into amber glass vials. A DMSO “keeper” at 50 μL was added to
each vial before dry-down under a gentle stream of nitrogen gas
and subsequent reconstitution in 200 μL of pure methanol, creating
stock concentrations of 4,000× the original water concentration
(80% methanol, 20% DMSO). Solid-phase extractions for yeast assay
samples were performed as described previously (Ciparis et al.,
2012). Briefly, cartridges were conditioned with 100% ethyl acetate,
50:50 methanol: dichloromethane, 100% methanol, and then pH-3
HPLC-grade deionized water. Water samples (800 mL) were loaded
onto the cartridge and column dried for at least 30 min following
loading. Elution was performed with 6 mL methanol into one glass
tube and 6 mL 50:50 methanol:dichloromethane into a second. Sam-
ples were dried under nitrogen gas and pooled, and subsequent re-
constitution in 1 mL of pure methanol created stock concentrations
of 800× the original water concentration.

Reconstituted samples were stored at −20 °C, protected from
light, until tested. In order to be applied to cells, stock samples
were diluted 100 and/or 1000-fold in tissue culture medium, creat-
ing final concentrations, in contact with mammalian and yeast
cells, of 40×/4× the original water concentration for mammalian as-
says and 8× for yeast assays. Select SPE extracts from yeast assays
were also tested in mammalian assays and exhibited equivalent ac-
tivities to mammalian extracts.

2.5. Mammalian hormone receptor activity assays

Ishikawa cells (Sigma cat # 99040201) were maintained and tran-
siently transfected with plasmids as described previously (Kassotis
et al., 2015b; Kassotis et al., 2014) for ER alpha, AR, PR B, GR, and TR
beta. Cells were induced with dilution series of the positive/negative
controls (SI 3) or of the water sample extracts, diluted in medium
using a 1% methanol vehicle. Each treatment concentration for each
sample was performed in quadruplicate within each assay and each
assay was repeated three times.

Receptor activities were compared to 1% methanol or 0.1% DMSO
vehicle controls as necessary, depending on vehicle used. Chemical
response was set as a fold induction relative to this vehicle control,
prior to calculating relative responses to control agonists and/or an-
tagonists. Agonist activities were then calculated as a percent activi-
ty relative to the maximal positive control responses of 200 pM E2,
3 nM DHT, 100 pM P4, 100 nM T3, and 100 nM DEX, for ER, AR, PR,
TR, and GR receptor assays, respectively. Antagonist activities were
calculated as a percent suppression or enhancement of the positive
controls at their EC50s (concentration required to exhibit half of
maximal activity): 20 pM E2, 300 pM DHT, 30 pM P4, 2 nM T3, and
5 nM DEX, respectively. Equivalence values were then determined
for each sample with significant activity (based on paired t-test)
using these percent activities relative to positive control agonist
and antagonist dose response curves (Supplemental Fig. 1). Non-
significant percent activities, while reported in Fig. 2, did not have
equivalent concentrations calculated for Figs. 3 and 4.

2.6. Sample toxicity

The two laboratories followed distinct toxicity test protocols.
Mammalian assays assessed toxicity as follows: CMV-β-Gal activity
was used in ER assays as a marker of cell number, and also used as
a surrogate marker for sample toxicity as described previously
(Kassotis et al., 2014). Any sample found to have deviated N15%
from the activity of the vehicle and that exhibited a significant differ-
ence (based on paired t-test) was deemed toxic and excluded from
antagonist analysis. As antagonist assays measure the reduction in
luciferase expression, toxicity cannot be unpaired from antagonist
action. As such, any sample found to exhibit toxicity at the 40× con-
centration (Sites 3 and 7) were excluded and only tested for antago-
nism at 4× where no significant toxicity was observed for any
sample. Yeast assays assessed toxicity at 8× water concentration
using yeast strain BLYR (Sanseverino et al., 2009). Strain BLYR was
grown to an OD600 of 0.5 and was then added to samples and incu-
bated for 4 h at 30 °C. Toxicity was expressed as the percent reduc-
tion in bioluminescence relative to vehicle control (2.5% methanol).
Samples were considered toxic if a 10% reduction (or greater) in bio-
luminescence was observed. No toxicity was observed for any sam-
ples in the yeast system.

2.7. Yeast bioreporter assays

The bioluminescent yeast estrogen screen (BLYES) was used to
quantitatively assess ER alpha activity relative to 17β-estradiol.
Strain BLYES was purchased from 490 BioTech. Yeast strains DSY-
1555 and MCY-105 were used to assess AR and GR, respectively.
These yeast reporter strains were obtained fromMarc Cox (Universi-
ty of Texas at El Paso). Detection limits for these yeast strains in the
culture conditions described below are BLYES, 0.31 ng/L of 17β-
estradiol; DSY-1555, 0.80 ng/L of dihydroxytestosterone; DSY-105,
0.05 ng/L of hydrocortisone.

The BLYES assay was performed as described previously (Balsiger
et al., 2010; Ciparis et al., 2012) with some modifications. Strains DSY-
1555 and MCY-105 were grown in synthetic complete media lacking
lysine, uracil and tryptophan (SC-LUW) or uracil, tryptophan and
histadine (SC-UWH), respectively. Yeast was grown at 30 °C in a ro-
tary incubator for 48 h. Yeast was diluted to an OD600 of 0.25 and
95 μL was added to wells of solid bottom white microplates (Costar).
Standards (1.5 × 104–8 ng/well) and samples (5 μL) were then added
and plates were incubated at 30 °C for 4 h. After this incubation,
100 μL of Tropix GalScreen in Buffer B (Applied Biosystems, Foster
City, CA) was added to all wells and the plate incubated for an addi-
tional 2 h at 28 °C. The hormone induced chemiluminescent signal



Fig. 2. Agonist and antagonist combined receptor activities of 4× surface water samples associated with injection well site via mammalian reporter gene assay. Combined total receptor
activities for each water sample at 4× concentration. Combined total antagonist activities (A) as percent suppression of half maximal positive control response for each receptor. Combined
total agonist receptor activities (B) as percent activity relative to maximal positive control response for each receptor. Results from duplicate samples, collected at Sites 7 and 3, were averaged
and presented as one value for these sites. Samples are in order of degree of potential impact from the disposal facility: Process control, Site 3 field blank, Site 2 background stream, Site 4
upstream background, Site 6 adjacent to the injection well, Site 7 near former impoundment ponds, and Site 3 downstream of facility.
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was then measured on a SpectraMaxM4microplate reader (Molecu-
lar Devices) in luminescence mode (1000 ms integration time).

3. Results

3.1. Antagonist receptor activities of water extracts

Increasing and near maximal antagonist activities were noted on
and downstream of the disposal facility (Fig. 2). Site 6 (adjacent to the
injection well) exhibited near maximal (N80%) antagonism for ER and
PR, with antagonism for AR, GR, and TR increasing in Site 7 (adjacent
to the impoundment ponds) and further in Site 3 (downstream of
site; Fig. 2A). The background samples from the reference stream (Site
2) and from upstream of the disposal facility (Site 4) exhibited non-
significant antagonism. Equivalence values were calculated based on
positive control antagonists. Anti-AR and anti-TR equivalent activities
were the highest measured, with levels reaching 700 μg EQ/L for each
(flutamide and 1–850 equivalences, respectively; Fig. 3B, E). Anti-PR ac-
tivity reached 5.5 μg mifepristone-EQ/L at Site 3 (Fig. 3C), anti-GR
reached approximately 600 ng mifepristone-EQ/L (Fig. 3D), and anti-
ER reached approximately 200 ng ICI-EQ/L (Fig. 3A).
3.2. Agonist receptor activities of water extracts

Low levels of background agonist activities (approximately 10-times
lower than antagonist activities)were observed in the reference stream,
Site 2, and the sample collected upstream from thewastewater disposal
facility, Site 4 (Figs. 2B, 4). The main agonist activity was for PR, at 28%
and 13% activity relative to the positive control at Sites 2 and 4, respec-
tively (Fig. 2B). The field blank collected at Site 3 exhibited some non-
significant agonist activities, and agonist activities were largely or
completely gone in the three samples collected on or downstream
from the injection disposal facility (Sites 6, 7, 3). Equivalence values at
Sites 2, 4, and occasionally the field blank and background Site 6 exhib-
ited low levels of agonist activities (Fig. 4). TR equivalence was highest,
with levels as high as 5 ng T3-equivalents per liter water (T3-EQ/L; Fig.
4E), while both AR and GR equivalences were approximately 1 ng EQ/L
(Fig. 4B, D). PR equivalence was between 115 and 150 pg P4-EQ/L (Fig.
4C), while ERwas the lowest detected activity at 15–18 pg E2-EQ/L (Fig.
4A). All sites potentially impacted by injection fluids from the dispos-
al well operations (Sites 6, 7, and 3) exhibited less agonist activities
and considerably more antagonist activities than background
samples.



Fig. 3. Antagonist equivalence values of surface water samples associated with injection well site via mammalian reporter gene assay. Antagonist equivalences ± SEM calculated as an
equivalent positive control antagonist concentration for: (A) anti-estrogenic (ICI), (B) anti-androgenic (flutamide), (C) anti-progestogenic (mifepristone), (D) anti-glucocorticoid
(mifepristone), and (E) anti-thyroid (1–850) at each sample site at 4× concentration. Results from duplicate samples, collected at Sites 7 and 3, were averaged and presented as one value for
these sites. Equivalence values calculated only for samples exhibiting significant activity as described in the methods. Samples in order of increasing potential impact from facility.
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ER, AR, and GR activities were also assessed in yeast reporter gene
assays (SI 1). No significant GR activity wasmeasured at any site. ER ac-
tivity was only observed at the downstream Sites 7 and 3, with equiva-
lent activities of approximately 350 and 650 pg E2-EQ/L (SI 1A). AR
activity was likewise only measured at Sites 7 and 3, with equivalent
concentrations between 1.3 and 1.5 ng DHT-EQ/L (SI 1B). No ER or AR
agonist activitieswere observed at these sites in themammalian report-
er gene assays, though they exhibited the highest antagonism (Fig. 3).

3.3. Toxicity assessment of water extracts

Samples were assessed for toxicity via CMV-β-Gal activity in the
ER activity screen in Ishikawa human cells, as described and validat-
ed previously (Kassotis et al., 2014). Briefly, a constitutively active
promoter, CMV-β-Gal, was transfected into all cells alongside the re-
porter and receptor constructs for each experimental system. Any cell
thus transfected with this promoter produced beta galactosidase, and
this could be measured as a marker for cell number and thus also as a
surrogate marker for cell toxicity (Kassotis et al., 2014). Sites 7 and 3
both exhibited moderately high toxicity (N60% inhibition of beta-
galactosidase production) at the 40× test concentration (Fig. 5). None
of the 4× concentrations of these samples exhibited significant toxicity.
Agonist and antagonist activities were only reported for samples with-
out significant toxicity, so 4× water concentration values were used to
report all activities. No toxicity was observed for any samples at 8×
water concentration in the yeast reporter gene assay.

4. Discussion

Wemeasured significantly greater EDC activity on and downstream
of the disposal facility (Sites 6, 7, and 3) relative to reference sites (Sites
2 and 4). The impacted sites exhibited considerably greater antagonist
activities than background samples (Figs. 2, 3, 4). These samples includ-
ed Site 6 collected directly adjacent to the injectionwell, Site 7 collected



Fig. 4. Agonist equivalence values and receptor activities of surface water samples associated with injection well site via mammalian reporter gene assay. Agonist equivalences ± SEM
calculated as an equivalent positive control agonist concentration for: (A) estrogenic (E2), (B) androgenic (DHT), (C) progestogenic (progesterone), (D) glucocorticoid (dexamethasone), and
(E) thyroidogenic (T3) at each sample collection site at 4× concentration. Results from duplicate samples, collected at Sites 7 and 3, were averaged and presented as one value for these sites.
Equivalence values calculated only for samples exhibiting significant activity as described in the methods. Samples in order of increasing potential impact from facility.
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immediately next to the former wastewater containment ponds, and
Site 3 collected downstream from the entire disposal facility. Site 3 ex-
hibited the most antagonism, likely due to this sample receiving drain-
age from the entire facility. The most impacted samples, Sites 7 and 3,
also exhibited toxicity in the mammalian cell culture system at the
40× concentration, but not at the 4× concentration used to measure
EDC bioactivity, nor at 8× in the yeast cell culture system.

As a class II injectionwell, this site is permitted to acceptwastewater
from unconventional oil and natural gas extraction. However, this site
may accept wastewater and fluids from other industries as well, and
the hormonal activity profile exhibited may be due in part to other
sources. As such, caution should be taken in the extrapolation of these
results to unconventional oil and gas activities specifically. To address
this concern, research performed concurrently (Akob et al., 2016 and
Orem et al., 2016, unpublished results) describes in detail the analytical
and geochemical profiling that identified inorganic and organic constit-
uents indicative of UOGwastewater at these sites. Specifically, elevated
conductivity, sodium, chloride, and barium concentrations, and stron-
tium isotopes suggest that the contamination profile is specifically due
to the handling of UOG wastewater from shale gas and coal bed meth-
ane production (SI 2, Akob et al., 2016, unpublished results). In addition,
numerous organic chemicals were identified in water and sediments
downstream of the injection facility, many associated with UOG opera-
tions (Orem et al. 2016, unpublished results).

Several known hormonally active compounds were detected in the
water near the injection disposal facility. However, differences in sensi-
tivity and efficacy between assay systems prevent clear associations
with degree of effects. Detected at Sites 3 and 7, tris(1-chloro-2-
propyl)phosphate has been reported to act as an antagonist for the an-
drogen (Weiss et al., 2011) and thyroid (Farhat et al., 2013) receptors.
Detected at Site 3, 2-(2-butoxyethoxy)-ethanol (diethylene glycol
methyl ether) has been tested by our lab previously and exhibited an-
tagonistic activities for ER, AR, and GR (Kassotis et al., 2015b), though
only at concentrations approximately 100-times above the 0.54 μg/L



Fig. 5. In vitro toxicity of injection well site surface water samples. Toxicity as per inhibition of constitutively active promoter, CMV-β-Gal,measured as percent inhibition of β-galactosidase by
40× and 4× concentrations of eachwater sample± SEM in Ishikawa cells. Significant inhibition designated byN15% inhibition of signal and significantly lower response than vehicle control, as per
t-test. Results from duplicate samples, collected at Sites 7 and 3, were averaged and presented as one value for these sites. *p b 0.05 and N15% inhibition of vehicle control.
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in the water at this site. Notably, many EDCs are hydrophobic and
partition more readily into sediments, resulting in lower concentra-
tions in water samples (Lai et al., 2000; Langston et al., 2005;
Petrovic et al., 2001; Pojana et al., 2007). As such, sediments at
Sites 3 and 7 contained 16 and 65 of the chemicals assessed, respec-
tively. Future work should fractionate water samples to gain a clear-
er understanding of the chemicals driving the majority of antagonist
activities.

The bioactivities we measured in water sample extracts from im-
pacted siteswerewithin the range known to impact the health of aquat-
ic organisms. Specifically, anti-PR, anti-GR, anti-AR, anti-TR, and anti-ER
activities were approximately 1000, 100, 30, 15, and 6 times greater
than those known to disrupt the endocrine system in aquatic organisms,
respectively (Bhatia et al., 2015; Bluthgen et al., 2013a, 2013b;
Navarrete-Ramirez et al., 2014; Roepke et al., 2005). For example,
30 ng/L ICI inhibits development of sea urchins (Roepke et al., 2005),
25 μg/L flutamide can induce vitellogenin production in fish (Bhatia
et al., 2015), 5 ng/L mifepristone impacts egg production, disrupts
folliculogenesis, and alters gene expression in zebrafish (Bluthgen
et al., 2013a, 2013b), and 46 μg/L 1–850 can alter gene expression in ti-
lapia (Navarrete-Ramirez et al., 2014). Notably, antagonist equivalent
activities reported downstream of the disposal facility (Sites 7 and
3) were above levels associated with adverse health effects in aquatic
organisms for all five receptors. In many cases, even with considerable
dilution, levels of endocrine disrupting contaminants would still be ca-
pable of disrupting the development of fish, amphibians, and other
aquatic organisms.

Impacted sites largely contained minimal agonist activity, and gen-
erally occurred below levels known to impact aquatic wildlife. Agonist
activities in water sample extracts from reference sites were also
below those known to cause adverse health effects in aquatic organ-
isms, to the best of our knowledge. Importantly, despite this low poten-
tial for disruption through single receptor mechanisms, adverse health
effects may result from disruption of several receptor pathways simul-
taneously. For example, Runnalls et al. recently reported that ER, AR,
and PR agonist pathways could all result in inhibition of egg production
in fathead minnows through separate mechanisms (Runnalls et al.,
2015), suggesting that some endpointsmay require amore comprehen-
sive approach than assessing equivalent concentrations for individual
receptors.
Our lab has previously reported anti-ER and anti-AR equivalences
in surface and groundwater collected from drilling-dense sites with a
history of hydraulic fracturing fluid spills in Colorado (Kassotis et al.,
2014) and surface water impacted by wastewater effluent inMissou-
ri (Kassotis et al., 2015a), though equivalent ER and AR agonist and
antagonist concentrations were much lower than those described
herein. For example, wastewater effluent impacted streams in Mis-
souri exhibited up to 19 ng/L ICI equivalence (anti-ER) and 48 μg/L
flutamide equivalence (anti-AR), approximately 10 and 14-fold
lower activities than detected in this study. Other researchers have
utilized similar in vitro screens to assess the EDC activities contribut-
ed by various anthropogenic sources to water, though varying posi-
tive controls and assay sensitivities complicate comparisons.
However, wastewater is a well-described source of anti-androgens,
with raw sewage containing up to mg/L levels of flutamide equiva-
lence (Ma et al., 2013). Researchers assessing the Lambro River in
Italy, heavily contaminatedwith domestic and industrial wastewater
and agricultural run-off, reported 370–4700 μg/L flutamide equiva-
lences (Urbatzka et al., 2007). Similarly, assessment of the Pearl
River System in China, heavily contaminated by effluent and raw
sewage from four major wastewater treatment plants, exhibited
20–935 μg/L flutamide equivalence and up to 1.3 mg/L tamoxifen
equivalence (anti-ER; Zhao et al., 2011). While tamoxifen exhibits
agonist activity in our uterine bioassay system and thus cannot be
readily compared, the anti-androgenic activities were similar to
ours.

Differences noted between the activities exhibited in the mammali-
an and yeast screens are likely due to several known factors.Many of the
tissue-specific effects of EDCs inmammalian systems are due to the var-
ied expression of coregulatory proteins recruited by the ligand-bound
receptor complex (Diel, 2002; Shang and Brown, 2002). Yeast receptor
screens lack many of these coregulators, and chemicals that act as an-
tagonists in mammalian systems can act as agonists in a yeast system
(Lyttle et al., 1992; Sohoni and Sumpter, 1998; Urbatzka et al., 2007).
Yeast cells also lack some enzymes that are commonly expressed in
mammalian cells, preventing bioactivation of some chemicals routinely
observed inmammalian cells (Bovee et al., 2007). Lastly, the permeabil-
ity of chemicals through the cell wall in yeast is different frommamma-
lian cell membranes, resulting in differential sensitivity to various
chemicals (Wilson et al., 2004).
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5. Conclusions

In conclusion, we report high levels of EDC activities in surface
water extracts associated with a wastewater injection disposal facil-
ity. The most impacted sites were on and downstream from the dis-
posal facility (Sites 6, 7, and 3), and exhibited considerably more
antagonist activities and less agonist activities than background
samples (Figs. 2, 3, 4). The most impacted samples, Sites 7 and 3,
also exhibited toxicity in the mammalian cell culture system at the
40× concentration, but not at the 4× concentration that we used to
measure EDC activity. Importantly, the water leaving this site exhib-
ited nuclear receptor equivalent activities that are known to result in
adverse health effects in aquatic organisms and other animals. While
Wolf Creek flows into the New River, a drinking water resource, this
sampling occurred approximately 5 miles upstream from the conflu-
ence. Further work should assess how the magnitude of EDC effects
changes with distance from the site in order to better assess poten-
tial human and animal health threats from exposure. Given the
large number (N140.000) of class II injection wells currently operat-
ing in the United States, this should be viewed as a case study of en-
vironmental impacts that may be evident at other injection disposal
facilities as well. Further work, including higher tier receptor disrup-
tion screens (whole cell activity as well as fish, amphibian, andmam-
malian whole animal assessments) should be applied to confirm
these results and assess water quality surrounding these facilities
in a more comprehensive manner.
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• Analyzed data from 6622 spills from
horizontal UOG wells in four U.S. states

• Wastewater, crude oil, HF solution and
drilling waste were most often spilled

• Average distance of spills to the nearest
stream was smallest in Pennsylvania

• Some spills in all states occurred within
current surface water setback regula-
tions

• Pennsylvania spills occurred in water-
sheds of higher importance to drinking
water
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Distribution of spills attributed to unconventional oil and gas wells by state. Light green polygons indicate shale
basins (basin nomenclature and shapefile from USEIA (2011)).
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Extraction of oil and gas from unconventional sources, such as shale, has dramatically increased over the past ten
years, raising the potential for spills or releases of chemicals, waste materials, and oil and gas. We analyzed spill
data associated with unconventional wells from Colorado, New Mexico, North Dakota and Pennsylvania from
2005 to 2014, where we defined unconventional wells as horizontally drilled into an unconventional formation.
We identifiedmaterials spilled by state and for eachmaterial we summarized frequency, volumes and spill rates.
We evaluated the environmental risk of spills by calculating distance to the nearest stream and compared these
distances to existing setback regulations. Finally,we summarized relative importance to drinkingwater inwater-
sheds where spills occurred. Across all four states, we identified 21,300 unconventional wells and 6622 reported
spills. The number of horizontal well bores increased sharply beginning in the late 2000s; spill rates also
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increased for all states except PA where the rate initially increased, reached a maximum in 2009 and then de-
creased. Wastewater, crude oil, drilling waste, and hydraulic fracturing fluid were the materials most often
spilled; spilled volumes of these materials largely ranged from 100 to 10,000 L. Across all states, the average dis-
tance of spills to a stream was highest in New Mexico (1379 m), followed by Colorado (747 m), North Dakota
(598 m) and then Pennsylvania (268 m), and 7.0, 13.3, and 20.4% of spills occurred within existing surface
water setback regulations of 30.5, 61.0, and 91.4 m, respectively. Pennsylvania spills occurred in watersheds
with a higher relative importance to drinking water than the other three states. Results from this study can in-
form risk assessments by providing improved input parameters on volume and rates of materials spilled, and
guide regulations and the management policy of spills.

Published by Elsevier B.V.
Hydraulic fracturing
Extraction
Spill rates
Wells
Colorado
NewMexico
North Dakota
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Setback regulations
1. Introduction

Development of oil and gas from unconventional shale sources (un-
conventional oil and gas, or UOG) has dramatically increased over the
past ten years in large part due to the combination of horizontal drilling
and hydraulic fracturing. Horizontal drilling refers to the process where
awellbore aligns horizontally with the target formation, thus increasing
contact with the reservoir, and hydraulic fracturing refers to the process
that stimulates oil and gas within the reservoir by expanding fractures
in shale through injection of fracturing fluid (i.e., water, proppant and
chemicals) (USDOE, 2009). TheU.S. is currently the leader in developing
UOG resources, where from 2000 to 2016 daily production of shale gas
(dry) increased by 20-fold (2.2 to 44.0 billion cubic feet) and tight oil in-
creased by N10-fold (0.4 to N4.5 million barrels) (USEIA, 2016). Other
countries are beginning to commercially produce oil and gas from
shale and low-permeability formations (USEIA, 2015), and by 2040, un-
conventional gas production is projected to triple to account for almost
a third of global natural gas production (IEA, 2015). Given the rapid, re-
cent development of UOG, data are scarce on its long-termenvironmen-
tal impacts, and there is a need to better quantify risk to people and
nature (Finkel and Hays, 2013; Small et al., 2014; Souther et al., 2014;
Werner et al., 2015).

UOG development can affect species, ecosystems, and the services
they provide to people. In central North America, estimates suggest
that oil and gas development (including coal bed methane) reduced
net primary productivity, an important measure of a region's ability to
provide ecosystem services, by ~4.5 Tg of carbon from 2000 to 2012
(Allred et al., 2015). Further, land application of hydraulic fracturing
fluid resulted in leaf drop and 56%mortality of trees where the applica-
tion occurred (Adams, 2011). Forest interior bird counts increased with
distance from a well pad in Pennsylvania (Barton et al., 2016), abun-
dances of sagebrush songbirds decreased with increased well density
in Wyoming (Gilbert and Chalfoun, 2011), and mule deer have been
documented to avoid well pads with active drilling by at least 800 m
in Colorado (Northrup et al., 2015). In Kentucky, an accidental release
of hydraulic fracturing fluid into a stream increased gill lesions and
other indicators of stress in fish (Papoulias and Velasco, 2013), and in
Pennsylvania, juvenile mussels below a brine treatment plant had
lower survival rates than mussels located above the plant (Patnode et
al., 2015). Streambed microbial diversity was lower below an oil and
gas waste injection plant in West Virginia (Akob et al., 2016), and
water downstream from this site had higher endocrine-disrupting ac-
tivities than reference water (Kassotis et al., 2016). Despite the emerg-
ing evidence, studies establishing causal relationships between
environmental changes andUOGactivities are scarce; this is particularly
true for spills and releases of materials used in and produced by UOG
development.

Summary reports on UOG spills are starting to emerge; however,
they are typically restricted to a single state, short on detail regarding
materials spilled or reasons for spills, or are characterized by a small
sample size. For example, the Colorado Oil and Gas Conservation Com-
mission (COGCC, 2014) reported that equipment failure and human
error were the two main causes of spills, most spills occurred during
, Unconventional oil and gas sp
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the production stage, process piping, pipelines and tanks were the
main sources of spills, and the volume of 12% of the spills were N100
barrels (15,900 L); however no detailed analysis on spilled material
was presented. Brantley et al. (2014), using the Pennsylvania Notice of
Violation (NOV) database, reported that one-fifth of wells were given
a non-administrative violation from 2005 to 2013, and Rahm et al.
(2015) reported that Pennsylvania NOVs (2007–2013) related to spills
and erosionwere themost commonNOV issued. Neither study, howev-
er, conducted a detailed analysis on volumes ormaterials spilled or their
potential impacts to surface waters in Pennsylvania. Finally, the U.S. En-
vironmental Protection Agency (USEPA, 2015a) reviewed over 36,000
spill records from nine states but was able to confidently identify only
457 incidents associated with hydraulic fracturing (~12,000 contained
insufficient information and ~24,000were not related to hydraulic frac-
turing). The USEPA reportedmost spills were small (b 1000 gal, 3785 L),
flowback and produced waters were the most commonly spilled mate-
rial, human error was the most common cause of a spill, storage units
were the common source of spills, and 300 of the spills reached an envi-
ronmental receptor; however, the study did not include spills that oc-
curred during the drilling stage.

The objectives of this study were to characterize the volumes and
compositions of the materials spilled from horizontal, hydraulically
fractured oil and gas wells, and evaluate the risk that spills posed to
streams and surrounding watersheds important to human drinking
water. Our first objective aimed to fill the knowledge gap on the mate-
rials and volumes spilled during UOG development. Our second objec-
tive focuses on streams because they provide habitat that supports a
high level of biodiversity (Meyer et al., 2007), are particularly vulnera-
ble to UOG development due to their tight coupling with upstream
catchments (Hynes, 1975), and are sensitive to small changes in catch-
ment conditions from anthropogenic activities (Maloney et al., 2012).
Further, over 1/3 of the U.S. population uses public drinking water sys-
tems that rely, at least in part, on intermittent, ephemeral or headwater
streams (USEPA, 2009). The spatial position of anthropogenic activities
within the catchment often affects these relationships (King et al.,
2005), which is especially important for UOG because wells are fre-
quently located in close proximity to streams (Entrekin et al., 2011).
We therefore evaluated the risk of spills to streams by quantifying the
spatial position of spills to the nearest stream and how these distances
related to current setback regulations. Because a large population relies
on surface water for domestic use, our second objective also explored
risks to drinking water using the U.S. Forest Service's Forest to Faucets
data set.We provide a broad analysis of spill features to improve under-
standing of the potential environmental risks of spilled materials from
UOG development and to inform management practices and policy
formulation.

2. Study site and methods

2.1. Study sites and setback regulations

Wesampled state databases on spill records for four states (Colorado
– CO, New Mexico – NM, North Dakota – ND, and Pennsylvania – PA)
ills:Materials, volumes, and risks to surfacewaters in four states of the
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that have accessible oil and gas spill data and that are underlain by a
number of shale basins (USEIA, 2011). Each of the states experienced
an increase in horizontal hydraulic fracturing over the past decade
(Fig. S1); however, they vary in production type fromND being primar-
ily an oil producer to PA being primarily a gas producer. These states
provide a representative range in information on spills related to UOG,
which should be applicable to many geographic and ecological settings.
Each state's laws and reporting requirements also vary for when (vol-
ume threshold or potential impact to people or water) and how spills
are reported (verbal or written and reporting requirements) (CDPHE,
2009, NM Admin Code R. 19.15.29, ND Admin. Code R. 43-02-03-30,
25 Pa. Code § 78.66). These differences drive the quantity and quality
of spills data reported in each state; therefore, a higher spill rate in a
state may just reflect a more robust reporting system.

There is also considerable variability in stream setback regulations
for UOG across the states examined in this study. In CO, new oil and
gas development must generally avoid “restricted surface occupancy
areas”, which are defined to include areas within 300 ft (91.4 m) of
the ordinary high water mark of any stream segment located within
designated Cutthroat Trout habitat, or streams or lakes designated by
the Colorado Parks and Wildlife as “Gold Medal” (2 Colo. Code Regs.
404-1:100, 404-1:1205). Operators proposing to drill a well on a previ-
ously undisturbed site must first obtain a location assessment from the
Colorado Oil and Gas Conservation Commission and must indicate on
the form provided for this assessment that the proposed site is within
a restricted surface occupancy area (2 Colo. Code Regs. 404-
1:303b(3)(P)). Further, no new well may be drilled within 300 ft
(91.4 m) of a public water system without a variance and consultation
with the CO Department of Public Health and the Environment (2
Colo. Code Regs. 404-1:317B(c), and a well may only be located be-
tween 301 and 2640 ft (91.7 and 804.7 m) from a public water system
if additional security measures are taken and baseline water quality
testing is conducted (2 Colo. Code Regs. 404–1:317B(d)(4), (e)(2)).

InNM,wellheadprotection areas include 200 ft (61.0m) of a private,
domestic freshwater well or spring used by less than five households or
within 1000 ft (304.8 m) of any other freshwater well or spring (NM
Admin Code R. 19.15.2.7(W)(8)). Further, permanent waste pits (NM
Admin. Code R. 19.15.17.10(A)(5)) and recycling containments (NM
Admin. Code R. 19.15.34.11) are not to be located within 300 ft
(91.4 m) from a continuously flowing watercourse or 200 ft (61.0 m)
from any other significant watercourse or lakebed, sinkhole or playa
lake. Operators may obtain a waiver from these requirements if the
state determines that waters will be protected from the permanent
waste pit. Permanent waste pits and recycling containments also may
not be located within 500 ft (152.4 m) of a spring or freshwater well,
500 ft (152.4 m) of a wetland, or within the 100 year floodplain.

In ND, Admin. Code R. 43-02-03-19 states that “[w]ell sites and facili-
ties shall not be located in or hazardously near, bodies of water, nor shall
they block natural drainage”. However, no setback distances are specified.

In PA, the edge of the disturbed area associatedwith an UOGwell pre-
viously had to be set back 100 ft (30.5 m) or the vertical portion of the
wellmust be300 ft (91.4m) from the edgeof any “solid blue lined stream,
spring or body of water as identified on themost current 7 1/2minute to-
pographic quadrangle map of the United States Geological Survey.”
(58 Pa. Stat. § 3215(b)). However, this setback requirementwas enjoined
in Robinson Township v. Commonwealth, 83 A.3d 901, 1000 (Pa. 2013) and
is not in effect. Pennsylvania's Act 13 also allowed the Department of En-
vironmental Protection to require that hazardous chemicals andmaterials
used inUOGbe stored 750 ft (229m) fromblue lined streams (58 Pa. Stat.
§ 3215(d.1)). Finally, the Commonwealth restricts well site placement
within floodplains (58 Pa. Stat. § 3215(f)).

2.2. Spill data and rates

We analyzed spill data from 01 January 2005 through 31 December
2014 for NM, ND, and PA, and from 01 January 2005 through 31
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December 2013 for CO because of a significant change in CO spill
reporting in 2014 (COGCC, 2014) a time period that encompassed the
majority of horizontal UOG well development in these states (Fig. S1).
Colorado spill data were obtained on 2 September 2014 from the state's
online incident report Form 19/19A (http://cogcc.state.co.us/data.
html#/cogis). Spill data within NM were accessed on 25 June 2015
from the New Mexico Oil Conservation Division website on spills
(https://wwwapps.emnrd.state.nm.us/ocd/ocdpermitting/Data/
Incidents/Spills.aspx). North Dakota spill data were collated on 26
August 2015 from the oilfield environmental incident reports on
the North Dakota Department of Health – Environmental health
website (https://www.ndhealth.gov/EHS/Spills/). Pennsylvania does
not have a spill database; instead spills are reported in a Notice of Viola-
tion (NOV) database (http://www.depreportingservices.state.pa.us/
ReportServer/Pages/ReportViewer.aspx?/Oil_Gas/OG_Compliance).
We downloaded all PA NOVs from this site on 03 April 2015 and using
the “violation codes” listed classified each violation as a “spills, potential
spills” similar to Rahm et al. (2015, Table S1).

Each spill or NOV record was individually examined for duplication,
errors, and a description of material and volume spilled. We grouped
materials into ten main categories: chemicals, condensate, crude oil,
diesel fuel, drillingwaste, freshwater, hydraulic fracturing solution, nat-
ural gas, sediment, and wastewater. Materials not falling into these ten
categories were grouped under “other”. For consistency across states,
we had to group some of the reported material classifications into
these more general categories. Drilling mud, cuttings, and drilling fluid
were not consistently reported across states so these were grouped to-
gether as “Drilling waste”; similarly brine, flowback, and produced
water were grouped as “Wastewater”. Hydraulic fracturing solution
and frac fluid were reclassified as “HF Solution”, and chemicals used in
the development process (e.g., HCl, antifreeze, surfactant, and glycol)
were classified as “Chemicals”. For some recordsmore than onematerial
was reported; for these we treated each material as a separate spill. In
ND, 20 records had nomaterial spilled andwere removed from analysis.
North Dakota also had three records with a zero value for volume
spilled; we classified these records as no volume reported.

We obtainedwell information from 01 January 1995 through 31 De-
cember 2014 from the IHS Enerdeq database (IHS, 2016), a private
source for well information that synthesizes and independently quality
assures data from state agencies and organizes it in a user-friendly
searchable format. We used this single, private source for well informa-
tion to minimize data inconsistencies among states. Because there was
no clear designation of what constituted an UOG well in this database,
we used geologic province name, play type, well status, and well bore
orientation to identify UOG wells. UOG geologic provinces included
the Denver Basin, Green River Basin and Piceance Basin in CO;Williston
Basin for ND; Permian Basin and San Juan Basin for NMand Appalachian
Basin for PA. We therefore considered wells as UOG if they 1) over-
lappedwith thementioned geological provinces, 2) had a play type clas-
sified as Shale Gas, Tight Gas, or Tight Oil, 3) had a well status of oil, gas,
abandoned, pilot or suspendeddesignation, and 4) had a horizontal hole
direction.

Wemerged the entire spills dataset to the UOGwell dataset using the
American Petroleum Institute (API) number, a unique number for all oil
and gas wells drilled in the U.S. This resulted in a dataset that contained
only those spills associated with horizontally drilled UOG wells since
1995. We calculated spill rates by material for each state using the num-
ber of spills for a given year divided by the cumulativenumber of spudded
wells since 1995. We used the cumulative number of wells because we
wanted to examine the risk of spills throughout the life of awell.Wemul-
tiplied the resulting rates by 100 thus report spill rates per 100 wells.

2.3. Potential risks to people and nature

Because streams support numerous freshwater taxa, including those
for human consumption, and provide a source of drinking water for
ills:Materials, volumes, and risks to surfacewaters in four states of the
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Fig. 1.Number of identified unconventional oil and gas spills (A) and number of spills per
100 wells spudded cumulatively since 1995 (B) in Colorado, New Mexico, North Dakota
and Pennsylvania from 01 January 2005 through 31 December 2014. Note: numbers do
not denote unique spills because we considered spill reports with more than one
material as separate spills. Data for both graphs are located in Table S2.
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humans we assessed the potential risks of spills to these ecosystems
two ways. First, we compared distances of spills to the nearest stream
among states by measuring proximity (linear geographic distance) of
spills to a stream using the NHDplusV2 high resolution flowline dataset
(McKay et al., 2012) and the Near Tool in ArcGIS 10.2.2 (ESRI, Redlands,
California, USA). We assumed that spills occurring closer to streams can
pose a higher risk than spills occurring further away. Geospatial infor-
mation of spills was not available in the state spill reports; therefore
we used the latitude and longitude of wells as the spatial location of
the spill. We acknowledge that some spills associated with supporting
infrastructure and equipment of the well, e.g., storage tanks and
flowlines, may not be located at close proximity to the well head, how-
ever locational data for such structures were not available for this anal-
ysis. We therefore used the well head coordinates as a surrogate,
potentially over- or under-estimating actual distance of spills to
streams; however, we have no reason to believe there would be a sys-
tematic bias for over- or under-estimation of distances. Second, using
the distance to stream data, we calculated the number of spills in each
state that occurred within the various state setback distances from
streams listed above (30.5 m, 61.0 m, 91.4 m, 152.4 m and 228.6 m).

However, the importance of streams as sources of drinking water
varies greatly across the U.S. Therefore, we also explored risks to drink-
ing water among states using the U.S. Forest Service's Forest to Faucets
data set (Weidner and Todd, 2011). Based on water production and
water use, the Forest to Faucets data produced a Hydrologic Unit
Codes (HUC) 12watershed level index of relative importance to surface
drinking water, which ranks relative importance from least important,
0, to most important, 100. We used this importance index to examine
potential risk of UOG spills to surface drinking waters. All data analyses
and figures were performed in R (R Development Core Team, 2015) or
ArcGIS 10.2.2.

3. Results

3.1. Well and spill temporal patterns

We identified 6622 UOG spills from 5958 unique reports in the four
states' databases (Table 1). Six hundred and fifty eight reports (11.1% of
total) hadmore than onematerial reported on the same incident report.
North Dakota had the most horizontal UOG wells, followed by PA, NM,
and then CO (Table 1). While all states showed a sharp increase in the
number of horizontal wells over time (Fig. S1), the number of spills in-
creased sharply in the late-2000s only for ND and PA; for PA, the in-
crease was followed by a decreasing trend (Fig. 1A). The maximum
number of reported spills in one year was 78 in 2013 for CO, 170 in
2014 for NM, 1374 in 2014 for ND, and 324 spills in 2010 for PA (Fig.
1A, Table S2). Spill rate increased for all states except PA where the
rate initially increased, reached a maximum of 20.3 spills per 100
wells in 2009 and then decreased (Fig. 1B, Table S2).

3.2. Spilled materials and volumes

Wewere able to identifymaterials for 6082 spills (91.8% of all spills).
The predominantmaterial spilled varied across states, with wastewater
Table 1
Number of wells and spills by state. “with volumes” column indicates the number of spills with
data. Numbers in parentheses indicate percentage of the number of wells (unique records, tota
indicates the number of unique spill reports; the Total column does not show total unique spil

State Number of wells Number of spills

Total

Colorado 1753 139 (7.9)
New Mexico 2197 316 (14.4)
North Dakota 10,881 4986 (45.8)
Pennsylvania 6469 1181 (18.3)
Totals 21,300 6622 (31.1)
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in the top three spilled materials for all states (excluding unknowns for
PA) and crude oil in the top two spilled materials for CO, NM and ND
(Fig. 2A, Table S3). Top spilled material rates per 100 spudded wells
consisted of crude oil (2.7% of wells), drilling waste (2.5%), wastewater
(1.7%) andHF solution (0.5%) in CO;wastewater (6.3%), crude oil (5.5%),
natural gas (1.3%) and drilling waste (0.5%) in NM; crude oil (24.1%),
wastewater (14.1%), drilling waste (3.2%) and HF solution (1.4%) in
ND; and unknown (6.4%), drilling waste (3.6%), wastewater (3.3%)
and natural gas (1.9%) in PA (Table S3, Fig. 2B). A total of 5466 spills
(82.5%) had reported volumes ranging from 0.4 to 3,752,100 L (Table
S4; mean 7119 L, median 757 L). Volumes of the four most frequently
spill materials (wastewater, crude oil, drilling waste, and HF fluid)
largely ranged from 100 to 10,000 L (Fig. 3). Except for condensate,
the largest-volume spills of a specified material all occurred in ND
(Fig. 3, Table S4). While freshwater spills were uncommon (n = 57
volume data; “with materials” column shows the number of spills with materials spilled
l) or percentage of total spills (with volumes, with materials). The unique records column
ls because we considered spill reports with more than one material as separate spills.

Unique spill records With volumes With materials

125 (7.1) 135 (97.1) 136 (97.8)
265 (12.1) 276 (87.3) 312 (98.7)
4428 (40.7) 4859 (97.5) 4868 (97.6)
1140 (17.6) 196 (16.6) 766 (64.9)
5958 (28) 5466 (82.5) 6082 (91.8)
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Fig. 2.Number of spills bymaterial for each state (A) and number of spills bymaterial per
100 wells spudded cumulatively since 1995 (B). “Other” includes all materials not
included in the 10 listed, and “Unknown” indicates no material was listed in the spill
reports. We note that data on the y-axis in panel A are presented on a log scale for
display purposes. In panel A, bars below 1 line indicate no spills. Data for both graphs
are located in Table S3.

Fig. 3. Volume (L) of spills for the four most often reported spilled materials by state. Box
lower and upper hinges correspond to the 1st and 3rd quartiles (25th and 75th
percentiles), solid horizontal line are medians, lower whiskers extend from the hinge to
the lowest values within 1.5 times the interquartile range (difference between first and
third quartiles) of the hinge, the upper whiskers extend from the hinge to the highest
value that is within 1.5 times the interquartile range of the hinge, and points beyond
whiskers are outliers. We note that data on the y-axis are presented on a log scale for
display purposes. Data for graph are located in Table S4.
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total, 56 in ND, Table S3), their median volume (7949 L) exceeded the
median volume of all other spills (715 L) by N10 fold.
3.3. Potential risk to people and nature

Across all states the average distance from a spill to a stream was
580 m and ranged from a low of 0.4 m in PA to a high of 9276 m in
NM (Table S5). By state, average distance of spills (from wellhead) to
the nearest stream was highest in NM (1379 m), followed by CO
(747 m), ND (598 m) and then PA (268 m) (Fig. 4, Table S5). Across
all states, 7% of total spills were within 30.5 m (100 ft setback) of a
stream, 13.3% were within 61.0 m (200 ft setback), 20.4% were within
91.4m (300 ft setback), and 47.1%werewithin 228.6m (750 ft setback)
(Table 2). Pennsylvania has the smallest setback regulation at 30.5 m
and 5.3% of the spills in this state were within this distance to a stream.
Colorado, NM and PA all had setbacks of 91.4 m and 11.5%, 9.8% and
17.4% of spills in these states, respectively, occurredwithin this distance
from a stream. North Dakota had no specified setbacks from streams,
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and other than PA at the 228.6 m distance, had the highest percentage
of spills within each setback distance (Table 2).

The overall average index of watershed importance to surface drink-
ingwaterwas highest in PA; PA valueswere on average 3.2 times higher
than CO, 7.5 times higher than NM and 3.8 times higher than ND
(Fig. 5A, Table S6). Concurrently, UOG spills also occurred inwatersheds
with highest importance to surface drinking water in PA (85.1), follow-
ed by CO (23.9) and ND (23.0), and lowest in NM (5.8) (Fig. 5B).

4. Discussion

Understanding the characteristics of spills is key to effectively evalu-
ate environmental risk due to UOG development. Risk is a function of
the frequency of spills, the type of material spilled, the volume of mate-
rial spilled, and the proximity of the spill to surface waters and other
ecologically sensitive systems. In our study, wastewater and crude oil
were two of the most frequently spilled materials across all states,
which is consistent with previous reports (COGCC, 2014; USEPA,
2015a). Further, a large subset of spills occurred within current setback
regulation distances, which suggest some risk to streams is occurring
within these distances. Spills also occurred in watersheds highly impor-
tant to surface drinking water especially in PA, inferring this state's
freshwater resources for drinking may be at higher risk.

The prevalence of wastewater and crude oil spills is likely a result of
the large amount of both materials produced, stored and transported
(Maloney and Yoxtheimer, 2012; Kondash and Vengosh, 2015). Waste-
water is often high in salinity, toxic trace elements, naturally occurring
radioactive materials, and other constituents depending on the produc-
ing formation and fluid mix involved in fracturing (Rowan et al., 2014;
Lauer et al., 2016). Exposure to wastewater has been shown to increase
plant mortality of terrestrial plants (Adams, 2011), reduce juvenile
mussel survival rates (Patnode et al., 2015), and lower streambed
ills:Materials, volumes, and risks to surfacewaters in four states of the
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Fig. 4.Distance of spills to the nearest stream (NHDplus high resolution flowline) by state.
Numbers below boxplots signify sample size. Box lower and upper hinges correspond to
the 1st and 3rd quartiles (25th and 75th percentiles), solid horizontal line are medians,
lower whiskers extend from the hinge to the lowest values within 1.5 times the
interquartile range (difference between first and third quartiles) of the hinge, the upper
whiskers extend from the hinge to the highest value that is within 1.5 times the
interquartile range of the hinge, and points beyond whiskers are outliers. We note that
data on the y-axis are presented on a log scale for display purposes, and we included
common setback distances discussed in text. Data for graph are located in Table S5.
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microbial diversity (Akob et al., 2016). Modeling and field studies sug-
gest chemicals associatedwithwastewater spills can persist in the envi-
ronment for several years (Rogers et al., 2015; Lauer et al., 2016).
Similarly, crude oil spills can have long-term environmental impacts
due to the tendency of waterway sediments to adsorb and retain oil's
hydrophobic constituents (NASEM, 2016). Besides direct mortality
and alterations of community structures, crude oil toxins can negatively
affect individuals by causing genetic damage, enzymatic and hormonal
changes, immuno-suppression, and bioenergetics and behavioral alter-
ations (NASEM, 2016; Perhar and Arhonditsis, 2014).

Othermaterials thatwere spilled less frequently, including hydraulic
fracturing fluids (HF solution) and drilling waste, may also pose envi-
ronmental risks. Nearly 1000 chemicals have been used in various HF
solution formulations (Konschnik and Dayalu, 2016); only a small sub-
set of chemicals are used for each individual well and the sum of these
additive ingredients is frequently only 1–2% by mass of the total HF so-
lution (USEPA, 2015b). Nevertheless, the large volume of HF solution
used in the fracturing process (Kondash and Vengosh, 2015) increases
Table 2
Number of spills within specified distance of streams corresponding to existing setback
regulations. Numbers in parentheses indicate the percentage of spills within the setback
distance out of total spills (see total column in Table 1). Grey shading represent setback
distances specified for each state depending on regulation, where North Dakota had no
setback distances specified.

Distance (m)

State 30.5 61.0 91.4 152.4 228.6

Colorado 2 (1.4) 7 (5.0) 16 (11.5) 28 (20.1) 41 (29.5)
New Mexico 13 (4.1) 25 (7.9) 31 (9.8) 47 (14.9) 78 (24.7)
North Dakota 388 (7.8) 736 (14.8) 1095 (22.0) 1722 (34.5) 2410 (48.3)
Pennsylvania 63 (5.3) 116 (9.8) 206 (17.4) 378 (32.0) 589 (49.9)

Totals 466 (7.0) 884 (13.3) 1348 (20.4) 2175 (32.8) 3118 (47.1)
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the potential for release of these chemicals to the environment. More-
over, many of the chemicals most frequently used are hydrocarbons
such as light petroleum distillates (Konschnik and Dayalu, 2016),
which can persist in the environment. Drilling waste, a composite of
drill cutting, mud, and fluids, was mostly reported in ND and PA.
These wastes, especially the cuttings, could contain low levels of natu-
rally-occurring radioactive materials and other constituents, such as
trace metals (Johnson and Graney, 2015). Finally, it is interesting to
note that while not necessarily as frequent, freshwater spills were on
average much larger than other spills, suggesting that frequency alone
may underestimate the potential effects of spills. Potential ecological ef-
fects froma freshwater spill differ from the othermaterials and could in-
clude increased erosion and sedimentation.

This is the first report we are aware of that reports on proximity of
spills to streams. Spills in all states occurred within their smallest set-
back distances from streams (30.5 m in PA; 61.0 m in NM; and 91.4 m
in CO). It is possible that the close proximity of these spills to streams
was the result of using a dataset that contained intermittent and
ephemeral streams. However, our goalwas to identify any possible con-
duit to a stream, even if a non-flowing system, hence the close proxim-
ity to spills indicates a potential for spilled material to reach larger
streams. The number of spills within setbacks also could be because
we identified the spatial position of a spill using the coordinates of the
wellhead rather the supporting equipment such as flowlines or storage
tanks, however as indicated before, we have no reason to believe a di-
rectional bias in over- or under-estimating spill distances. Finally, the
number of spills within setbacks could be a result of waivers in some
state codes (e.g., 58 Pa. Stat. § 3215(b)) that allow construction of
wells within the setback; however data to evaluate this were not avail-
able for our study; a future analysis could focus on wells that were
granted waivers or exemptions.

We recognize that other factors, in addition to proximity, influence
the vulnerability of streams to spills. Spilled fluids may reach streams
by overland flow or following infiltration and flow along subsurface
pathways. The vulnerability of streams to spills that move via the sub-
surface track will depend, in part, on proximity, but will also reflect
hydrogeologic properties that govern water-table depth, the rate and
directions of groundwater flow, and whether the stream gains water
from, or loses water to, the groundwater reservoir. The site-specific na-
ture of these properties implies that assessment of threats that spills
pose to stream-water quality must be conducted on a case-by-case
basis.

Ecosystems provide many benefits to people, including food and
water, regulating floods and diseases, and recreation (Millennium
Ecosystem Assessment, 2005). We evaluated the potential effects of
UOG spills on ecosystem services by focusing on surface drinking
water, using an importance index developed by the US Forest Service.
We found that spills in Pennsylvania occurred in watersheds with a
much higher value to surface water than the other states, a result of
higher population density and reliance on surface waters as drinking
water in this area (Weidner and Todd, 2011). The other three states
had spills in watersheds with lower importance values, which likely re-
flects a greater reliance on groundwater or that drinking water is
sourced from streams and reservoirs of distal watersheds. Nevertheless,
in these states a localized spill that affects water reservoirs and
treatment plants can negatively impact communities near UOG
development.

Several approaches to model the risk of UOG development have
been recently implemented, from probability modeling (Rozell and
Reaven, 2012) to expert risk assessments (Walker et al., 2016). Our re-
sults suggest that modeling the risk of hydraulic fracturing will require
region-specific parameterizations. For example, North Dakota had the
highest spill rates for both crude oil and wastewater as well as the larg-
est reported spill volumes for these materials. The Bakken is the largest
producer of crude oil (USEIA, 2016) and wastewater (Kondash and
Vengosh, 2015) for plays in our study, which could be one reason for
ills:Materials, volumes, and risks to surfacewaters in four states of the
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Fig. 5. Forest to Faucet index of importance to surface drinking water for all HUC12 watersheds in the Forest to Faucet data set in each state (A) and for the subset of these HUC12
watersheds in which a UOG spill occurred (B). Number within or above boxplots are sample size. Box lower and upper hinges correspond to the 1st and 3rd quartiles (25th and 75th
percentiles), solid horizontal line are medians, lower whiskers extend from the hinge to the lowest values within 1.5 times the interquartile range (difference between first and third
quartiles) of the hinge, the upper whiskers extend from the hinge to the highest value that is within 1.5 times the interquartile range of the hinge, and points beyond whiskers are
outliers. Data for graph are located in Table S6.
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the higher spill rates. Another reason may be development rate,
where ND had over twice the number of spudded horizontal wells
in 2012, 2013 and 2014 than the other three states. Finally, differ-
ences in reporting are also a factor; ND requires reporting at a
lower threshold (1 barrel; 159 L) than either CO or NM (5 bbls,
795 L), and its dataset also had the most complete records in terms
of materials and volumes associated with spills. Unifying reporting
requirements across states would aid future broad-scale data analy-
ses and risk modeling.

Finally, we acknowledge that all spills may not have been reported
or included in the available state databases. Data were not available to
estimate the frequency of these “missing” spills and we are unaware
of any study that has directly examined missing spills (but see
Wiseman, 2013). To deter under-reporting, states in our study have
penalties for failing to report a required spill that include maximum
civil penalties that range across the states from $12,500 (ND) to
$15,000 (CO) per day to $75,000 plus $5000 per day (PA); NM, ND,
and PA also categorize a failure to report as a possible criminal act
(ColoradoHouse Bill 14–1356, Section 1, 34–60-121; North Dakota Cen-
tury Code Section 38–08-16.1; New Mexico House Bill 286 Section 70–
2-31(B); 58 Pa State § 3255, 3256). Further, our large sample size (n=
6622) from four states over ten years likely averages any effects of
under- or over-reporting, and missing spills are thus not likely to affect
overall patterns.
Please cite this article as:Maloney, K.O., et al., Unconventional oil and gas sp
U.S., Sci Total Environ (2016), http://dx.doi.org/10.1016/j.scitotenv.2016.1
5. Conclusions

Concerns over potential environmental issues resulting from UOG
development have spurred aflurry of recent articles on its potential eco-
logical effects to associated ecosystems (Brittingham et al., 2014; Evans
and Kiesecker, 2014; Souther et al., 2014). An important gap in our un-
derstanding of potential effects of UOG on associated ecosystems is the
surface release of chemicals, waste materials and oil and gas. We found
that wastewater, crude oil, drilling waste and hydraulic fracturing solu-
tion are the materials most often involved in a spill incident, and that
most spills ranged between 100 L and 10,000 L. We also found that
some spills occurred in very close proximity to streams and in water-
sheds of high importance to drinking water. Further, spills occurred
within current setback requirements. As UOG activity continues in the
U.S. and commences in other countries around the world, our findings
can be used to better understand the risk of spills from UOG develop-
ment and help inform management decisions, policy, and regulations.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.12.142.
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ABSTRACT
High volume, hydraulic fracturing (HVHF) processes, used to extract natural 
gas and oil from underground shale deposits, pose many potential hazards 
to the environment and human health. HVHF can negatively affect the 
environment by contaminating soil, water, and air matrices with potential 
pollutants. Due to the relatively novel nature of the process, hazards to 
surface waters and human health are not well known. The purpose of this 
article is to link the impacts of HVHF operations on surface water integrity, 
with human health consequences. Surface water contamination risks 
include: increased structural failure rates of unconventional wells, issues 
with wastewater treatment, and accidental discharge of contaminated fluids. 
Human health risks associated with exposure to surface water contaminated 
with HVHF chemicals include increased cancer risk and turbidity of water, 
leading to increased pathogen survival time. Future research should focus 
on modeling contamination spread throughout the environment, and 
minimizing occupational exposure to harmful chemicals.

Introduction

High volume, hydraulic fracturing (HVHF), or known by industry jargon as “fracking”, is a process 
used to collect natural gas and oil from deep, underground shale deposits (US EPA 2015a). While the 
use of HVHF to optimize extraction of oil and natural gas was first patented in 1869 (USPO 1869), 
the relatively novel use of HVHF in horizontal wells began in the 1990s, only making a move to the 
eastern states (Pennsylvania) in 2003. This relatively novel approach increased the technique’s yield 
potential, economic viability, and popularity. With the use of horizontal drilling, and subsequent injec-
tion of a mixture of water, sand, and chemicals, large amounts of natural gas and oil can be efficiently 
extracted from previously inaccessible, impermeable shale deposits. HVHF operations involve drilling 
vertically to a specified depth, which depends on the properties of each well, followed by the drilling 
of a horizontal borehole into the shale formation. The borehole is then prepped for gas extraction and 
filled with a proprietary mixture of chemicals, water, and sand. This mixture serves several purposes: 
the sand acts to keep fractures open (proppant) in order for the natural gas to escape freely; the large 
variety of chemicals each serve a specific purpose, e.g. glutaraldehyde as a biocide to keep biofilms from 
forming and clogging up pores in the well casing, others (isopropanol, hydrochloric acid, and ethylene 
glycol) are used in the process to increase efficiency and yield (US EPA 2011); additional chemicals and 
their purpose are found in Table 1. Due to the dangerous properties of these incorporated chemicals, 
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there has been increased concern over their accidental introduction into drinking, and recreational, 
water sources and their effects on human health (US EPA 2010).

As of 2014, the USA is the worldwide leader, with large HVHF operations being used to extract oil 
and natural gas from shale found in Pennsylvania, Texas, Colorado, and the Dakotas (Table 2). These 
areas contain substantial shale deposits and have numerous HVHF wells. Permits to use the HVHF 
process have also been issued internationally. In Europe, Poland and the UK have all begun HVHF 
operations with first attempts already completed (McBride & Sergie 2015). Outside of Europe, China 
hopes to soon begin shale development, as it sits atop the world’s largest natural gas shale deposits 
(Figure 1). However, water shortages and terrain difficulties complicate the extraction process (Fensom 
2014). The relatively new HVHF process is of concern because the many nations that are interested, 
or already involved, in HVHF have loose environmental policies and, in some cases, little oversight 
of industry practices has been provided. Furthermore, human and ecological health consequences 
associated with HVHF operations have not been well researched.

Due to the contamination potential of HVHF operations, loose regulation of industry practices 
(US EPA 2014c), and global interest in this relatively novel industry (Fensom 2014), it is important 
to explore how environmental matrices will be impacted by further growth in the use of HVHF to 
exploit shale energy. This is especially true for water sources used for drinking water, recreation, 
and aquaculture. Although various studies have focused on groundwater contamination as a result 
of HVHF operations, not enough emphasis has been placed on surface water impacts. Additionally, 
because human health is so closely linked to water quality and environmental integrity, we choose to 
focus on various aspects of hydraulic fracturing operations that may alter the integrity of bodies of 

Table 1. an example of the volumetric composition of hydraulic fracturing fluid. although fluid contents are proprietary, and usually 
not disclosed.

notes: these data were gathered by the us environmental Protection agency (2011). the original table has been altered in order to 
best fit formatting, and publication specifications.

aBased on 3 million gallons of fluid used.

Component/ 
additive type example compounds Purpose

Percent composition 
(by volume)

Volume of chemical 
(gallons)a

Water Deliver Proppant 90 2,700,000
Proppant silica, qartz sand Keep fractures open to 

allow gas flow out
9.51 285,300

acid Hydrochloric acid Dissolve minerals, 
 initiate cracks in rock

0.123 3690

friction reducer Polyacrylamide, 
 mineral oil

minimize friction 
between fluid and 
the pipe

0.088 2640

surfactant Isopropanol Increase the viscosity 
of the fluid

0.058 2550

Potassium chloride   create a brine carrier 
fluid

0.06 1800

Gelling agent Guar gum, Hydrox-
yethyl cellulose

thicken the fluid 
to suspend the 
proppant

0.056 1680

scale Inhibitor ethylene Glycol Prevent scale deposits 
in the pipe

0.043 1290

pH adjusting agent sodium/Potassium 
carbonate

maintain effectiveness 
of other components

0.011 330

Breaker ammonium Persulfate allow delayed break-
down of the gel

0.01 300

crosslinker Borate salts maintain fluid  viscosity 
as temperature 
 increases

0.007 210

Iron control citric acid Prevent precipitation 
of metal oxides

0.004 120

corrosion Inhibitor n,n-dimethyl for-
mamide

Prevent pipe corrosion 0.002 60

Biocide Glutaraldehyde eliminate bacteria 0.001 30
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water and the environment. The goal of this article is to compile information from existing scientific 
works, with an aim to identify current and future impacts of HVHF operations that have the potential 
to threaten human health by impacting surface water quality.

Methodology

Information on hydraulic fracturing was gathered using multiple search engines in order to most effi-
ciently obtain reliable sources of information. These search engines include: Google Scholar, JOSTR, 

Table 2. an estimate of fracking (HvHf) wells by state, as of october 2013. number of fracking wells per state as reported after 2005. 
more specific data is provided for 2012 in order to illustrate the growing prevalence of hydraulic fracturing in each state.

notes:  original table by environment america research and Policy center was altered, with permission, to better fit formatting 
(ridlington & rumpler 2013).

aunavailable means information was not available to determine when wells were drilled.
bData for West virginia are for permitted fracking wells, not wells that have been drilled. Data were not available on drilled wells.

State Fracking wells since 2005 Fracking wells drilled in 2012
arkansas 4910 719
colorado 18,168 1896
Kansas 407 236
louisiana 2327 139
mississippi 9 unavaliablea

montana 264 174
new mexico 1353 482
north Dakota 5166 1713
ohio 334 234
oklahoma 2694 unavaliablea

Pennsylvania 6651 1349
tennessee 30 unavaliablea

texas 33,753 13,540
utah 1336 765
virginia 95 1
West virginia 3275b 610b

Wyoming 1126 468
total 81,898 22,326

Figure 1. (color online) World map of assessed shale resources. Data compiled illustrating assessed shale formations throughout the 
world, with depiction of whether resource estimates are available. estimates place china as the holder of the largest shale resources, 
with the united states second. map by us energy Information administration (us eIa 2013). legend altered for better resolution.
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Science Direct, and Scopus. The Google Scholar search engine was used to search for general infor-
mation on hydraulic fracturing, and to cross-reference multiple sources of articles. Searches were 
conducted for the terms “hydraulic fracturing worldwide” and “hydraulic fracturing process.” Initially, 
results were limited to “.gov” and “.org” websites in order to eliminate potentially biased sources. Later, 
searches were expanded to include all domain names, with special care to avoid publications with 
potential conflict of interest. Reliability of sources was the most crucial determinant when selecting 
websites and articles. Mostly, but not exclusively, government and scientific journal articles were used 
to ensure credibility.

Figure 2.  (color online) Hydraulic fracturing themed scientific journal publications per year, over a 20-year period (1994–2014). 
number of hydraulic fracturing themed studies, graphed by search terms used to attain results from scopus (elsevier B.v. 2015) 
searches. Publications were limited to a 20-year period starting in 1994 in order to account for recent advancements in the HvHf 
process. Data are current as of 28 march 2015.

Figure 3. number of hydraulic fracturing themed articles published per year. a graphical depiction of the sharp increase in hydraulic 
fracturing research over a 20-year period, beginning in 1994. recent economic conditions have made HvHf a viable option for resource 
extraction, increasing its prevalence worldwide. With an increase in prevalence, there is also an increase in studies exploring the 
practice. Data were gathered using scopus search (elsevier B.v. 2015), and are current as of 28 march 2015.
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Other search engines, such as Science Direct and JOSTR, were used to find relevant studies, reports, 
and articles. Along with Google Scholar, Science Direct and JOSTR were searched using the keywords 
“hydraulic fracturing surface water,” “hydraulic fracturing wastewater,” and “hydraulic fracturing ‘risk 
assessment’.” The results of these searches were used in writing this article, along with several websites, 
reports, and findings from the US Environmental Protection Agency.

Additionally, the mentioned search engines were used to help pinpoint gaps in information and 
studies of the hydraulic fracturing process. Upon conducting multiple searches, there was an evident 
lack of information on the impact of hydraulic fracturing on human health due to alteration of sur-
face water systems. This gap was also outlined by a Scopus (Elsevier B.V. 2015) search result analysis, 
with data current as of 28 March 2015 (Figure 2). This analysis showed that although, overall, studies 
dealing with HVHF have significantly increased over time (Figure 3), not enough emphasis is placed 
on environmental and human health impacts (Figure 4).

In order to find data, articles, and reports to address the gap in literature, we had to keep bias 
in mind at all times. Due to the polarizing and divisive nature of the issue addressed, articles and 
reports were chosen in a careful manner that avoided those backed by industry interests, and  “anti-fracking” 
 organizations. In this way, we hoped to avoid bias and preserve neutrality in our presentation  
of data. In all 24 reports were cited, the majority of which were funded, or published, by the US 
Environmental Protection Agency (US EPA), with others coming from organizations such as the 
World Health Organization (WHO), and the World Resources Institute (WRI). In addition to these 
reports, 23 scientific articles were referenced, from publications such as PNAS, Nature, Toxicology, Risk 
Analysis, etc. Other information, such as chemical properties was found on the US EPA’s Integrated 
Risk Information System (IRIS), and the US EPA website. Through the use of widely trusted sources 

Figure 4. (color online) Percent breakdown of subject matter of 2614 articles dealing with hydraulic fracturing. a scopus (elsevier 
B.v. 2015) search was done for the term “hydraulic fracturing or fracking” with articles dealing with economics, computer design, 
business, etc. being filtered out of results. results were also confined to a 20-year span, beginning in 1994, to match previous data 
analysis. search data are current as of 28 march 2015.
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and avoidance of publications with potential conflicts of interest, we believe we have avoided the use 
of potentially biased works.

General hazards associated with HVHF

There are multiple hazards associated with natural gas and oil. One such hazard is air pollution, due 
to the nature of the procedure, where harmful chemicals, such as benzenes and xylenes, are released 
into the air. Exposure to these chemicals may cause irritation and possibly contribute to an increased 
risk of cancer (IRIS 2000, 2014). Due to the imperfect nature of the gas collection process, 3.6 to 7.9 % 
of methane will escape into the atmosphere during the lifetime of the well (Howarth et al. 2011). The 
potential contribution of methane to the greenhouse effect must be given research priority (US EPA 
2014b), as several studies have found that methane has a significantly higher potential to trap heat 
over its lifetime, than CO2 (Howarth et al. 2011; Yvon-Durocher et al. 2014; US EPA 2014b).

HVHF also introduces the issue of terrain alteration to make way for necessary infrastructure 
(Figure 5). It has been known that each HVHF well requires about 3.03 hectares of cleared land, with 
most actually needing about 7 to 8 hectares (Johnson 2010; Entrekin et al. 2011). This amount not only 
includes the pad itself, but waste pit areas, access roads, facilities, and other infrastructure. Therefore, 
habitat degradation along with ecosystem disruption and landscape alteration are of real concern. 
With the alteration of terrain to build new roads and other HVHF-related infrastructure in the area, 
soil erosion rates increase. Williams et al. (2007) have demonstrated that this increased erosion affects 
nearby water bodies (discussed in more detail later in this article).

Along with increased rates of erosion, removal of water from the water cycle can negatively impact 
surrounding areas. A large volume of the water used in HVHF is not recovered, too polluted to be 
discharged safely, unfit for reuse, or polluted to a point beyond effective treatment; therefore, it must 
be injected into deep disposal wells (Hammer & VanBriesen 2012). Over time, this process removes 
billions of liters of water from the water cycle depending on well density in the area (US EPA 2011). 
Examples of this include counties found in the Eagle Ford, Haynesville, and Barnett Shales, where 38, 
11, and 18 % of ground water was used for the purposes of unconventional energy extraction (Jackson 
et al. 2014). This is of special concern when looking at shale formation locations. Around the world, 
38 % of shale is found in water-stressed or arid regions; areas where 40–100 % of fresh water resources 
are already allocated to other uses (Reig et al. 2014) and are home to 386 million people. Due to the 
remote locations of these wells, water stress in these areas can be of great concern (Reig et al. 2014), 
especially when millions of liters, per well are withdrawn for HVHF (Figure 6).

Figure 5. two HvHf well pads near Beaver run reservoir, Westmorland county, Pa. Beaver run reservoir supplies three townships, 
home to 150,000 people. although fishing is banned, the municipal authority of Westmorland county has allowed drilling companies 
to extract natural gas from near the reservoir, using hydraulic fracturing. Photo used with permission from marcellus-shale.us (2010).
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Nearby contaminated groundwater may infiltrate into failing household wells; e.g. previous studies 
have shown that methane permeates aquifers and pollutes well water (Osborn et al. 2011). Although 
not harmful to humans when consumed directly, methane can cause dizziness, headache, and other 
health issues when inhaled (US EPA 2014b). Combined with the flammable properties of methane, 
it is imperative that incidence of faulty wells be minimized.

Surface water risks attributed to HVHF

Relative risk and failure rates associated with wells in Pennsylvania

One of the less-addressed concerns associated with the HVHF process is its impact on surface water 
systems, with few studies addressing the issue. As millions of people rely on surface waters systems 
for as a source of drinking water, contamination could potentially endanger the population nearby. 
Containment failures, illegal dumping, and accidents during transport of untreated water pose potential 
threats to surface waters (Hunt 2013). Due to the enormous volume of water used, remote location 
of wells, complexity of the HVHF procedure, and the 3950 truck trips needed during the early devel-
opment phases, water systems are put under an increased risk of contamination (New York State 
Department of Environmental Conservation (NYSDEC) 2011). Special concerns are raised by the 
amount of traffic needed to properly conduct a HVHF operation, leading to an increased potential 
for accidents and spills into streams, rivers, and other bodies of water (NYSDEC 2011). A majority of 
these concerns, including acquisition of water, transport, treatment, and disposal of waste, are echoed 
by Rodriguez and Soeder (2015). Rodriguez and Soeder also explored the impact of hydraulic frac-
turing on surface water quality, but did not focus on the implications these impacts have on human 
health. We choose to further expand on this area of information by also addressing human health 
consequences of surface water contamination.

Along with increased traffic, Ingraffea et al. (2014) state that wells can fail due to structural integrity 
issues. As horizontal wells are drilled for shale exploitation, and prepped for HVHF, steel casings are 
set to prevent liquids and gasses from entering underground aquafers and, subsequently, contaminat-
ing groundwater. Improper construction, or assembly, and other factors can lead to loss of integrity, 

Figure 6. (color online) map of baseline water stress throughout the world. Baseline water stress was calculated as a ratio of water 
withdrawal and available blue water. Data show highly stressed areas overlap with 38 % of shale resources. Potential HvHf in stressed 
areas, home to 386 million people, could further decrease available water resources. map was generated using esri arcmap10 software 
(esri 2014), and data from the World resources Institute (WrI 2013), in accordance to their public use policy.
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causing casings to leak. Ingraffea et al. also state possible reasons for cement failure, e.g. inappro-
priate cement density, inadequately cleaned bore holes, cement shrinkage, and premature gelling of 
cement (2014). Additionally, a study by Darrah et al. (2014), also found that faulty well construction 
contributed to contamination of drinking water wells in the Marcellus, as well as the Barnett, shale 
regions. This demonstrates that the issue of faulty well construction leading to leaks is not specific to 
the Marcellus region.

Data, collected by Ingraffea et al. (2014), show that incidence rates of cement and casing failures in 
unconventional wells are up to six times higher than that found in conventionally operated wells in 
Pennsylvania. Pre-2009 conventional wells were found to have a failure rate of 5.21 %, compared to 
9.84 % in unconventional wells. It should be noted in this study, that failure rates in unconventional 
wells only reflects a small sample size (61 wells) and are not valid indicators of positive or negative 
aspects of current methods and precautions taken during current well construction. After 2009, con-
ventional well safety increased in the Northeastern counties of Pennsylvania, resulting in a reported 
failure rate of 2.27 %, a drop from the previous 5.21 %, while the failure rate of unconventional wells 
largely remained the same (a 9.14 % failure rate) (Ingraffea et al. 2014).

This is similar to the findings reported by Jackson et al. (2014), who studied well integrity in Canada. 
Jackson et al. (2014) used gas migration and sustained casing pressure to evaluate well integrity. They 
noted that horizontal wells were three, to four, times more likely to experience gas migration and 
sustained casing pressure than vertical wells.

Although tempting, one cannot compare conditions before and after 2009, because older wells 
are more likely to fail and have had a longer history of inspections, thus allowing early failures to 
appear on record. According to Ingraffea et al. (2014), well age is critical to observing incidence of 
failure. However, it should be stated that, in NE Pennsylvania, unconventional wells were at 2.7 times 
the relative risk to fail structurally, than conventional wells. Finally, all wells, both conventional and 
unconventional, in the NE counties were 8.5 times more likely to experience structural failure, than 
those drilled outside of the area.

Taking this information into account, a recent US EPA (2015c) retrospective study, has concluded 
that there is no association between HVHF and well water contamination. This study contradicts 
previous hypothesis, much like the one presented by Ingraffea et al. (2014), that HVHF wells are more 
likely to contribute to groundwater contamination than conventional wells. However, even though no 
evidence was found of well water intrusion by HVHF chemicals in the Bakken, Barnett, and Raton 
Basins, the study did discover high chloride levels in groundwater near a HVHF well impoundment site 
in Southwestern Pennsylvania (US EPA 2015c). Additionally, the study noted that a pond site studied 
in Northeast Pennsylvania also had elevated chloride levels, as well as total dissolved solids (TDS) (US 
EPA 2015c). This pond was not used for drinking water purposes, but the situation demonstrates the 
existing hazard to surface water contamination from HVHF. A summary of key findings from the US 
EPA HVHF study can be found in Figure 7 and Table 3.

Wastewater treatment risks

HVHF-related processes also have the potential to deteriorate water quality via improper wastewater 
treatment and discharge of produced water (a byproduct from shale fracturing that is captured, stored, 
and then shipped for treatment to nearby facilities) (Wilson & VanBriesen 2012). In Pennsylvania, 
companies were allowed to take produced water to publically owned wastewater treatment plants 
(POTWs) or centralized brine plants (CWTs) (Wilson & VanBriesen 2012). These treatment plants 
removed constituents from produced water and brine, but failed to address the problem of salts, lead-
ing to discharges from plants carrying significant levels of total dissolved salts and bromide (Wilson 
& VanBriesen 2012).

In some cases, POTWs and CWTs were granted exemption from discharge limits on dissolved 
 solids. This exemption resulted in an increase of salt load to surface waters, as well as introduction of  
bromide into drinking water sources (Wilson & VanBriesen 2012). Shale rock formations are notoriously 
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high in bromide content. They contain, on average, 24,000 μg L−1 bromide, unlike other rock types 
that hold an average of 6000 μg L−1 (Bowen 1966). This lead to the situation described by Wilson & 
VanBriesen, as well as Hladik et al. (2014) who reached a similar conclusion, stating that POTWs 
and CWTs treating hydraulic fracturing wastewater introduced disinfection byproducts (DBPs), and 
DBP precursors, to streams into which treated water was discharged. While sampling near POTWs 
showed six DBPs, CWTs introduced only two, one of which was dibromochloronitromethane, found 
at a relatively high level of 8.5 μg L−1 (Hladik et al. 2014). Additionally, bromide was found at a concen-
tration of 75,000 μg L−1, compared to mean values of 200 μg L−1 bromide in freshwater (Bowen 1966).

The introduction of additional bromide to surface water systems is of great concern as brominated 
water can be toxic, and can result in dangerous brominated DBPs (US EPA 2013b). Such is the case in 
the formation of bromate, a byproduct of using ozone to treat water which contains bromide (WHO 
2005). This becomes an emerging concern for drinking water treatment plants that were designed and 
optimized for ozone disinfection based on the safe level of bromide in their source water, but now the 
impacted surface source water can have unsafe levels of bromide. Bromate is a carcinogenic compound, 
can cause DNA alterations, and has been shown to be mutagenic in the kidneys of lab rats (Moore & 
Tao 2006). Controlling bromide levels should be a high priority for all plants that are treating HVHF 
fluids, as even low levels of bromide in water can lead to carcinogen formation. In Pennsylvania, over 
a two-year period, certain exemptions were applied to treated water that resulted in excess quantities 
of bromide into water supplies (Wilson & VanBriesen 2012).

Data gathered by Wilson & VanBriesen (2012) show that during the HVHF boom of 2008 in 
Pennsylvania, the amount of produced water rose from less than 10 million barrels in 2006, to over 40 
million barrels in 2008 and 2009. During these same years, it is estimated that more than 50 % of the 
TDS in the treated produced water were released to surface water systems; 56 % in 2008 and 57 % in 
2009 (Figure 8) (Wilson & VanBriesen 2012). The data also indicated that during this time, low flow 
conditions were seen throughout Pennsylvania, leading to concentration of the discharged chemicals 
into low volumes of water, and the possibility that the discharges could have affected drinking water 
(Table 4).

According to Wilson & VanBriesen (2012), data show that new methods for managing produced 
water and state agencies urging companies not to use POTWs and CWTs without discharge limits, that 
the bromide and TDS were considerably lower in 2010 than the levels from 2008 and 2009 (Figures 

Figure 7. (color online) study areas, and justification for choosing each area of study, in a us ePa retrospective case study on HvHf 
contamination of water supplies. this figure shows the areas of the usa chosen to be involved in the retrospective study, and the 
reasons each area was chosen. areas were chosen in multiple, major shale formations, and narrowed down for sampling to determine 
if contamination had taken place.
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8 and 9). An increase in recycling of produced water, disposal into deep injection wells, and use of 
treatment plants with discharge limits, all played a part in decreasing bromide and TDS. Despite a 
change in regulations to address these issues that lead to a decrease in TDS and bromide in 2010 and 
2011, discharges were still significantly higher than those measured during 2006 (the “pre-produced 
water boom” period) (Wilson & VanBriesen 2012). This study is important when looking at nations 
interested in future use of HVHF technology, especially those with a history of lax regulations of 
similar industrial practices, waste management, and disregard for human health in favor of economic 
development.

A risk assessment, using probability bounds analysis (PBA) by Rozell and Reaven (2012), addressed 
risks from water pollution due to HVHF operations in the Marcellus shale formation. The PBA found 
that the biggest concern for water contamination due to HVHF operations was from wastewater 
disposal and the epistemic uncertainty associated with the process. They state, given a 10 % develop-
ment of the Marcellus region (40,000 wells), that we should expect to see volumes of contaminated 
water equivalent to several thousand Olympic-sized swimming pools. This calculation was based on 
a best-case median risk of 200 m3 of contaminated water release per well, further emphasizing the 
importance of proper waste treatment.

Contamination potential from accidental discharge

Further hazard, associated with HVHF of shale, is from the potential, accidental discharge of chemicals, 
byproducts, and sediments into surface water systems. As discussed earlier, unconventional, HVHF, 
wells are between three to six times more likely to experience structural integrity loss than conven-
tional wells (Ingraffea et al. 2014; Jackson et al. 2014). Additionally, Jackson et al. (2014) found that 
wells experienced structural integrity loss, of at least one barrier (cement or steel casing) depending 
on factors such as geology and well construction. Rates of sustained casing pressure (a measure of 

Table 3. Key findings of a retrospective case study conducted by the us ePa (2015c). these findings illustrate that, even though 
there was no evidence to conclusively link groundwater contamination with HvHf, surface water and ground water sources that are 
not used for drinking water, were contaminated. these findings justify concerns raised in terms of surface water contamination, and 
contamination potential of HvHf associated operations.

Location Key findings
Killdeer, nD the drinking water wells sampled did not show the presence of chemicals or brine associated with the 

blowout. However, two monitoring wells screened in the Killdeer aquifer showed the presence of brine 
and tert-butyl alcohol (tBa)

Based on the data analysis performed, the only potential source consistent with the tBa and brine at the 
two monitoring wells was the blowout during hydraulic fracturing that occurred in Killdeer, nD

northeastern Pa Background data showed that methane is naturally occurring in the study area; however, using multiple 
lines of evidence ePa concluded that up to nine of the 36 drinking water wells are impacted by stray gas 
(methane and ethane) associated with nearby hydraulic fracturing activities

southwestern Pa Increased levels of chloride in ground water at locations near an impoundment site which contained 
hydraulic fracturing wastewaters and drilling waste. the chloride contamination likely originates from 
the impoundment site based on multiple lines of evidence

Background data showed that methane is naturally occurring in this area and was detected in 24 % of the 
samples collected from domestic wells. the isotopic signature of the methane present in domestic wells 
was not similar to that of gas produced from the shale being hydraulically fractured

Wise county, tX In one of the three study areas, two domestic wells were impacted. Based on the screening of potential 
sources of impacts, brines associated with the specific geological formation were the only source that 
was consistent with the observed impacts to two of the study wells

screening also identified a third well located at an industrial facility that was potentially impacted by 
brines and/or landfill leachate

raton Basin, co Background data indicates that dissolved methane is naturally present throughout the raton Basin and 
ePa detected it in all samples collected from the domestic wells

In one of the sampling areas (little creek field; Huerfano county), gas migration had occurred but cannot 
be definitively linked to hydraulic fracturing

tertiary Butyl-alcohol (tBa) was also detected in samples from domestic, monitoring, and production 
well; however, we were not able to confirm the specific source(s) of the tBa
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structural integrity) ranged from 3 to 43 % of wells surveyed around the globe. Although sustained 
casing pressure does not indicate environmental contamination has occurred, it does warrant a need 
for extensive research specific to each location where HVHF operations take place. When combined 
with the risk of disposal pipeline rupture or bursting, an increase in traffic, and an increase in the rates 
of traffic accidents as seen in some areas (Ridlington & Rumpler 2013), it quickly becomes apparent 
that accidental discharges are of great concern to industry and the public.

Figure 9. (color online) total Bromide load introduced into Pennsylvania surface waters by wastewater treatment plants during a 
five-year interval. this figure shows the trend of Bromide loads over five years and preferred treatment method used. like in the case 
of tDs, overall deposition is highly influenced by exempt cWt treatment methods. figure used with permission from cambridge 
Press and Dr Jessica Wilson (Wilson et al. 2012).

Figure 8. (color online) tDs loads released into surface waters by Pennsylvania water treatment plants, in kilograms per day, over 
a five-year period. this figure shows the trend of tDs loads released in Pennsylvania, demonstrating the impact that cWt’s with 
exemptions have on the total output of tDs. While other methods stayed constant for most of the time, large variability was seen in 
cWt, with discharge exemptions, contributing to the overall change seen in tDs loads. figure used with permission from cambridge 
Press and Dr Jessica Wilson (Wilson & vanBriesen 2012).
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Due to the high amounts of liquid used, the nature of its contents, and proximity to bodies of surface 
water, accidental discharges can have drastic effects on communities and the ecosystem. Furthermore, 
because some areas, such as Alberta, Canada, require companies to self-report spills, and well failure 
incidents, data on contamination frequency and extent are highly dependent on cooperation from the 
companies involved. To demonstrate the variation of well failure, we look at results of a study by Erno 
and Schmitz (1996), which found that of 1230 oil and gas wells near Lloydminster Canada, 23 % exhib-
ited surface and soil gas leakage. However, regulatory data from the US EPA, cites rates of sustained 
casing pressure, near Pavillion, Wyoming, to be at 1 to 10 %, while groundwater contamination rates 
reach a maximum of 0.1 % of wells (DiGiulio et al. 2011). While keeping in mind the sheer number 
of wells located in the USA alone, 0.1 % is still a significant amount of contamination seen in just the 
groundwater matrix. Additionally, studies in Pennsylvania found over 100 spill and leak violations in 
a period of 6 years starting in 2008 (Vengosh et al. 2014), while Weld County, Colorado, documented 
77 surface spills, that eventually impacted groundwater quality, in a one-year period beginning in 
July 2010 (Gross et al. 2013).

Recent events have raised concerns about the dangers of HVHF operations in areas like North 
Dakota and Montana, where HVHF operations are rapidly expanding (Hiriji 2015). As reported by 
Zahara Hirji (2015), on 17 January 2015, an oil pipeline, transporting crude oil from HVHF unconven-
tional wells, and conventional oil drilling sites, leaked and released 40,000 gallons into the Yellowstone 
River in Montana. The nearby town of Glendive was cautioned not to consume the water and not to 
use it for cooking. Wintery conditions proved a challenge to clean-up crews, with ice keeping them 
from properly remediating the spill, allowing oil/chemicals to spread down the river.

The Yellowstone River experienced another pipeline incident in 2011, when the Exxon Silvertip 
Pipeline released 63,000 gallons of oil into the river. This event occurred just outside of the Yellowstone 
National Park and caused the evacuation of residents along a 20-mile stretch of the river (Associated 
Press 2011). A prompt response was needed to minimize risk and to prevent the harmful plume from 

Figure 10. (color online) approximate locations of HvHf operation related spills occurring in 2011 and 2015. locations approximated 
using reports by associated Press (2011), macPherson & flesher (2015), and Hiriji (2015). the crude oil spill which occurred in 2011, 
spilled a total of 63,000 gallons of crude oil into the Yellowstone river, a smaller amount than the 2015 spill (40,000 gallons). the 
north Dakota brine spill was much larger in magnitude with three million gallons of brine being released. Pipeline leaks were the 
common factor across all three incidents. map was generated using esri arcmap10 software (esri 2014).
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spreading down the Yellowstone River, which ultimately empties into the Missouri River, a source of 
drinking water for millions (Associated Press 2011).

A similar incident occurred in North Dakota where three million gallons of brine (resulting from 
HVHF operations) was released into nearby creeks due to a pipeline leak (MacPherson & Flesher 2015). 
The spill occurred on 6 January, 2015, affecting two creeks (Blacktail and Little Muddy Creek) in the 
area (MacPherson & Flesher 2015). They also reported that, as a result of the spill, Blacktail Creek 
will be fully drained and continuously monitored, while Little Muddy Creek will not be drained, due 
to its larger size, but will have to undergo a major cleanup process (2015). The environmental impact 
from the incident has not been determined and drinking water has not been affected (MacPherson 
& Flesher 2015). Figure 10 shows the approximate location of the three spills as discussed above and 
reported by news sources.

These accidental discharges are relatively recent events and the consequences to wildlife and human 
health will not be known for some time; however, Kassotis et al. (2013) has published an article 
in Endocrinology dealing with containment failures during HVHF operations and the presence of 
endocrine disrupting chemicals (EDCs) at spill sites. This study examined sites in a heavily fracked 
area, Garfield County, CO. Each individual site had from 43 to 136 natural gas wells within one mile 
of the location that had experienced a contamination of some type within six years of the study. The 
study focused on sampling each location and monitoring for presence of known, as well as suspected, 
EDCs. Several chemicals were found to have endocrine disrupting activities and the presence of these 
chemicals was linked to HVHF well pads. The study linked spills, much like the ones discussed above, 
with potentially harmful effects to endocrine systems of humans and wildlife.

Surface water risks attributed to HVHF operations

Increasing cancer risk

Hydraulic fracturing has been associated with dangerous and potentially carcinogenic compounds, 
such as benzene, xylene, and naturally occurring radioactive materials (NORM) (IRIS 2000, 2014; 
US EPA 2015b). As deep drilling operations are conducted, a large amount of potentially danger-
ous constituents in underground soil are liberated. These soil constituents can find their way to the 
surface during extraction of natural gas and oil, and during the removal and collection of flowback 
and produced waters. As these naturally occurring constituents tend to be radioactive (e.g. radium 
isotopes), there is a risk that untreated brines, waters, and sludge may contribute to cancer risk due 
to increased exposure to NORM (US EPA 2012a, 2015b). Although the frequency of exposure is not 
well documented, the risk of coming in contact with NORM associated with HVHF fluid waste is 
potentially highest among employees, who may come in contact with untreated byproducts of the 
HVHF process during pumping into storage ponds, or spills during transport. If containment of sludge 
and byproducts fails, NORMs may also find their way to surface waters and pose risks to recreational 
water users and wildlife.

Concerns involving NORM compounds include their introduction into drinking water supplies. By 
contaminating surface waters via accidental spills, infrastructure failure, and containment failures, a 
pathway is established for public exposure to these radioactive compounds. Although drinking water 
plants address the issue of NORM in water supplies, exposure in recreational water is still a valid 
concern (US EPA 2015b). Accidental ingestion, inhalation, and in some cases dermal contact with 
NORM’s (e.g. radium isotopes) in contaminated water, can have both carcinogenic and DNA altering 
effects (US EPA 2012a). It should be noted that NORM constituents of soil can also pose a threat to 
the public via illegal dumping of sludge, brine, and untreated water (Cooley and Donnelly 2014).

Treatment of polluted source water may also prove problematic; stressing treatment plants beyond 
effectiveness may become a reality due to the many different contaminants and variables that must 
be accounted for in a heavily fracked area. As discussed above, factors introduced by HVHF activi-
ties include potential spills of chemicals, sludge, and brine spills (Hiriji 2015; MacPherson & Flesher 
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2015). These spills strain treatment facilities to a point where improper treatment of water can occur, 
endangering all residents of the area.

An example of an over-stressed treatment plant occurred on January 22, 2014, in West Virginia, 
when a leaking storage tank holding crude MCHM (4-(Methoxymethyl) cyclohexane methanol), con-
taminated a river that served as source water for Charleston (Cooper 2014). A plume was taken up by 
an intake pipe, where it saturated the activated charcoal filters. Unable to further filter the chemicals, 
the finished water was laced with contaminants. The city had to abstain from using faucet water and 
address the issue (Cooper 2014).

HVHF processes may also contribute to overall cancer risk via air pollution. During the lifetime 
of a typical well, large quantities of hydrocarbons are emitted (McKenzie et al. 2012). Some of these 
hydrocarbons, such as benzene and xylene, are known carcinogens, while other chemicals are irritants, 
causing lung irritation, light headedness, headaches, and other conditions (US EPA 2013a).

During the study by McKenzie et al. (2012), over 163 air samples were gathered for analysis. Four 
HVHF well pads were sampled from four separate companies in four cardinal directions (N, S, E, 
and W). Furthermore, four samples were taken at varying distances from each well, ranging from 40 
to 153 m. To ensure consistency and minimize confounding variables, samples were taken upwind 
of traffic and agricultural areas and were analyzed by US EPA approved labs using US EPA’s standard 
methods (2012). These samples were then used to calculate the risk of developing adverse health 
outcomes for 20- and 340-month periods.

The study found that benzene, ethylbenzene, o-xylene, and toluene were the chemicals that con-
tributed more to a risk of developing adverse health outcomes. Calculations then showed that cancer 
risk, in areas greater than 1/2 mile from the well pad, was significantly lower than areas within the 
1/2 mile zone. Furthermore, samples collected during the well completion phase were found to have 
more benzene, ethylbenzene, toluene and o-xylene than samples collected during gas collection. These 
samples contained 2.7, 4.5, 4.3, and 9.0 times more, respectively, of each chemical during well comple-
tion than during gas collection (McKenzie et al. 2012). The risk of developing cancer from exposure 
to these chemicals increases as distance from the drill site decreases.

The above study concluded that chronic exposure to HVHF-related air pollution contributed to an 
overall cancer risk, especially within 0.5 miles of the HVHF well (McKenzie et al. 2012). These main 
risk factors are a product of benzene, ethylbenzene, o-xylene, and toluene. Further studies are needed 
to assess occupational hazards and hazards to public health. (McKenzie et al. 2012).

Increased turbidity in water: impacts on drinking water quality and health

The hydraulic fracturing process is designed to be as efficient and high yielding, as possible. 
Consequently, areas with accessible shale resources can become dense with HVHF wells. An example is 
Washington County in Pennsylvania, holding 1100 wells alone during 2011 (Amico et al. 2011). Areas 
being with HVHF wells are usually in rural, undeveloped, remote areas which lack infrastructure and 
require land clearing and impromptu infrastructure construction. Paved roads are costly, and HVHF 
wells are ultimately temporary structures; therefore, dirt roads, unpaved parking lots, and unpaved 
well lots are common. These conditions result in several concerns involving the HVHF process, as 
outlined below.

When construction of a well begins, large areas of vegetation are removed in order to construct 
the well pad, containment pits and pods, roads, and parking to accommodate the thousands of truck 
trips that are required to operate a well. As previously mentioned, up to eight hectares of land may 
need to be cleared to ensure proper operation, a number that varies according to well location and 
characteristics (Johnson 2010; Entrekin et al. 2011). With decreased amounts of vegetation in an 
area, combined with heavy winds, rains, and increased truck traffic (each pad may see 3950 truck 
trips during early development) (NYSDEC 2011), increased amounts of sediment are transported to 
nearby bodies of water (Williams et al. 2007). In fact, Williams et al. (2007) show that one site was 
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contributing sediment at an estimated rate of 54 tonnes per hectare, per year, numbers that are com-
parable to small construction sites.

According to a 2007 US EPA report, a 0.404 hectare construction site with no existing runoff 
controls present can contribute the same amount of sediment as a 6.464 acre meadow. This estimate 
works out to be a runoff of 30–40 metric tons of sediment each year. Although, the US EPA has reg-
ulations requiring use of runoff controls on construction sites, and permit systems are in place, we 
must consider that hydraulic fracturing is expanding worldwide and that certain regions will not have 
the same stringent regulations in place. We also must realize that dirt roads are constructed leading 
to well pads, and that the increased traffic (discussed earlier) around well pads can disperse eroded 
soil particulates into the air, and beyond runoff boundaries.

The increased amount of sediment and eroded soil produced by well operations can contribute 
to turbidity increases in nearby bodies of water (Williams et al. 2007), which has been known to 
cause issues with drinking water treatment because it increases the survival rate of some pathogens, 
specifically Giardia and Cryptosporidium (LeChevallier and Norton 1992). As turbidity increases, 
disinfection procedure must be adjusted to compensate for potentially ineffective standard techniques 
(US EPA 1999). Turbidity monitoring is essential to the water treatment process as it dictates the 
amount of initial disinfectant needed for the process. Turbidity also decreases the effectiveness of 
UV disinfection, making initial treatment of water even more difficult (US EPA 1999). This occurs 
because soil particles in the turbid water, if not properly removed, can shield microbes from UV light 
(US EPA 1999). By decreasing the effectiveness of UV radiation as a primary disinfectant, increases 
in turbidity can dictate an increase in the use of chemicals for water treatment. This could lead to 
higher costs, more chemical demand, and an increase in the formation of DBPs, that are mutagenic 
and linked to cancer development in animals and humans (WHO 2005). Although regulations on 
runoff controls and sediment discharge exist in the USA, the same cannot necessarily be said for other 
countries. Additionally, failure of runoff controls cannot be dismissed and should be accounted for 
when considering surface water integrity.

Recreational water use must also be taken into account. As stated above, an increase in turbidity 
increases the pathogen survival time, specifically Giardia, Cryptosporidium, and many other pathogens 
(LeChevallier & Norton 1992). Because an increase in turbidity shields these organisms from UV 
damage, one can infer that recreational use of an affected lake could result in increased exposure to 
these pathogens, especially after extreme precipitation, windy days, or other events leading to large 
amounts of sediment deposition. With the projected long-term use of HVHF a likely reality, extreme 
weather events attributed to climate change may play an important role in an increased introduction of 
sediment, due to runoff into bodies of water near HVHF sites (Emori & Brown 2005; US EPA 2014a).

Conclusion

In summary, HVHF presents many potential risks to multiple environmental matrices, especially 
surface waters. Unconventional wells in Pennsylvania have been found to have a higher risk of casing 
and cement failure, in contrast to conventional wells in the same locations. Treatment of produced 
water in Pennsylvania in 2008/2009 also contributed to significantly increased total dissolved salt 
and bromide loads in drinking water sources throughout Pennsylvania. Levels of dissolved salts and 
bromide decreased in 2010, but were still higher than those found in 2006.

HVHF operations pose a potential risk to human health, both directly and indirectly, by intro-
ducing dangerous contaminants into water supplies. Recreational use of these waters or improper 
treatment of drinking water, may pose dangerous health outcomes. An increased cancer risk may be 
associated with HVHF activity, as it opens up new pathways for exposure to NORM and carcinogenic 
compounds. Contact with HVHF chemicals, or their products, can cause harm to the endocrine sys-
tem with negative outcomes to the sexual organs. Construction and use of HVHF infrastructure also 
considerably contributes to erosion in surrounding areas, potentially impacting water treatment and 
increasing pathogen survival time in surface waters.
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Future research and resources should focus on collecting surface water quality data before, and 
after, HVHF operations. In this manner, changes that are observed can be more closely associated with 
HVHF operation. This can be accomplished by minimizing the confounding factors and determining 
if the HVHF process is the only, or main, contributor of contamination. The data could then be used to 
construct predictive models for future HVHF sites, and help companies to more efficiently treat, and 
dispose of, produced water, while informing drinking water treatment plants to screen for potential 
contaminants, and suggesting methods for remediation.
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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
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The rapid development of high-volume horizontal hydraulic fracturing for mining natural gas from shale has
posed potential impacts on human health and biodiversity. The produced flow back waters after hydraulic
stimulation are known to carry high levels of saline and total dissolved solids. To understand the toxicity and
potential carcinogenic effects of these wastewaters, flow back waters from five Marcellus hydraulic fracturing
oil and gas wells were analyzed. The physicochemical nature of these samples was analyzed by inductively
coupled plasma mass spectrometry and scanning electron microscopy/energy dispersive X-ray spectroscopy.
A cytotoxicity study using colony formation as the endpoint was carried out to define the LC50 values of test
samples using human bronchial epithelial cells (BEAS-2B). The BEAS-2B cell transformation assaywas employed
to assess the carcinogenic potential of the samples. Barium and strontiumwere among themost abundantmetals
in these samples and the same metals were found to be elevated in BEAS-2B cells after long-term treatment.
BEAS-2B cells treated for 6weekswith flowbackwaters produced colony formation in soft agar thatwas concen-
tration dependent. In addition, flow back water-transformed BEAS-2B cells show better migration capability
when compared to control cells. This study provides information needed to assess the potential health impact
of post-hydraulic fracturing flow back waters from Marcellus Shale natural gas mining.

© 2015 Elsevier Inc. All rights reserved.
Introduction

Natural gas is believed to possibly be a bridge to transitioning from
coal dependence. Currently natural gas fuels nearly 40% of the U.S. elec-
tricity generation, and theMarcellus Shale formation in the Appalachian
Basin is on the forefront of gas-shale drilling for natural gas production
in the United States (Pritz, 2010). Mining natural gas is not new, but
the volume has soared in recent years because the new technique of
high-volume horizontal hydraulic fracturing (HVHHF). The concern
surrounding the environmental, public health and social impacts of
this method has increased accordingly. HVHHF is an advanced technol-
ogy that injects water, sand, and other ingredients at very high pressure
vertically into a well about 6000 to 10,000 ft deep (Penningroth et al.,
2013). The high pressure creates small fractures in the rock that extend
out as far as 1000 ft away from the well. The pressure is reduced after
mpeting financial interests.

Z. Wu), max.costa@nyumc.org
the fractures are created, which allows water from the well to return
to the surface, also known as flow back water (Veil, 2010). The flow
back water contains complex proprietary chemical mixtures, but also
naturally occurring toxins such asmetals, volatile organics, and radioac-
tive compounds that are destabilized during gas extraction (Warner
et al., 2012). On average, about 5.5 million gallons of water is used on
average to hydraulically fracture each shale gas well, and 30% to 70%
of the volume returns as flow back water (Veil, 2010). Currently
discharge options of flow back water are: inject underground through
an onsite or offsite disposal well; discharge to a nearby surface water
body; transport to a municipal wastewater treatment plant or publicly
owned treatmentworks; transport to a commercial industrialwastewa-
ter treatment facility; and/or reuse for a future hydraulic fracturing job
either with or without some remediation (Pritz, 2010). Some commer-
cial wastewater disposal facilities accept flow back and discharge the
water after treatment under their own national pollutant discharge
elimination system permits (Veil, 2010).

Metal pollution is a serious problem as they are taken up readily in
the digestive tract and exhibit harmful effects on many tissues
(Alomary et al., 2013; Rasmussen et al., 2013). Barium and strontium
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Table 1
ICP-MS analysis of filtered Marcellus Shale flow back.

Concentration
(mg/L)

Well 1 Well 2 Well 3 Well 4 Well 5 SF

Al 0.301 0.044 1.268 1.102 1.057 N.D.
B 0.315 0.252 0.408 0.388 0.370 N.D.
Ba 452.4 474.6 596.5 606.8 701.6 N.D.
Bi 0.110 0.164 0.180 0.158 0.059 N.D.
Ca 470.7 974.9 707.8 608.9 502 1537
Co N.D. N.D. N.D. N.D. N.D. N.D.
Fe 3.506 1.343 4.491 N.D. N.D. N.D.
K 23.43 237.4 180.8 203.4 345.1 0.248
Mg 52.89 91.70 109.1 115.1 105.0 41.20
Mn 0.341 0.357 2.58 0.43 0.34 N.D.
Na 61.48 60 62.2 57.94 90 91.62
S 8.74 70.69 9.884 9.18 14.5 0.781
Si 0.675 0.931 1.762 0.713 0.759 N.D.
Sr 183.3 281.2 361.4 353.4 339.7 1.01
Ti 0.079 0.067 0.045 0.067 0.074 0.008
V 0.206 0.267 0.441 0.512 0.457 0.006
W 1.926 3.419 9.343 N.D. N.D. 3.28
Zn 0.062 0.049 0.054 0.003 0.030 59.02
Zr 0.066 0.073 0.033 0.008 N.D. N.D.

N.D.: not detected.
SF: pristine lake water from Sterling Forest.
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are abundant in the Marcellus Shale formation, and are easily dissolved
and transported in wastewater after gas drilling activity (Pritz, 2010),
which could potentially pose a threat to drinking water (EPA).

In contrast to the increased support of drilling and exploration
by U.S. government agencies and rising concerns of impact on hu-
man and animal health within close proximity of the drilling sites
(Bamberger and Oswald, 2012), knowledge of the health risks associat-
edwith the gas drillingwastewater is sparse. The question posed here is
whether flow back water specific to the Marcellus Shale malignantly
transforms cells, and if it does, what's the mechanism underlying
tumorigenic potential of produced flow back water.

It has been challenging yet critical to choose a proper human cellular
model to address this question. Immortalized human bronchial epithe-
lial cells (BEAS-2B) have been widely used as a malignant cell transfor-
mation model to estimate the carcinogenesis capability of various
environmental toxicants (Liao et al., 2007; Chang et al., 2010; Son
et al., 2012; Yang et al., 2013). It has wild-type and functional p53
gene expression due to the loss of SV40 in passages after immortaliza-
tion process, which provides a low spontaneous anchorage free growth,
a quality of good cellular model for malignant cell transformation
analysis (Lehman et al., 1993).

In this study we employed BEAS-2B as well established models (Lee
et al., 1993; Chen et al., 2006; Sun et al., 2011; Passantino et al., 2013) to
investigate the malignant cell transformation of Marcellus Shale gas
drilling flow back water.

Material and methods

Cell culture and exposure

BEAS-2B (ATCC, Manassas, VA) cells were cultured as previously
described (Sun et al., 2011; Passantino et al., 2013) at 37 °C in a
humid 5% CO2 atmosphere. BEAS-2B cells were seeded at 3 × 105 into
25 cm2 polystyrene tissue culture flasks. The cells were treated with
filtered (0.22 μm filter) produced flow back water collected from
Bradford County, PA (a generous gift from Dr. Carl Kirby and Dr. Judy
Zelikoff), and diluted with the appropriate medium to 0.13%, 0.25%,
0.5%, 1%, 2%, 4% or 8% (v/v). Control cells received distilled water or
filtered water from a pristine lake located in Sterling Forest (SF), NY,
dilutedwith the designatedmedium to 4% (v/v). The cellswere cultured
for various time intervals as indicated. Every 3 to 4 days, the cells were
trypsinized, counted, and re-seeded into fresh 25 cm2 flasks at a density
of 3 × 105 viable cells per flask, and provided fresh media with the
appropriate concentration of the flow back water sample.

Scanning electron microscopy (SEM)/energy dispersive X-ray
spectroscopy (EDX)

The water samples were briefly sonicated in bath sonication for
1 min to make sure the solution was uniform. Both high density and
low density samples were prepared. High density water samples were
prepared with one drop of 100 μL of each sample dried on carbon tape
in a class 100 clean room. For low density samples, 100 μL of each
sample was spin coated onto a carbon tape surface pre-mounted to a
SEM sample holder at 200 rpm before being air dried overnight in a
class 100 clean room. Field Emission Scanning Electron Microscopy
(FEI, The Netherlands) and Energy Dispersive Spectrometry (model
Genesis 60S, by EDAX Company, USA) were performed to identify any
particles in the sample and the chemical components of those particu-
lates were analyzed by EDX.

Inductively coupled plasma mass spectrometry (ICP-MS)

A volume of 0.1 mL of each sample including flow back water
and their filtrates was ionized in tubes with 1 mL HNO3 (70%) at
140 °C for 5 h. Concentrations of the heavy metals were determined
by an ICP-MS (Perkin Elmer, Warsaw, Poland). BEAS-2B cells after
5 weeks of treatment with flow back water at 0.5% (v/v) were
trypsinized and counted to determine the total cell number. The cell pel-
lets with same amount of cells were then mixed with 3 mL of HNO3

(70%) and incubated at 80 °C for 48 h, followed by cooling for 1 h to
room temperature. After cooling, 3 mL of hydrogen peroxide (30%)
was added to each tube, followed by incubation of the solution at 80 °C
for 3 h. After suitable dilution of the digested materials with ultrapure
water, levels of elements in the samples were determined by ICP-MS.

Colony formation and soft agar assay

Following treatment, BEAS-2B cells were trypsinized and counted
using a hemocytometer to determine viability. Colony formation and
soft agar assaywere then conducted, and cells that exhibited anchorage
free growth were collected for wound healing assay according to
previously published procedure (Passantino et al., 2013); for detailed
information, please see supplemental materials.

Cell migration assays

Matrigel (BD Biosciences, Bedford,MA)was reconstituted on the top
surfaces of Transwell membranes at 100 μg protein/cm2 of surface area.
Transformed BEAS-2B cells (5 × 104 in 100 μL) were added to the upper
chamber in serum free medium supplemented with 0.5 μM plasmino-
gen. The bottom chamber contained DMEM supplemented with 10%
FBS. The cells were allowed to invade for 24 h at 37 °C, at which time
the Matrigel and cells that were associated with the top surfaces of
themembraneswere removedwith cotton swabs. Cells that penetrated
through the Matrigel to the underside surfaces of the membranes were
fixed and stained with 0.1% Crystal Violet. Cells on the lower surface of
the filterwere enumerated using an ocularmicrometer. Five fieldswere
counted. Each experimentwas performed twicewith triplicate samples.

Wound healing assay

Cells (2 × 105) from each clone extracted from soft agar were plated
into 35 mm culture dishes with a grid etched into the bottom. The cells
were cultured in 1× DMEM complete media until 100% confluent (4
days). The media were then replaced with 1× PBS, and a single scratch
was made across the monolayer using a 1 mL pipette tip
held perpendicular to the plate bottom. The plate was washed twice
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with 1× PBS to remove any floating cells released during the scratching
process. 1× DMEM was added back into the plates to nourish the cells
and photographs were taken at 6 h and 36 h after the scratch using a
Leica SP5 microscope (Leica Microsystems, Buffalo Grove, IL). The
exact same field of view was captured at each time point with location
guidance from the culture plate grid.

Mouse studies

All mouse experiments were carried out in accordance with the
recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health, and all efforts were made
to minimize suffering. Animals were maintained under protocols
approved by the New York University School of Medicine Animal Care
Fig. 1. SEM/EDXanalysis ofMarcellus flowbackwater. Representative SEM images reveal themo
that were analyzed by the EDX for the composition of the particulates. Samples were prepared
isolated and EDX can be performed on each particle.
and Use Committee (IACUC). Female athymic nude mice (Nu/J)
aged 6–8 weeks were injected subcutaneously with 1 × 107 various
transformed BEAS-2B cells and control cells in the left and right flanks
to generate solid human tumor xenografts. All mice were housed in
specific pathogen free (SPF) environments and observed for tumor
growth twice a week. Euthanasia was performed through carbon
dioxide overexposure per the American Veterinary Medical Association
(AVMA) guidelines.

RNA isolation and RNA-sequencing (RNA-Seq)

Total RNA was isolated from control or treated cells in biological
replicates (duplicates for control and triplicates for well water treated
samples) and polyA+ RNA was purified using poly-T oligo-attached
rphology of crystals and particles inflowback samples. The rectangles indicate the regions
at high (A) and low densities (B, C). At low density conditions, individual particles can be
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magnetic beads in accordance to Illumina's protocol for sequencing of
mRNA (RNA-Seq). Following purification, the mRNA was fragmented
into small pieces using divalent cations under elevated temperature.
Then the cleaved RNA fragments were copied into first strand cDNA
using reverse transcription and random primers, and followed by
second strand cDNA synthesis using DNA Polymerase I and RNaseH.
These cDNA fragments were then end repaired, and a single ‘A’ base
was added to allow blunt-end ligation of adapters. These products
were then purified and enriched with PCR to create the final cDNA
library suitable for high throughput DNA sequencing on the Illumina
Cluster Station and Genome Analyzer.

For RNA sequencing, each mRNA sample was uploaded onto one
lane of flow cell and sequenced in 36-nucleotide single-end run by
Illumina Genome Analyzer II (GAII). For each sample, about 20 million
raw reads were generated. Over 90% raw reads were able to be mapped
to human genome (GRCh37.71/hg19) by using Bowtie aligner (0.12.9)
with v2 and m1 parameters. Mapped reads were subsequently subject-
ed to PCR duplicates removal and reads assignment back to genemodel
was done by feature counts package. To obtain significant differential
expressed genes, the surface water and agar clone experiments were
treated as single factor multiple group design while well water experi-
ment was treated as two factor (time and dose) multiple level design.
The TMM normalization method in edgeR package (3.4.2) was applied
for data normalization cross sample groups before applying general
linear model for statistical estimate and analysis for either single factor
or two factor designed experiments. FDR adjustment was used for
multiple hypothesis test to obtain adjusted p value. A proper FDR cutoff
was set to select significant differential expressed genes for subsequent
clustering or functional analysis. The results were then validated using
quantitative real-time PCR.

Results

High barium and strontium levels in flow back water samples

Elemental analysis from ICP-MS indicated high amounts of stron-
tium(Sr, ranged from1339mg/L to 3728mg/L), and barium(Ba, ranged
from 3237 mg/L to 4989 mg/L) beside high sodium (Na, ranged from
Fig. 2. Cytotoxicity of Marcellus flow back, soluble barium and strontium. The colony formati
various concentrations of flow back (A), soluble barium (B) and strontium (C) for 3 weeks (B)
28,600 mg/L to 46,100 mg/L) and calcium (Ca, ranged from 6010 mg/L
to 15,500mg/L) levels in these samples (Table S1), which are consistent
with the results from the measurements conducted when the water
samples were originally collected (Pritz, 2010) . Only small amounts
of hexacosane and octacosane were detected from three of the five
samples (Table S1). To remove any large organics or other confounding
biotic before treating the cells, the water samples were filtered through
0.22 μm polyethersulfone membrane filters and the filtrate was again
measured via ICP-MS. As shown in Table 1, Sr and Ba levels remained
highly elevated in the filtrates, although substantially reduced from
that observed prior to filtration; a phenomenon that was also observed
with the other constituents of the samples as well. To characterize the
morphological features as well as size parameters of the particles in
these samples, SEM/EDX was used. Fig. 1 shows the representative
SEM morphology of the particles in flow back water from well 1
(Fig. 1A shows whole water with high density sample preparation,
Fig. 1B and C show filtered water with low density preparation).
Amorphous silicon aluminum oxide (SiAlOx) nano/micro-particles
ranging from 70–285 nm and amorphous zirconium oxide (ZrOx)
particles ranging from 40–140 nm, were detected in filtered flow back
samples using SEM/EDX analysis, indicating small particle aggregates
pass through the 0.22 μm pore of the filters. The EDX spectrum on
individual particles in Fig. 1B and C confirmed the SiAlOx and ZrOx
chemistry of the particles but without stoichiometric balancing,
the exact oxidation state is not known. Radiation emission detected
was not higher than normal background levels in our samples
when measured by beta detectors or gamma scintillation counters
(data not shown).
Flow back water samples transformed BEAS-2B cells in vitro

BEAS-2B cells were employed as a non-organ-specific assay system
to test the transformation activity of the flow back samples. Due to
the comparability of components of five flow back samples (shown
in Tables S1 and 1), filtered samples from well 3 (representative
flow back water after multiple use) and well 1 (representative flow
back water after single use) were chosen to treat BEAS-2B cells.
on curve was generated by culturing replated BEAS-2B cells for 16 days after exposed to
and then the number of surviving colonies was determined.



Table 2
ICP-MS analysis of BEAS-2B cells from long-term treatment by Marcellus Shale flow back
at 0.5% (v/v).

Concentration
(μg/million cells)

Ctrl Well 1 Well 3 SF

Ba 0.0017 0.1418 0.1378 N.D.
Sr 0.003 0.3941 0.4724 0.044

N.D.: not detected.
SF: cells exposed to filtered pristine lake water from Sterling Forest.
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Up to 8% (v/v) dosages were used to assay cytotoxicity. The colony
formation assay was carried out to determine an appropriate dose
of flow back water samples for treatment of the BEAS-2B cells. This
assay was performed with three biological replicates, and the total
number of colonies in each replicate fell within two standard deviations
of each other. The dose response curve (Fig. 2A) demonstrated that cell
survival decreased in a dose-dependent manner. The LC50 following
treatment for 7 days was calculated to be ~2.7% (v/v). Based on these
Fig. 3.Anchorage free growth of BEAS-2B cells exposed toMarcellus flow back. BEAS-2B cells we
free growth using a soft agar assay. 3 weeks later, cell colonies were stained with INT/BCIP an
water, SF: filtered pristine lakewater from Sterling Forest. Numbers of colonies formed by BEAS
as themean± SD (n= 3), dd: distilledwater, SF: filtered pristine lake water from Sterling Fore
mice after subcutaneous injection of control clones (ctrl clone 1) and flow back water well 1-
clone 1).
data, dosages of 0.13%, 0.25%, 0.5%, 1%, 2%, and 4% were subsequently
selected to determine cytotoxicity from long-term water treatment.
After 10 days, the BEAS-2B cells treated with 4% flow back failed to
survive, while cells treated with the lower doses all survived and were
subsequently exposed to flow back water for total of 6 weeks. Soluble
barium chloride (Ba II) and strontium chloride (Sr II) were used to
determine individual cytotoxicity of each metal. The LC50 of Ba (II)
following treatment for 7 days was calculated to be ~8 mg/L (Fig. 2B),
this concentration is parallel to the concentrations of Ba when the
two studied flow back samples were diluted to 2.7% (12.21 mg/L
for well 1 and 16.11 mg/L for well 3), indicating Ba plays a major role
in cytotoxicity ofMarcellus Shaleflowbackwater. Sr (II) showed no sig-
nificant cytotoxicity even at the 2 mM concentration in the culture me-
dium (Fig. 2C), which indicated that the cytotoxicity of Ba was not
driven by an elevation in osmolality (2 mM SrCl2 generates same
amount of osmolality as 2 mM BaCl2).

A subset of treated BEAS-2B cells (at 5 week) was collected and the
uptake of metals by the cells was then examined by ICP-MS, the metals
that increased significantly in flowbackwater treated cells are shown in
re exposed to various concentrations offlow back for 6weeks, and assessed for anchorage
d photographed. Panel A shows representative plates in soft agar assay, control: distilled
-2B cells exposed to flow backwell 1 and flow backwell 3 (B)were counted and presented
st. Panel C shows representative image and the actual number of tumor formation in nude
transformed cells (well 1 clone 1) and flow back water well 3-transformed cells (well 3
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Table 2. As expected, Ba and Sr levels increased significantly in cells after
long-term treatments when compared to levels in control treated cells
(Table 2).

BEAS-2B cells treated with flow back water for 6 weeks were tested
for anchorage independent growth using the soft agar colony-forming
assay (Fig. 3A and B). The soft agar assay was performed using three
biological replicates, and the total number of colonies in each replicate
fell within two standard deviations of each other. A dose-dependent
increase in colony number in soft agar was observed, with the greatest
number of colonies arising from cells treated with 0.5% flow back
water recovered fromwells 1 and 3 (Fig. 3B). A small number of control
cells spontaneously formed colony like clusters in agar; however the
numbers were significantly fewer and sizes were considerably smaller
(Fig. 3B).

For further transformation studies, the 0.5% (v/v) dose was selected
as this dose generated the greatest number of flow back water trans-
formed clones without being cytotoxic. Colonies were then isolated
from soft agar, trypsinized and expanded in monolayer culture. Five
out of six mice injected with cells transformed from well water treat-
ments developed tumors, while the mice injected with control clones
did not form tumors after 6 months (Fig. 3C), indicating the produced
flow back water is capable of neoplastic transformation in vitro.

After expansion in monolayer culture, clones generated from flow
back water treatments exhibited a distinct cell morphology compared
to those derived from control clones. As shown in Fig. 4A, control
clone cells were flat, diamond-shaped, and similar to their parental
BEAS-2B cells, while clones generated from cells treated with flow
back water from wells 1 or 3 were rounder, forming a more compact
cobblestone-likemonolayer. In addition, these clones exhibited a slight-
ly faster growth rate as compared to control cells after 72 h cell culture
(Fig. 4B).

Five out of six mice injected with cells transformed fromwell water
treatments developed tumors as early as 3 months after the injection.
One mouse carrying xenograft tumor developed from well 1-flow-
back-water-transformed-BEAS-2B was sacrificed 5 months after the
Fig. 4. Analysis of transformed cells derived from soft agar. (A) Representative image of normal
flow back well 1 transformed cells (well 1 clone) or flow back well 3 transformed cells (well 3
2500 cells/well in 24-well plates. Cells were trypsinized and counted at the indicated time poin
lake water from Sterling Forest.
injection when the tumor diameter reached 1 cm, others were kept in
SPF facility until 6 months after the injection; the tumor diameters
ranged from 0.2 cm to 0.6 cm. The mice injected with control clones
did not form tumors after 6 months (Fig. 3C); indicating the produced
flow back water is capable of neoplastic transformation in vitro.

Enhanced migration of flow back water transformed BEAS-2B

After expansion in monolayer culture, clones generated from flow
back water treatments exhibited a distinct cell morphology compared
to those derived from control clones. As shown in Fig. 4A, control
clone cells were flat, diamond-shaped, and similar to their parental
BEAS-2B cells, while clones generated from cells treated with flow
back water from wells 1 or 3 were rounder, forming a more compact
cobblestone-likemonolayer. In addition, these clones exhibited a slight-
ly faster growth rate as compared to control cells after 72 h cell culture
(Fig. 4B).

Surviving clones from both treatment groups were then assayed for
cell migration. Matrigel assay showed that BEAS-2B cells transformed
by flow back well water samples presented an enhanced migration
capacity than control cells (Fig. 5A). In line with the results from
Matrigel assay, all of the clones generated from flow back water treat-
ments were able to heal the wound by 36 h post-scratch while control
clones failed to heal the wound in the same amount of time (Fig. 5B).

Altered transcription profile in flow back water transformed BEAS-2B

We analyzed transcription profiles of transformed cells by sequenc-
ing the RNA libraries prepared from clones generated from flow back
water treatments and control clones (Fig. 6). Multidimensional scaling
and hierarchical clustering dendrogram revealed that transformed
clones cluster according to their treatment group. The transcription
profiles were then analyzed by DAVID Bioinformatics Resources 6.7
(National Institute of Allergy and Infectious Diseases, NIH). The differen-
tially expressed genes have been listed in Table S3 (well 1 clones Vs ctrl
BEAS-2B cells derived from spontaneously derived colonies of untreated cells (ctrl clone),
clone) grown in low density. (B) Control and flow back transformed cells were seeded at
t. Results were represented asmean± SD (n= 3), DD: distilled water, SF: filtered pristine
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clones) and Table S4 (well 3 clones Vs ctrl clones). For DAVID analysis,
differentially expressed genes (Table S5) that are common in both
well 1 and well 3 clones were used. The genes with up-regulated
expression in transformed clones were over-presented by inflamma-
tion, cell migration, cell proliferation and wnt signaling pathway
(Fig. 6C), while down-regulated genes were over-presented by
adherens junction, apoptosis, and endocytosis (Fig. 6D), which are
consistent with the phenotypes we observed in transformed clones
(Figs. 4 and 5).

The transcription factor binding motifs overrepresented at the dif-
ferentially expressed genes' promoter sequences (−250 and +50
base pairs around the transcription start site) were identified using
Opossum 3.0 with JASPAR CORE transcription factor binding profiles.
The conservation cutoff was set at 0.6 and only those transcription
binding sites with Z-score N =10 and Fisher score N =7 were shown
in Fig. 6E (transcription binding sites associated with up-regulated
genes) and Table S6 (transcription binding sites associated with
down-regulated genes). Interestingly, the over-represented conserved
transcription binding sites in up-regulated genes (Fig. 6E) are of
transcription factors that are known to associate with cancer (SP1,
HIF-1α, MZF1) and stem cell self-renewal (KLF4, NFYα).
Fig. 5. Enhanced cell migration of transformed BEAS-2B. (A) Representation (top) and quantifi
BEAS-2B cells. *p b 0.05 (B)flow back transformed clones healed thewound faster than the cont
captured at each time point with guidance from the grid on the cell culture plates.
Discussion

The objective of this study was to investigate the potential cytotox-
icity and transforming activity of Marcellus Shale well flow back water
to mammalian cells. To the best of our knowledge, this is a first report
of this nature. Human and animal exposure to flow backwater occurred
through leakage or improper fencing of impoundments, and/or via
alleged compromise of a liner in an impoundment to drain fluid, direct
discharging of the flow back water to the creeks and nearby land
(Bamberger and Oswald, 2012).

Ba and Sr appeared to be metals with high concentrations in these
aged flow back samples that were found elevated in cells after long-
term treatment. There are reports showing arsenic and selenium are
constituents of gas containing rock bed (Haluszczak et al., 2013;
Jackson, 2013), however, these elements were below the detection
limit of ICP-MS in these specific five flow back water samples. Based
on this study and previous report (Jackson, 2013), the high Ba and Sr
levels are not likely due to fracking procedure but rather the nature of
Marcellus Shale. Sr and Ba are two alkaline elements thatmimic calcium
in the body of living organisms, therefore high concentration of Ca will
reduce the absorption of these twometals (Comar et al., 1957). In these
cation (bottom) of Matrigel invasion assay showing the in vitro migration of transformed
rol clones. All imageswere captured at 100×magnification, and the same field of viewwas



Fig. 6. RNA-Seq analysis of transformed BEAS-2B cells. (A) Hierarchical clustering dendrogram shows 1298 genes resulting from a multiple hypothesis test, FDR b 0.05, for all 8 clones
(6 flow back water-transformed clones, 2 control clones). Genes that were increased in expression compared to their control clones are shown in red while under-expressed genes are
depicted in blue. (B) Amultidimensional scaling plot shows that clones derived from individual flowbackwaterwells treated cells generally cluster together. (C andD)GO analyses show-
ing the major canonical pathways associated with the genes (C) upregulated and (D) downregulated in flow back well water sample transformed BEAS-2B cells. (E) Identification of the
overrepresented transcription factor binding motifs at the promoters of genes upregulated in flow back well water sample transformed BEAS-2B cells.
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flow back water samples, we found high concentration of Ca, however,
after long-term treatment, the absorption of Ba and Sr was still detect-
able by ICP-MS.

Although the World Health Organization (WHO) 4th edition of
health-based guidelines sets 700 μg/L as a guideline for Ba levels in
drinking water, a lower level (i.e., 343.3–686.6 μg/L) of Ba alone pro-
motes transforming activity of several cell lines (Thang et al., 2011).
It's notable that the concentrations of Ba in the flow back water we
used were at 2262 μg/L (well 1) and 2982.5 μg/L (well 3). In Iran, Sr
concentrations in drinking water, soil, and grain samples are much
higher (3437.3 μg/L) in areas with a high esophageal cancer incidence
rate (i.e., Gonbad–Dashlibroon and Marave Tappeh regions) compared
to those in areas where the esophageal cancer incidence is lower
(Keshavarzi et al., 2012a; Keshavarzi et al., 2012b), suggesting adverse
impacts of Sr to human health. Notably, the concentrations of Ba and
Sr in our whole flow back water samples are at least a thousand-fold
higher than concentrations in the drinking water from these areas,
making direct discharge of flow back to surface water body a pressing
water and soil pollution problem, which in turn could affect the health
of animals and humans in close proximity. Furthermore, we believe
the major components in the aged water samples that we tested in
this study are also present in conventional gas drilling flow backwaters.
Our work suggested the importance of proper wastewater regulation
and treatment before its discharge to surface water, and it is applicable
to both conventional and unconventional gas drillings.

In response to concern over flow back and produced water
discharges, the Pennsylvania Department of Environmental Protection
(PADEP, Pennsylvania is the state where the wastewater in this study
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was originated from) proposed a new strategy that would add effluent
standards for oil and gas wastewaters of 500 mg/L for total dissolved
solids, 250 mg/L for sulfates, 250 mg/L for chlorides, and 10 mg/L
for total Ba and total Sr (Veil, 2010). Moreover, the Pennsylvania
Environmental Quality Board approved the new discharge require-
ments as revisions to the Pennsylvania regulations (Veil, 2010). As the
Marcellus Shale development grows in popularity, operators seek to
bring more truckloads of salty flow back and produced water to the
treatment plants. In this case, it is most likely that the increased input
of total dissolved solids will result in increased levels of total dissolved
solids in the discharge. Close monitoring and restrictions on the dis-
charge should be conducted to limit the impact on animal and human
health. National pollutant discharge elimination system that requires
that the volume of wastewater from oil and gas sources may not exceed
1% of the average daily flow has been adopted by many of the water
treatment works (Veil, 2010); whether this regulation is sufficient to
prevent the environmental impact on the ecosystem warrants further
investigation.

The flowbackwater used in this studywhile transformativemay not
be truly representative as it was aged prior to the physical–chemical
characterization necessary in this set of experiments; and thus neither
significant amount of radioactivity or organic compounds was present.
While the time of laboratory storage accounted for changes in the
chemistry of the samples, it could be noted that some wastewater
generated from hydraulic fracturing has been stored in disposal pits
for years and may therefore be more representative of the long term
hazards posed by improper disposal or containment. Results from this
study suggest that even aged flow back water could pose substantial
health threats to exposed humans. The absence of volatile organic
compounds aided in the identification of toxicity due mostly from Ba,
Sr, or other metals in the flow back waters. Due to limited resource,
we were not able to measure Radium (Ra226 and/or Ra228 which
have been reported in some of the other Marcellus Shale flow back
water samples (Pritz, 2010). Ra226, an alpha emitter, has a half-life of
about 1600 years with accompanying gamma radiation; and Ra228, a
beta emitter, has a half-life of 5.76 years). We attempted to determine
whether there was any gamma radiation emitted from the water
using a gamma counter but we did not detect any radiation. The mea-
surements of metals in the filtrates and cells exposed to the filtrates
helped us to assess the presence of toxic metals and their relative
concentrations.

The cells transformed by flow backwater formed tumors in athymic
nude mice and exhibit higher migration ability in transwell assay and
wound healing assay. These phenomena have been further supported
by gene expression analysis. Cell migration pathways are up-regulated
and adherent junction pathways are down-regulated in flow back
water transformed cells. This is a common phenomenon for malignant
cell transformation which we have reported earlier nickel, arsenic or
vanadium transformed BEAS-2B cells (Clancy et al., 2012). However,
the transcription profile alteration induced by flow back water which
contains various kinds of elements still has its distinguish signature.
The genes with increased expression level in flow back water trans-
formed cells are over-represented by inflammation, while the down-
regulated genes are over-represented by endocytosis; indicating the
cells went through an inflammation reaction and a reduction of endocy-
tosis to cope with elevated metal levels in their micro-environment
upon their encounter with metal enriched flow back water. However,
based on the data we gathered, we are not able to tell whether the
malignant transformation activity was solely from Ba, Sr or othermetals
that have been detected in the flow back waters at lower levels.

It is worth noting that binding sites of a few transcription factor that
are associated with stem cell self-renewal (KLF4, NFYα) and cancer
(SP1, HIF-1α, MZF1) are found to be over-represented in genes with
up-regulated expression in flow back water transformed cells. MZF1
(myeloid zinc finger 1) is also up-regulated at its gene expression
level. The overexpression of MZF1 was reported to inhibit apoptosis
and induce migration, invasion, tumor formation, and metastasis
in vivo in cultured colorectal and cervical cancer cells (Mudduluru
et al., 2010). Our expression analysis against transformed cells provided
a potential molecular mechanism of how flow back water transforms
human cells at gene expression level. In addition, it has been previously
shown that there is a fingerprint of gene expression in transformed
clones that is characteristic for each metal that was used to induce
the anchorage independent growth (Clancy et al., 2012). This seems to
be also true for the flow back water induced transformation and
this finding argues that Ba and perhaps Sr were the major carcinogenic
species in the flow back water.

Conclusions

Ourwork has provided the first line of evidence thatMarcellus Shale
flow back water induces malignant cell transformation in vitro. The
BEAS-2B cells exposed to flow back water up to six weeks appeared to
be transformed and exhibiting altered morphology as compared to
parental cells. The present work also provided Ba and Sr as hydraulic
fracturing-related target pollutants in addition to the more classically-
studied fracking contaminants (i.e., radioisotopes andmethane) for fur-
ther investigation. Research to determine whether fracking-associated
pollutants can migrate to private or public drinking wells, to identify
early warning indicators of exposure and effect, and to identify suitable
remediation approaches are urgently needed. Descriptive and analytical
epidemiological studies along with animal model studies will help to
better understand the health impact associated with unconventional
shale gas production.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.taap.2015.07.011.
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ABSTRACT: The United States Environmental Protection
Agency (EPA) identified 1173 chemicals associated with
hydraulic fracturing fluids, flowback, or produced water, of
which 1026 (87%) lack chronic oral toxicity values for human
health assessments. To facilitate the ranking and prioritization
of chemicals that lack toxicity values, it may be useful to
employ toxicity estimates from quantitative structure−activity
relationship (QSAR) models. Here we describe an approach
for applying the results of a QSAR model from the TOPKAT
program suite, which provides estimates of the rat chronic oral
lowest-observed-adverse-effect level (LOAEL). Of the 1173
chemicals, TOPKAT was able to generate LOAEL estimates
for 515 (44%). To address the uncertainty associated with
these estimates, we assigned qualitative confidence scores
(high, medium, or low) to each TOPKAT LOAEL estimate, and found 481 to be high-confidence. For 48 chemicals that had
both a high-confidence TOPKAT LOAEL estimate and a chronic oral reference dose from EPA’s Integrated Risk Information
System (IRIS) database, Spearman rank correlation identified 68% agreement between the two values (permutation p-value =1 ×
10−11). These results provide support for the use of TOPKAT LOAEL estimates in identifying and prioritizing potentially
hazardous chemicals. High-confidence TOPKAT LOAEL estimates were available for 389 of 1026 hydraulic fracturing-related
chemicals that lack chronic oral RfVs and OSFs from EPA-identified sources, including a subset of chemicals that are frequently
used in hydraulic fracturing fluids.

■ INTRODUCTION
Hydraulic fracturing is a stimulation technique used to increase
production of oil and gas from geological formations, especially
from unconventional reservoirs such as shale, tight sands, and
coalbeds. Large volumes of pressurized fluids are injected into
subsurface wells to fracture the hydrocarbon formation,
resulting in the release of oil or gas.1,2 While this practice has
enabled an increase in oil and gas production in the United
States, there are concerns about potential public health
implications, including the potential for hydraulic fracturing-
related chemicals to impact drinking water resources.1−6

Chemicals associated with hydraulic fracturing activity
include gelling agents, breakers, surfactants, corrosion inhib-
itors, and others, which are used as additives in hydraulic
fracturing fluids.7−9 Other chemicals, such as naturally
occurring organic and inorganic compounds, may be mobilized
from the formation during drilling and hydraulic fracturing
activity. This mixture of chemical additives and chemicals from
the formation may return to the surface in flowback and
produced water from the well.10,11 “Produced water” is a
general term used to refer to water that flows from oil and gas
wells, which may include hydraulic fracturing fluids as well as

natural waters from the formation. “Flowback” is a type of
produced water, and refers to fluids containing predominantly
hydraulic fracturing fluids that return to the surface after the
pressure on a well is initially released. Flowback and produced
water are generally stored in open air impoundments or storage
containers at the well site, and may be recycled, treated for
release into waterways, or disposed of in underground injection
wells.12−14 To date, a lack of exposure assessment data and
systematic studies makes it difficult to assess the extent to
which people may be exposed to these chemicals in hydraulic
fracturing fluids, flowback, and produced water via contami-
nation of drinking water resources.6,15 However, there are
specific instances in which hydraulic fracturing activities have
been implicated in the contamination of groundwater and
surface water. Events that may lead to contamination include
surface spills, leaks from flowback/produced water storage pits,
and well blowouts.16−20
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There have been efforts to compile data on the toxicity of
chemicals in hydraulic fracturing fluids, flowback, and produced
water. The U.S. Environmental Protection Agency (EPA)
recently released the external review draft of the Assessment of
the Potential Impacts of Hydraulic Fracturing for Oil and Gas on
Drinking Water Resources,21 which identified a list of 1173
chemicals that have been associated with hydraulic fracturing
operations nationwide. This list includes 1076 chemicals used
as additives in hydraulic fracturing fluids, and 134 chemicals
reported in flowback or produced water. Using selected high-
quality data sources, EPA compiled toxicity values for these
chemicals when available, including chronic oral reference
values (RfVs) for noncancer toxicity and oral slope factors
(OSFs) for cancer. These values are commonly used by risk
assessors to evaluate hazards of long-term chemical exposure
via drinking water. Chronic oral RfVs estimate the amount of
chemical that can be ingested daily by the human population
(including sensitive subgroups) that is likely to be without
appreciable risk of health effects over a lifetime.22 OSFs are the
upper bound on increased cancer risk from lifetime oral
exposure to a chemical.22 We recently performed an analysis of
EPA’s data compilation,23 and reported that the selected
chronic oral RfVs or OSFs are available for 90 (8%) of the
chemicals used in hydraulic fracturing fluids, and 83 (62%) of
chemicals reported in flowback/produced water. Of the 36
chemicals used in hydraulic fracturing fluids in at least 10% of
wells nationwide, eight chemicals (22%) have a chronic oral
RfV. Overall, chronic oral RfVs or OSFs were lacking for 1026
(87%) chemicals on EPA’s total list, suggesting a significant
data gap for risk assessment.23 In a similar vein, other studies in
the peer-reviewed literature have found that relevant toxicity
data is often lacking for chemicals used in hydraulic fracturing
fluids.5,9,24,25

To facilitate the ranking and prioritization of potentially
hazardous chemicals at hydraulic fracturing sites, alternative
approaches may be used when toxicity values like RfVs or OSFs
are not available. Quantitative structure−activity relationship
(QSAR) models are one such approach that may provide useful
information. QSAR toxicity models operate on the assumption
that molecular structure or other chemical properties can be
adequately correlated to biological activity. The models are
developed using a “training set” of selected chemicals that have
experimentally derived toxicity data, and employ statistical
relationships (regression or classification models) to estimate
toxicity for new chemicals of interest based on similarities in
their structure and properties to the training set.26 A key
advantage of QSAR models is that they require only a chemical
structure, and can allow for the estimation of toxicity on
thousands of chemicals at once, making these models amenable
to situations where empirical data are not available.26−29 A
disadvantage is that QSAR models are generally considered to
have more uncertainty than animal models.27,28

To our knowledge, TOPKAT (“Toxicity Prediction by
Komputer Assisted Technology”) is the only commercially
available QSAR software capable of estimating a quantitative
value related to the point of departure (POD) for toxicityin
this case, the rat chronic oral lowest-observed-adverse-effect
level (LOAEL). The LOAEL is defined as the lowest exposure
level at which there are biologically significant increases in the
frequency or severity of adverse effects between the exposed
population and its appropriate control group.22 Unlike RfVs,
LOAELs are not health-protective values, because they describe
a dose at which effects are known to occur. However, chronic

oral LOAELs are useful for ranking chemicals based on
potential toxicity, and are relevant for evaluating hazards due to
long-term chemical exposure via drinking water. We are
interested in evaluating the feasibility of using TOPKAT
LOAEL estimates to evaluate the potential toxicity of chemicals
associated with hydraulic fracturing activity, as risk assessors or
researchers may choose to employ these estimates if they are
faced with numerous data-poor chemicals at a field site.
Here, we use TOPKAT to generate LOAEL estimates for

EPA’s list of chemicals in hydraulic fracturing fluids, flowback,
and produced water, and describe an approach for using these
estimates to rank and prioritize these chemicals based on
potential toxicity. To address some of the limitations and
uncertainties in using QSAR models, we develop and apply a
framework for assigning qualitative confidence levels (high,
medium, low) to the TOPKAT LOAEL estimates. We then
verify the ability of high-confidence TOPKAT LOAEL
estimates to rank these chemicals based on relative hazard,
and examine how many high-confidence TOPKAT LOAEL
estimates are available for chemicals on EPA’s list that lack
chronic oral RfVs and OSFs. In keeping with the scope of
EPA’s hydraulic fracturing study, our analysis is focused on
toxicity values for oral exposure via drinking water; toxicity
values for other potential routes of exposure to these chemicals
(e.g., inhalation, dermal) are not evaluated here. Risk assessors
and researchers may use this approach in combination with
chemical exposure data from specific field sites, in order to
create an overall risk ranking and assist in public health decision
making.

■ MATERIALS AND METHODS
EPA’s List of Hydraulic Fracturing-Related Chemicals

and Associated Toxicity Values. EPA’s identification of
hydraulic fracturing-related chemicals and their associated
toxicity values was described in the external review draft of
the Assessment of the Potential Impacts of Hydraulic Fracturing for
Oil and Gas on Drinking Water Resources,21 and was reviewed in
the concurrent study by our group.23 Briefly, EPA used ten
sources of information to compile a list of 1173 chemicals
associated with hydraulic fracturing fluids, flowback, or
produced water. This list represents a nationwide assessment;
individual sites will likely have only a small fraction of the
chemicals on this list, and may have additional chemicals that
were not identified on this list.
EPA identified toxicity values when available for these 1173

chemicals, using six selected data sources: EPA’s Integrated
Risk Information System (IRIS) database, EPA’s Provisional
Peer-reviewed Toxicity Value (PPRTV) database, EPA’s
Human Health Benchmarks for Pesticides (HHBP) database,
the Agency for Toxic Substances and Disease Registry
(ATSDR), the World Health Organization Concise Interna-
tional Chemical Assessment Documents (CICAD), and the
California Environmental Protection Agency (CalEPA) Tox-
icity Criteria Database. These data sources were selected
because they met criteria set forth by the EPA for the purpose
of this study, as described in Appendix G in the draft Assessment
of the Potential Impacts of Hydraulic Fracturing for Oil and Gas
on Drinking Water Resources.21 From these six sources, chronic
oral RfVs and OSFs were cumulatively available for 147 (13%)
of the total 1,173 chemicals. The complete list of chemicals and
toxicity values and data sources was finalized as of June 4, 2015,
and is available at EPA’s draft database for this study (http://
cfpub.epa.gov/ncea/hfstudy/recordisplay.cfm?deid=308341).30
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QSAR Toxicity Estimation using TOPKAT. We used v3.1
of the TOPKAT LOAEL model (implemented via Accelrys
Discovery Studio 3.5, 2012) to generate LOAEL estimates for
EPA’s list of hydraulic fracturing-related chemicals. This version
of the TOPKAT LOAEL model was developed using a training
set of 393 chemicals (including acyclics, alicyclics, hetero-
aromatics, single benzenes, and multiple benzenes) with
experimentally derived rat chronic oral LOAELs from National
Toxicology Program technical reports, EPA databases, and the
scientific literature. The LOAELs used in the training set may
be based on a variety of biological endpoints, including
hepatotoxicity, reproductive/developmental toxicity, neuro-
toxicity, and immunotoxicity. TOPKAT does not disclose
which data were used in the training set, nor does it report
which biological endpoint is associated with the LOAEL
estimate reported by the model. Additional information on the
TOPKAT LOAEL model is available from previously published
studies.27−29

Due to modeling restrictions, LOAELs can be estimated only
for organic chemicals whose structures were desalted. TOP-
KAT was able to estimate LOAELs for 515 (44%) of the 1173
hydraulic fracturing-related chemicals on EPA’s list. The
remaining chemicals were not able to be modeled due to the
nature of their chemistry (e.g., inorganic salts, metals, metal-
containing organics, and others) or the fact that they were
mixtures (e.g., petroleum distillates, guar gum) or polymers.
For these 515 chemicals, we additionally used the TOPKAT

LD50 model to estimate rat oral LD50s. The LD50 is the dose
that results in death for 50% of the tested animals. The
TOPKAT LD50 model is based on a training set of 4000
chemicals, and consists of 19 submodels that use molecular
structure to perform predictions. The TOPKAT LD50 estimates
were used in the qualitative confidence analysis, described in
the text below.
The full list of 515 chemicals and their associated TOPKAT

LOAEL estimates, LD50 estimates, and qualitative confidence
scores can be found in the Supporting Informaiton Table in the
tab “TOPKAT LOAELS”.
Qualitative Confidence Analysis. We developed a

method to determine the qualitative confidence (high, medium,
or low) associated with the TOPKAT LOAEL estimates. These
confidence scores are based primarily on the structural
similarities between a query chemical and the training set
that was used for TOPKAT LOAEL model development. This
is an appropriate metric for establishing confidence, as a QSAR
model can only be expected to give reliable predictions for
chemicals that are similar to those used to develop the model.31

The confidence scores also take into account the relationship
between the TOPKAT LOAEL estimate and the TOPKAT
LD50 estimate, which is another metric that warrants
consideration as part of the overall weight of evidence. The
following three scores were developed and then summed to
calculate a composite score:
Optimum Prediction Space (OPS) Score. OPS is the

measure used by TOPKAT to assess the applicability domain
of the model, which is the chemical space in which the model is
expected to be able to make predictions. The chemical space is
defined as the universe of chemical structures that were used to
train the model. If the structure of a query chemical is similar to
those within the universe, then it is likely within the OPS of the
model. We assigned a score of 2 when the chemical was within
the OPS, a score of 1 when the chemical was within the OPS
with the exception of a marginal value (i.e., is near the edge of

the OPS, as defined by TOPKAT), and a score of 0 when the
chemical was likely outside of the OPS.

Unknown Fragments (UFS) Score. This score is based on
chemical fragments, which are the chemical substructures used
as parameters in the TOPKAT LOAEL model. A chemical
fragment may be as simple as a methyl group, or as complex as
a hydroxylated ring structure with an R-group or a branched
halogenated trans-alkene. Unknown fragments are those not
represented within the model’s training set, and may alter
biological activity in ways that cannot be predicted by the
model. It is possible for a chemical to be within the OPS while
also having a fragment that is not otherwise known or present
within the training set. We assigned a score of 2 when a
chemical has 0 unknown fragments, a score of 1 when a
chemical has 1 unknown fragment, and a score of 0 when a
chemical has 2 or more unknown fragments.

LD50 Score. By definition, the LD50 should be greater than
the LOAEL. We assigned a score of 1 if the TOPKAT LD50
estimate was greater than the TOPKAT LOAEL estimate.
Otherwise, we assigned a score of 0.
The composite score was calculated as the sum of the OPS

Score, UFS Score, and LD50 Score. Thus, chemicals with the
highest confidence are within the chemical space of the model’s
training set (OPS Score), have no unknown fragments (UFS
Score), and have a TOPKAT LD50 estimate that is greater than
the TOPKAT LOAEL estimate (LD50 Score). Composite
scores of 4 or 5 are deemed high-confidence, a score of 3 is
deemed medium-confidence, and a score of 0, 1, or 2 is deemed
low-confidence.

QSAR LOAEL-Based Rank Verification. To evaluate the
suitability of TOPKAT LOAEL estimates for chemical ranking
and prioritization, a comparison was made between a ranking
based on high-confidence TOPKAT LOAEL estimates and a
ranking based on IRIS chronic oral reference doses (RfDs),
when these two values were available for those same chemicals.
IRIS chronic oral RfDs are one of the RfVs identified by EPA
during the compilation of toxicity values for the hydraulic
fracturing study.23 We chose IRIS chronic oral RfDs for this
comparison because they enabled us to focus on the largest
subset of toxicity values that were derived using a consistent
approach; toxicity values from multiple sources would
introduce a higher level of uncertainty and variability into our
analysis. IRIS chronic oral RfDs are typically derived starting
with a POD that was observed in humans or in an animal
modelgenerally, a LOAEL, no-observed-adverse-effect level
(NOAEL), no-observed-effect level (NOEL), or benchmark
dose lower confidence limit (BMDL)and applying un-
certainty factors of up to several orders of magnitude to derive
a value for the protection of human health.32

For the comparison of rank orders, we identified all
chemicals that had both a high-confidence TOPKAT LOAEL
estimate and an IRIS chronic oral RfD, and ranked the
chemicals (i.e., ordered from most toxic to least toxic)
according to each of these values. IRIS had chronic oral RfDs
for 77 of the 1173 chemicals, of which there were high-
confidence TOPKAT LOAEL estimates for 51 of these. To
prevent a potential overlap between the TOPKAT LOAEL
model training set and the PODs used to derive IRIS chronic
oral RfDs, we excluded from this analysis all IRIS chronic oral
RfDs that were derived from rat LOAELs (n = 3). Such an
overlap would confound the correlation analysis. The values for
the remaining 48 chemicals were used in calculating a
Spearman rank correlation (R version 3.2.0) to evaluate the
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similarity between the two rank orderings. In order to
determine statistical significance, we followed this with a
permutation test, in which we performed the Spearman rank
correlation 100 000 times with the chemical ranks randomly
assigned in the TOPKAT and IRIS groups (R version 3.2.0). By
randomly assigning the ranks, we constructed a distribution of
the Spearman correlation values that could occur by chance for
the chemicals.
As an additional and more conservative measure to ensure

against potential confounding, the correlation analysis was then
repeated using only those chemicals that were not present in
the TOPKAT LOAEL model training set (n = 27). The
concern here is that there could be statistical correlation
between RfDs and the LOAELs used in the training set, even if
these values were derived from different species. TOPKAT
does not provide a list of chemicals that were used in the
training set, but we were able to identify these chemicals based
on the “similarity distance” reported in the output of each
TOPKAT LOAEL estimate. Similarity distance is an indicator
of how similar a chemical structure is to the chemicals that were
used in the TOPKAT training set, and a similarity distance
score of 0 indicates that a chemical is an exact match for a
chemical in the training set.
For the Spearman rank correlations, TOPKAT LOAEL

estimates were rounded to three significant figures. Further
rounding would have led to numerous ties in the rank ordering,
which would change the correlation results. Therefore, in order
to reflect the model output and maintain a reasonable estimate
of the rank ordering, we did not round the TOPKAT estimates
further. Moudgal et al.29 similarly report TOPKAT LOAEL
estimates at 3−4 significant figures.
QSAR-Informed Prioritization of Hydraulic Fracturing-

Related Chemicals. We assessed how many high-confidence
TOPKAT LOAEL estimates were available for the chemicals
on EPA’s list that had neither a chronic oral RfV nor OSF
available. The full list of chemicals that had TOPKAT LOAEL
estimates, but for which a chronic oral RfV or OSF was not
available, can be found in the Supporting Information Table in
the tab “TOPKAT ranked chemicals”. Within this tab,
chemicals are ordered from highest to lowest in terms of
estimated toxicity.
In our concurrent study,23 we analyzed the project database

of EPA’s Analysis of Hydraulic Fracturing Fluid Data from the
FracFocus Chemical Disclosure Registry 1.0,33 and identified a list
of 36 chemicals that were reported in at least 10% of disclosures
on the database. The FracFocus Chemical Disclosure Registry
1.0 (“FracFocus 1.0”) is a national hydraulic fracturing chemical
registry developed by the Ground Water Protection Council
and the Interstate Oil and Gas Compact Commission, and was
one of the ten data sources used to compile the list of chemicals
for EPA’s hydraulic fracturing study. “Disclosure” refers to all
data submitted for a specific oil or gas well for a specific fracture
date, including data on chemical usage. Here, we assessed the
availability of TOPKAT LOAEL estimates for this list of
frequently used chemicals from FracFocus 1.0.

■ RESULTS AND DISCUSSION
TOPKAT LOAEL Estimation. Overall, TOPKAT was able

to generate LOAEL estimates for 515 (44%) of the total 1173
hydraulic fracturing-related chemicals identified by EPA. Of the
1076 chemicals used in hydraulic fracturing fluids, TOPKAT
was able to generate estimates for 453 (42%). Of the 134
chemicals reported in flowback/produced water, TOPKAT was

able to generate estimates for 86 (64%). TOPKAT LOAEL
estimates for chemicals used in hydraulic fracturing fluids
ranged from 1.50 mg/kg [N-(3-Chloroallyl)hexaminium
chloride] to 4,040 mg/kg [Di(2-ethylhexyl) phthalate]. TOP-
KAT LOAEL estimates for chemicals in flowback/produced
water ranged from 0.442 mg/kg-day (dieldrin) to 4740 mg/kg
(dioctyl phthalate). Note that lower LOAEL values indicate
greater toxicity.
It is important to keep in mind that EPA’s list represents a

nationwide assessment, encompassing the range and variety of
chemicals that may be present in hydraulic fracturing fluids,
flowback, or produced water.23 Some chemical additives are
known to be used frequently in hydraulic fracturing fluidsfor
instance, see our analysis of frequently used chemicals, below.
For other chemicals, the frequency of use is unclear. Many
chemicals have some reported use in hydraulic fracturing fluids,
but were not identified in EPA’s analysis of FracFocus 1.0, due
in part to differences in reporting requirements between states.7

Within FracFocus 1.0, industry operators were not required to
disclose chemicals claimed as confidential business information
(CBI).7 The use of CBI likely limits the completeness of EPA’s
chemical list.
Regarding flowback/produced water, some chemicals on

EPA’s list are known to be widely detected. Examples include
BTEX (benzene, toluene, ethylbenzene, xylenes), napthalene,
and related hydrocarbons, which are well-known to be
characteristic of produced water from both conventional and
unconventional formations.34 For other chemicals, the like-
lihood of detection is less clear. For instance, EPA’s list includes
several banned pesticides (dieldrin, aldrin, heptachlor, hepta-
chlor epoxide, lindane, and others) that have been detected in
flowback/produced water from hydraulically fractured wells in
the Marcellus shale, but do not have reported use in hydraulic
fracturing fluids.12,34 It is possible that these banned substances
were present as residues in the supply water that was used for
well injection, or were mobilized from the soil or underground
at the well site. More discussion on EPA’s chemical list can be
found in our concurrent study.23

Overall, the chemicals used in hydraulic fracturing fluids or
detected in flowback/produced water will vary from site to site,
and will depend upon the chemicals that are injected into the
well, along with site-specific geological and chemical character-
istics of the well formation. To develop a site-specific
characterization of potential human health hazards, the toxicity
estimates presented here are best used in combination with
data on chemicals present at a specific field site.

Qualitative Confidence Analysis. Figure 1 shows all 18
possible permutations of the qualitative confidence score,
represented as a decision tree. Based on these possible
permutations, 481 (93%) out of the total 515 chemicals
received a high confidence score, 29 chemicals (6%) received a
medium confidence score, and 5 chemicals (1%) received a low
confidence score. The chemicals receiving high confidence
scores included 422 chemicals that are used in hydraulic
fracturing fluids, and 81 chemicals that have been reported in
flowback and produced water.
Figure 1 illustrates how, to have high confidence in a

TOPKAT LOAEL estimate, the chemical must be within the
chemical space of the model, or at least marginally within it
(OPS score of 1 or 2); and have at most 1 unknown fragment
(UFS score of 1 or 2). If a chemical is only marginally within
the chemical space of the model (OPS score of 1), it must not
have any unknown fragments, and must have an LD50 estimate
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greater than the LOAEL estimate, for the LOAEL estimate to
gain a rating of high confidence.
Although the relationship between the TOPKAT LOAEL

estimate and TOPKAT LD50 estimate is considered as part of
the weight of evidence used to calculate the qualitative
confidence score, we regard it as being a less reliable metric,
since the TOPKAT LD50 model is susceptible to error and
limitations. If a chemical is within the OPS of the LOAEL
model and has no unknown fragments, a discrepancy in the
relationship between the LOAEL and LD50 estimates may
simply indicate that the LOAEL model is more accurate than
the LD50 model for that chemical. Therefore, we do not feel
that this piece of evidence alone is sufficient to lower the
prioritization of these chemicals. Out of the 515 chemicals
where TOPKAT values were estimated, only two chemicals
(triethyl phosphate and phorate) had an LD50 estimate less
than the LOAEL estimate. Both of these chemicals had OPS
and UFS scores of 2, and therefore received high confidence
scores.
QSAR-Based Rank Verification. We next examined the

relationship between high-confidence TOPKAT LOAEL
estimates and IRIS chronic oral RfDs for chemicals that had
both of these values available. IRIS chronic oral RfDs (and
other RfVs) are commonly considered in risk management
decisions, and risk assessors and risk managers are accustomed
to using these values to rank and prioritize chemicals. Thus, it is
useful to ascertain how well TOPKAT LOAEL estimates
reproduce the ranking of chemicals based on IRIS chronic oral
RfDs. We did not attempt to directly compare the TOPKAT
LOAEL estimated values to IRIS chronic oral RfD values, since
there are likely significant differences between the two values
due to several factors: e.g. the application of uncertainty factors

during RfD derivation, as well as the fact that RfDs may be
developed from species other than rat and values other than
LOAELs.32

Of the total 481 chemicals in hydraulic fracturing fluids or
flowback/produced water with high-confidence TOPKAT
estimates, we identified 51 chemicals that also had an IRIS
chronic oral RfD (Table 1). Of these 51 chemicals, 3 had IRIS
chronic oral RfDs that were derived from a rat LOAEL (see
Table 1), and therefore were excluded from the analysis in
order to ensure that we did not have any potential overlap with
the TOPKAT LOAEL training set. For the remaining 48
chemicals, the IRIS chronic oral RfDs and TOPKAT LOAEL
estimates exhibited a Spearman rank correlation of 68% (Figure
2). Permutation testing found a p-value of 1 × 10−11 (Figure 3),
indicating that there is a less than 1 × 10−11 chance of a 68%
correlation level or larger occurring due to chance. This level of
rank correlation indicates that, although there are some
differences in rank ordering between the two values, there are
many more instances where the ranks were conserved.
Therefore, this level of rank correlation provides support for
using the TOPKAT LOAEL estimates for the screening and
prioritization for further analysis of chemicals that lack an
experimentally derived toxicity value.
Although RfDs derived from rat LOAELs were not

considered in the Spearman correlation, it is nevertheless
important to consider whether the observed correlation was
influenced by overlap between the remaining 48 chemicals and
the training set. Of the 48 chemicals considered in the
correlation analysis, 21 chemicals were present in the TOPKAT
LOAEL training set. For the 27 chemicals that were not in the
training set, the TOPKAT LOAEL estimates and IRIS chronic
oral RfD exhibited a Spearman rank correlation of 51%, with a
permutation p-value of 0.003. This conservative analysis
removes all chemicals that have potential for confounding,
and provides further evidence that the TOPKAT LOAEL
estimates provide a largely similar rank ordering of the
chemicals as compared to IRIS chronic oral RfDs.

QSAR-Informed Prioritization of Hydraulic Fracturing-
Related Chemicals. Since the above results indicate that
TOPKAT LOAEL estimates may provide an effective surrogate
for toxicity ranking and chemical prioritization, we used the
TOPKAT LOAEL estimates to rank the hydraulic fracturing-
related chemicals identified by EPA that did not have a chronic
oral RfV or OSF available. The application of TOPKAT
LOAEL estimates to fill this data gap is illustrated in Figure 4.
Of the total 1026 chemicals in hydraulic fracturing fluids or
flowback/produced water that lacked an available chronic oral
RfVs or OSFs (Figure 4A), TOPKAT LOAEL estimates were
available for 417. Of these 417, 389 were rated as high-
confidence estimates, while the remaining 28 were rated as
medium- or low-confidence (Figure 4B). Although TOPKAT
LOAEL estimates carry less weight of evidence relative to RfVs
or OSFs, they do provide useful information for chemical
prioritization. Therefore, taking this information together, we
are now able to rank the potential toxicity of 536 (46%) of the
1173 hydraulic fracturing-related chemicals on EPA’s list: 147
chemicals with chronic oral RfVs or OSFs, and 389 chemicals
with high-confidence TOPKAT LOAEL estimates (Figure 4C).
This is a 3.6-fold increase in the number of ranked chemicals.
This can be further broken down to address data availability

for chemicals used in hydraulic fracturing fluids versus
chemicals reported in flowback/produced water:

Figure 1. Decision tree to determine confidence in the TOPKAT
LOAEL estimates, depicting all possible permutations of the Optimum
Prediction Space score (OPS), the Unknown Fragments score (UFS),
and the LD50 score (LD50). Starting at the root node, a user follows
the line to the OPS, then to the UFS, and finally the LD50 score. The
composite score is the sum of these scores, and was used to determine
the qualitative confidence level (high, medium, or low). The number
of chemicals that received each permutation of the score is shown in
the far right column.
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Table 1. All chemicals with IRIS chronic oral RfDs and TOPKAT LOAEL estimates, ordered from most toxic to least toxic
based on IRIS chronic oral RfD

IRIS TOPKAT ranksf

CASRN chemical name

fracturing fluid (FF)
or flowback/produced

water (FB)a

IRIS chronic
oral RfD

(mg/kg-day)

IRIS POD
(mg/kg-
day)b

total
uncertainty
factorc

POD
typed

TOPKAT
LOAEL
estimate
(mg/kg)e

IRIS
Rank

TOPKAT
rank

1024−57−3 heptachlor epoxide FB 0.000013 0.0125 1000 LEL 0.595 1 2
309−00−2 aldrinh,g FB 0.00003 0.025 1000 LOAEL 0.743
60−57−1 dieldrin FB 0.00005 0.005 100 NOAEL 0.442 2 1
58−89−9 lindane FB 0.0003 0.33 1000 NOAEL 23.9 3 5
76−44−8 heptachlorh FB 0.0005 0.15 300 NOEL 0.927 4.5 3
107−02−8 acroleinh FF FB 0.0005 0.05 100 NOAEL 45.1 4.5 13
110−86−1 pyridine FB 0.001 1 1000 NOAEL 69.5 6 18
79−06−1 acrylamideh FF 0.002 0.053 30 BMDL-

PBPK
28.7 7 6

98−01−1 furfuralg FF 0.003 7.9 3000 LOAEL 54.1
71−43−2 benzene FF FB 0.004 1.2 300 BMDL 77.6 8.5 20
91−57−6 2-methylnaphthaleneh FB 0.004 3.5 1000 BMDL 103 8.5 25
127−18−4 tetrachloroethylene FB 0.006 6 1000 LOAEL 36.2 10.5 9
75−09−2 dichloromethane FF FB 0.006 0.19 30 PBPK 39.7 10.5 10
120−82−1 1,2,4-trichlorobenzene FB 0.01 14.8 1000 NOAEL 44.5 12.5 11
67−66−3 chloroform FB 0.01 12.9 1000 LOAEL 47.1 12.5 15
75−27−4 bromodichloromethane FB 0.02 17.9 1000 LOAEL 61.2 16.5 16
91−20−3 naphthaleneh FF FB 0.02 71 3000 NOAEL 67.5 16.5 17
124−48−1 chlorodibromomethane FB 0.02 21.4 1000 NOEL 73.8 16.5 19
75−25−2 bromoform FB 0.02 17.9 1000 NOEL 84.8 16.5 22
105−67−9 2,4-dimethylphenolh FB 0.02 50 3000 NOAEL 112 16.5 28
117−81−7 di(2-ethylhexyl)

phthalate
FF FB 0.02 19 1000 LOAEL 4040 16.5 48

122−39−4 diphenylamineh FB 0.025 2.5 100 NOEL 30.8 20 7
542−75−6 1,3-dichloropropene FF 0.03 3.4 100 BMDL 16 22 4
129−00−0 pyreneh FB 0.03 75 3000 NOAEL 36.1 22 8
123−91−1 1,4-dioxane FF FB 0.03 9.6 300 NOAEL 207 22 38
206−44−0 fluorantheneh FB 0.04 125 3000 NOAEL 44.6 24.5 12
86−73−7 fluoreneh FB 0.04 125 3000 NOAEL 95.1 24.5 23
108−39−4 m-cresol FB 0.05 50 1000 NOAEL 123 26.5 31
95−48−7 o-cresol FB 0.05 50 1000 NOAEL 229 26.5 40
80−05−7 bisphenol Ah,g FF 0.05 50 1000 LOAEL 101
108−88−3 toluene FF FB 0.08 238 3000 BMDL 163 28 36
71−36−3 1-butanolh FF 0.1 125 1000 NOAEL 117 32 29
75−15−0 carbon disulfideh FB 0.1 11 100 NOEL 126 32 32
100−41−4 ethylbenzene FF FB 0.1 97.1 1000 NOEL 226 32 39
98−82−8 cumene FF FB 0.1 110 1000 NOAEL 246 32 41
98−86−2 acetophenone FF FB 0.1 423 3000 NOAEL 274 32 43
111−76−2 2-butoxyethanolh FF 0.1 1.4 10 BMDL-

PBPK
707 32 45

84−74−2 dibutyl phthalate FB 0.1 125 1000 NOAEL 2090 32 47
100−42−5 styreneh FF 0.2 200 1000 NOAEL 95.7 36.5 24
1330−20−7 xylenes FF FB 0.2 179 1000 NOAEL 110 36.5 26
78−83−1 2-methyl-1-propanol FF 0.3 316 1000 NOEL 111 38.5 27
108−95−2 phenol FF FB 0.3 93 300 BMDL 134 38.5 35
79−10−7 acrylic acidh FF 0.5 53 100 NOAEL 46.8 40 14
78−93−3 methyl ethyl ketoneh FB 0.6 594 1000 NOAEL 83.2 41 21
84−66−2 diethyl phthalateh FB 0.8 750 1000 NOAEL 1000 42 46
67−64−1 acetoneh FF FB 0.9 900 1000 NOAEL 119 43.5 30
141−78−6 ethyl acetate FF 0.9 900 1000 NOEL 129 43.5 33
107−21−1 ethylene glycolh FF FB 2 200 100 NOEL 130 45.5 34
85−44−9 phthalic anhydride FF 2 1562 1000 LOAEL 254 45.5 42
65−85−0 benzoic acidh FF 4 4.4 1 NOAEL 436 47 44
108−94−1 cyclohexanoneh FF 5 462 100 NOAEL 191 48 37
aIndicates whether a chemical was reported in hydraulic fracturing fluids (FF), flowback/produced water (FB), or both (FF FB). bPoint of departure
(POD) used as the basis for the IRIS chronic oral RfD. cTotal uncertainty factor applied to the POD in order to calculate the IRIS chronic oral RfD.
dLowest observed adverse effect level (LOAEL); lowest effect level (LEL); no observed adverse effect level (NOAEL); no observed effect level

Environmental Science & Technology Article

DOI: 10.1021/acs.est.5b05327
Environ. Sci. Technol. 2016, 50, 7732−7742

7737

http://dx.doi.org/10.1021/acs.est.5b05327


• High-confidence TOPKAT LOAEL estimates were
available for 368 chemicals used in hydraulic fracturing
fluids that lack chronic oral RfVs or OSFs. Taken
together with the 90 chemicals that have chronic oral

RfVs or OSFs, we are now able to rank the potential
toxicity of 458 (43%) of the 1076 chemicals used in
hydraulic fracturing fluids. This is a 5.1-fold increase in
the number of ranked chemicals.

• High-confidence TOPKAT LOAEL estimates were
available for 27 chemicals reported in flowback/produced
water that lack chronic oral RfVs or OSFs. Taken
together with the 83 chemicals that have chronic oral
RfVs or OSFs, we are now able to rank the potential
toxicity of 110 (82%) of the 134 chemicals reported in
flowback/produced water. This is a 1.3-fold increase in
the number of ranked chemicals.

We further honed our analysis by focusing on the chemicals
reported in FracFocus 1.0 in at least 10% of disclosures
nationwide (Table 2). These chemicals are of particular
interest, because they are used frequently and are therefore
more likely to be present at hydraulic fracturing sites. As shown
in Table 2 and discussed in our concurrent study,23 8 (22%) of
these 36 chemicals have chronic oral RfVs available, and none
have OSFs. Of the 28 chemicals in Table 2 that lack a chronic
oral RfV or OSF, we found that 12 have TOPKAT LOAEL
estimates available, all of which are high-confidence estimates.
Taking this information together, we are now able to rank the
potential toxicity of 20 (56%) of these frequently used
chemicals: 8 chemicals with chronic oral RfVs or OSFs, and
12 chemicals with high-confidence TOPKAT LOAEL
estimates. This is a 2.5-fold increase in the number of ranked
chemicals. Of the chemicals that lack chronic oral RfVs and
OSFs, methenamine (reported in ∼14% of FracFocus 1.0
disclosures) has the lowest TOPKAT LOAEL estimate (12.3
mg/kg). Choline chloride (reported in ∼15% of FracFocus 1.0
disclosures) has the next lowest TOPKAT LOAEL estimate
(20.8 mg/kg).

Limitations and Uncertainty. There are limitations and
uncertainty with respect to the TOPKAT analysis. Although the
68% and 51% Spearman rank correlations are quite good and
statistically significant, these results indicate that some
chemicals will not be in the proper rank order based on
potential hazard. One factor contributing uncertainty to the
comparison of these two values is the use of uncertainty factors
to derive IRIS chronic oral RfDs. As shown in Table 1,
uncertainty factors used in RfD derivation ranged from 1 (i.e.,
no uncertainty factor was applied) to as high as 3000. In
addition, TOPKAT LOAEL estimates are estimates of toxicity
in rat chronic oral LOAEL studies, which may not always be
appropriate for evaluating human health hazards. It is possible
that the rat may not always be the most sensitive species to a
given chemical, or that humans may be more or less sensitive
than rats for a given biological endpoint. Thus, there is
uncertainty as to how well the prioritization will reflect human
health hazards.
QSAR models are expected to have a degree of uncertainty,

stemming from underlying limitations in the model design. For
TOPKAT, one potential problem is that the LOAEL model
training set appears to have been last updated in 1995,28 so the

Table 1. continued

(NOEL); benchmark dose lower confidence limit (BMDL); physiologically based pharmacokinetic (PBPK) modeling. eTOPKAT LOAEL estimates
are rounded to three significant figures. fToxicity rankings based on IRIS chronic oral RfDs and on TOPKAT LOAEL estimates. These are the values
used in the Spearman rank correlation. In the case of a tie between two chemicals, the average ranking was used. gIndicates chemicals with IRIS
chronic oral RfDs that were derived from rat LOAELs. These chemicals were excluded from the Spearman rank correlation analysis and were not
assigned a rank on this table. hIndicates chemicals that were present in the TOPKAT LOAEL model training set.

Figure 2. Plot of the Spearman rank correlation results, showing the
chemical ranks by TOPKAT LOAEL estimates and by IRIS chronic
oral RfDs. Each point represents an individual chemical. The solid line,
provided for reference, indicates a correlation of 100%. The dashed
line is the best fit through the data, with a Spearman rank correlation
of 68%.

Figure 3. Distribution of random Spearman correlations based on
permutation testing, performed using 100 000 iterations. The dashed
line, provided for reference, indicates the where the observed
Spearman correlation value (0.68 or 68%) fell within the distribution
of permutation values.
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results do not incorporate toxicity information that has been
generated since that time. Additionally, observations by Rupp et
al.27 and Venkatapathy et al.28 indicate that the TOPKAT
LOAEL model performs better for chemicals that are included
in the training set compared to chemicals outside the training
set, suggesting that TOPKAT may be overfitting the data. For a
list of 347 industrial chemicals that were not included in the
training set and met criteria similar to those considered in our
qualitative confidence framework (e.g., were within the OPS of
the TOPKAT LOAEL model, with no unknown fragments or
other warnings), Rupp et al.27 found that between 84 and 99%
were predicted within a factor of 100 of LOAELs derived from
experimental data. Thus, although these limitations are not
ideal, we have knowledge of the uncertainties associated with
TOPKAT LOAEL estimates. We have incorporated this
information into our analysis by assigning higher confidence
scores to chemicals that are similar to the training set by way of
the OPS and UFS scores.
One can also evaluate the TOPKAT LOAEL model using the

principles defined by the Organisation for Economic Co-
operation and Development’s (OECD’s) Guidance Document
on the Validation of (Quantitative) Structure−Activity Relation-
ship [(Q)SAR] Models. The OECD principles were developed
to provide guidance on the regulatory application of QSAR
modeling, and are not intended to act as criteria for regulatory
acceptance of QSAR models; however, they are informative.
The OECD Principles state that QSAR models should ideally
have the following attributes: (1) a defined endpoint; (2) an
unambiguous algorithm; (3) a defined applicability domain; (4)
appropriate measures of goodness-of-fit, robustness, and

predictivity; and (5) a mechanistic interpretation, if possible.31

The TOPKAT models and software do not meet the guidelines
specified in Principles 1, 2, or 4. TOPKAT is a “black box” that
does not provide a defined endpoint for LOAEL predictions,
does not disclose the algorithms used in the model, and does
not provide information on internal measures of performance
accuracy. These limitations, however, are not uncommon.
Many commercial QSAR software programs have proprietary
data and software, and operate as “black boxes”. As stated
earlier, TOPKAT appears to be the only commercially available
software program capable of estimating a quantitative value for
a chronic oral LOAEL, and the only program where the
LOAEL estimates have been independently evaluated with
results published in a peer reviewed journal.

Using QSAR to Bridge Data Gaps for Risk Assessment.
In this study, we have described a novel scientifically based
approach for applying TOPKAT LOAEL estimates to facilitate
the ranking and prioritization of potentially hazardous
chemicals that are associated with hydraulic fracturing activity.
We developed a framework for assigning qualitative confidence
scores to the estimates, and verified the ability of high-
confidence TOPKAT LOAEL estimates to rank the chemicals
based on relative hazard. The correlation between TOPKAT
LOAEL estimates and IRIS chronic oral RfDs is a highly
relevant finding, as IRIS chronic oral RfDs are among the most
widely used and highest quality values available for risk
assessment. Although previous studies have investigated the
relationship between TOPKAT LOAEL estimates and
experimentally derived LOAELs, ours is the first study to our
knowledge to investigate the correlation between TOPKAT

Figure 4. Visual representation of the application of TOPKAT LOAEL estimates to fill data gaps related to the toxicity of 1173 chemicals identified
in EPA’s hydraulic fracturing study, including chemicals associated with hydraulic fracturing fluids, flowback, and produced water. Dark shading
indicates data that can be used to inform chemical ranking and prioritization. Part A depicts the number of chronic oral RfVs and OSFs that are
available for these chemicals, identified by EPA as described in the text. Part B depicts the number of high-, medium-, and low-confidence TOPKAT
LOAEL estimates that are available for the 1026 chemicals that did not have chronic oral RfVs or OSFs. Part C depicts the total numbers of
chemicals that can be ranked and prioritized for further assessment based on toxicity, if TOPKAT LOAEL estimates are used to supplement the
available chronic oral RfVs and OSFs.
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LOAEL estimates and RfDs. Using high-confidence TOPKAT
LOAEL estimates as surrogates, we were able to rank a
significant number of chemicals that were identified as lacking
chronic oral RfVs and OSFs in EPA’s hydraulic fracturing study
(Figure 4 and Table 2). The increase in the number of ranked
chemicals was particularly great for chemicals used in hydraulic
fracturing fluids, given that only a small proportion (8%) of
those chemicals have chronic oral RfVs or OSFs available from
EPA-identified sources.
Using this method, risk assessors and researchers can develop

a rank ordering of chemicals at a site based on potential toxicity.
Estimated toxicity may be coupled with exposure information,
for example, frequency of chemical use, amount of chemical
used, or estimates of potential exposure due to environmental
fate and transport processesto create an overall risk ranking

and assist with public health decision making. Researchers may
choose to prioritize the monitoring of chemicals with high
potential risk, or may initiate studies in order to better
understand the toxicity of these chemicals. Such applications
have been discussed in other studies.35−37 In general, TOPKAT
LOAEL estimates can be used to support decisions as to which
chemicals at a field site are in most need of further assessment,
and help determine which chemicals to assess next. This
approach should be used in combination with site-specific data
on the chemicals present in hydraulic fracturing fluid, flowback,
or produced water.
When it comes to selecting toxicity data for use in risk

assessment, it is important to keep in mind that toxicity values
exist on a continuum with regards to quality and reliability. The
chronic oral RfVs and OSFs identified by EPA are high quality

Table 2. Chemicals Reported in at Least 10% of Disclosures in EPA’s Analysis of FracFocus 1.0 (Identified Originally in Yost et
al.23), with Chronic Oral RfVs, TOPKAT LOAEL Estimates, and the Qualitative Confidence Scores for the TOPKAT LOAEL
Estimates Provided When Availablea,b

RfV TOPKAT

CASRN Chemical Name
Percent of
Disclosures

RfD (mg/
kg-day)

Source of
RfD

TOPKAT LOAEL
estimate(mg/kg)c

Qualitative
confidence score

14808−60−7 quartz-alpha (SiO2) 86.09% − − − −
67−56−1 methanol 73.10% 2 IRIS 49 medium
64742−47−8 distillates, petroleum, hydrotreated light 67.26% − − − −
7647−01−0 hydrochloric acid 65.76% − − − −
107−21−1 ethylene glycol 46.82% 2 IRIS 130 high
67−63−0 isopropanol 46.45% − − 81.4 high
7727−54−0 diammonium peroxydisulfate 44.09% − − − −
9000−30−0 guar gum 39.42% − − − −
1310−73−2 sodium hydroxide 39.26% − − − −
107−19−7 propargyl alcohol 33.38% 0.002 IRIS 34.1 low
111−30−8 glutaraldehyde 32.97% − − 398 high
7647−14−5 sodium chloride 32.04% − − − −
64−17−5 ethanol 30.78% − − 59.2 high
1310−58−3 potassium hydroxide 30.64% − − − −
64−19−7 acetic acid 24.63% − − 183 high
77−92−9 citric acid 23.93% − − 55.8 high
111−76−2 2-butoxyethanol 23.20% 0.1 IRIS 707 high
64742−94−5 solvent naphtha, petroleum, heavy arom. 20.89% − − − −
91−20−3 naphthalene 18.93% 0.02 IRIS 67.5 high
10222−01−2 2,2-dibromo-3-nitrilopropionamide 16.46% − − 52.4 high
67−48−1 choline chloride 14.83% − − 20.8 high
9003−35−4 phenol-formaldehyde resin 14.46% − − − −
584−08−7 carbonic acid, dipotassium salt 13.93% − − 137 high
100−97−0 methenamine 13.72% − − 12.3 high
68527−49−1 thiourea, polymer with formaldehyde and 1-

phenylethanone
13.23% − − − −

95−63−6 1,2,4-trimethylbenzene 12.90% − − 91.5 high
25322−68−3 polyethylene glycol 12.66% − − − −
9016−45−9 polyethylene glycol nonylphenyl ether 12.61% − − − −
68424−85−1 quaternary ammonium compounds, benzyl-C12−16-

alkyldimethyl, chlorides
12.48% 0.44 HHBP −

127087−87−0 poly(oxy-1,2-ethanediyl)-nonylphenyl-hydroxy
branched

11.87% − − − −

12125−02−9 ammonium chloride 11.60% − − − −
64−18−6 formic acid 11.44% 0.9 PPRTV 125 medium
55566−30−8 tetrakis(hydroxymethyl)phosphonium sulfate 11.42% 148 high
7758−19−2 sodium chlorite 11.00% 0.03 IRIS − −
68439−51−0 alcohols, C12−14, ethoxylated propoxylated 10.63% − − 1450 high
7775−27−1 sodium persulfate 10.30% − − − −
a− indicates that no value was available. bOSFs were not available for any of the chemicals in this table. cTOPKAT LOAEL estimates are rounded to
three significant figures.
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and reliable toxicity values, which are empirically based and
peer reviewed.23 Other potential sources of toxicity values
include state, national, international, private, and academic
organizations that did not meet the criteria for inclusion in
EPA’s hydraulic fracturing study, but could still be high quality
sources. Relevant toxicity information may also be found in the
scientific literature, including results from guideline studies,
high throughput screening assays, and alternative assays. The
quality, relevance, or availability of toxicity information from
such data sources is not evaluated here. However, it is clear that
QSAR-based estimates are one of many possible resources that
may be used by risk assessors for the prioritization and analysis
of these chemicals.
Although QSAR-based toxicity estimates, specifically the

TOPKAT LOAEL estimates, may be lower on the continuum
of quality and reliability compared to experimentally derived
toxicity values, the approach we describe here has certain
advantages as a complementary analysis. Chief among them,
QSAR models require only a chemical structure to estimate a
toxicity value, and provides a rapid means of filling data gaps
related to chemical toxicity. The methods we present assign
qualitative confidence scores to the TOPKAT LOAEL
estimates, and address some of the uncertainties and limitations
associated with these estimates. When faced with numerous
data-poor chemicals at a field site, risk assessors and researchers
may find these methods useful in their effort to identify
potential hazards.
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