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Abstract

Flowback water is the solution that returns to the surface following completion of the hydraulic fracturing
process during natural gas extraction. This study examines and analyzes the constituents that make up flowback
waters collected from various drilling sites in Marcellus shale formation in the states of Pennsylvania, New
York, and West Virginia. Flowback sampling data were collected from four different sources (the Environ-
mental Protection Agency, Gas Technology Institute; Pennsylvania Department of Environmental Protection;
Bureau of Oil and Gas Management; and the New York Department of Environmental Conservation) and
compiled into one database with a total of 35,000 entries. Descriptive statistical analysis revealed high con-
centrations of chlorinated solvents, disinfectants, dissolved metals, organic compounds, radionuclides, and total
dissolved solids. A one-way ANOVA test revealed that over 60% of the constituents tested displayed significant
differences (significance level=0.05) in mean concentrations among the four data sources. Relative prioriti-
zation scores were developed for 58 constituents by dividing observed mean concentrations by the maximum
contamination level (MCL) guidelines for drinking water. The following constituents were found to have mean
concentrations over 10 times greater than the MCL: 1,2-dichloroethane, antimony, barium, benzene, ben-
zo(a)pyrene, chloride, dibromochloromethane, gross alpha, iron, manganese, pentachlorophenol, radium,
thallium, and vinyl chloride. Concentrations of anthropogenic chemicals are tightly correlated with each other,
but not with chloride concentrations, and not with naturally occurring inorganics and radionuclides.

Key words: flowback water; hydraulic fracturing; Marcellus shale

Introduction Hydraulic fracturing and horizontal drilling processes
require large volumes of water (2-5 million gallons of water
for each operation) along with sand and chemical additives
(Clark et al., 2013). A portion of this volume is collected as it
flows back to the surface following hydraulic fracturing due
to the release in underground pressure (Soeder and Kappel,
2009). Flowback water is commonly defined as the water that
is released within the initial 2 weeks following the comple-
tion of the hydraulic fracturing process (American Petroleum
Institute, 2010). Production water, however, is the naturally
occurring water within the shale formation that flows to the
surface throughout the lifespan of a well once it has gone into
production (Schramm, 2011).

Understanding the chemical composition of flowback
water and the types of constituents that may be present in it is
an important issue in order to develop appropriate treatment
processes for this waste and to understand the health and
environmental impacts of accidental exposures to the fluid.
Generally, flowback fluids contain the initial fracturing fluid
that is pumped into the well, as well as a variety of constit-
uents dissolved from the geologic formation being fractured.

- : . . Thus, the fracturing fluid composition may vary from one
Corresponding author: Department of Civil, Architectural, and 1 tion to th t based on th locical f i
Environmental Engineering, Drexel University, Philadelphia, PA well operation to the nex 'ase (')n. ¢ geologica .Orma lon
19104. Phone: (267) 474-0804; Fax: (215) 895-1363; E-mail: na489@ (NYSDEC, 2011). Fracturing fluid is composed primarily of
drexel.edu water, which is typically between 80% and 90% of the fluid

CONCERN OVER NATURAL GAS extraction from the Mar-
cellus shale formation through hydraulic fracturing has
been steadily growing in the United States as production rises.
In recent years, natural-gas-drilling activity has dramatically
increased. In Pennsylvania alone, the number of drilled wells
rose from 196 in 2008 to 763 in 2009. As of 2014, there were
almost 7,500 drilled wells in the state of Pennsylvania (PA DEP
BOGM, 2014). The Marcellus shale formation extends across
the states of New York, Pennsylvania, Ohio, Maryland, and
West Virginia (Fig. 1) with an estimated area of 54,000 square
miles (Soeder and Kappel, 2009). Natural gas resources in the
United States are abundant with an estimate of over 2,200
trillion cubic feet (Tcf) of technically recoverable natural gas,
including 330 Tcf of proven reserves (US Department of En-
ergy, 2009). The formation can reach depths of over 8,000 feet
below land surface and requires hydraulic fracturing and hor-
izontal drilling techniques in order to make gas extraction
feasible (Rozell and Reaven, 2012).

*Member of AEESP.
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FIG. 1. Extent of Marcellus shale formations in northeast
United States (Soeder and Kappel, 2009).

by weight, along with 10-20% by weight of a proppant, often
sand, zirconium oxide, or ceramic varying in particle size.
The remaining additives typically constitute ~0.5-2% of the
fracturing fluid (Aminto and Olson 2012; EPA, 2012). The
additives may include varying percentages of the following:
acid, breaker, biocide, corrosion inhibitor, friction reducer,
gelling agent, iron control, scale inhibitor, and surfactant
(NYSDEC, 2011; Aminto and Olson 2012). Approximately
10-30% of the fracturing fluid will return to the surface as
flowback water (EPA, 2012). In addition, naturally occurring
salts, radioisotopes, and other elements will appear in flow-
back water if there is mixing between the fracturing fluid and
the brine present in the formation (Alley et al., 2011; Zhang
et al., 2014). Other compounds may form due to reactions
between the additives and substances within the shale for-
mation (NYSDEC, 2011).

Many of the additives serve specific functions to the dril-
ling process. Gels are typically added in order to increase
viscosity and reduce fluid losses, while acids act to clear
cement debris from the wellbore and dissolve carbonate
minerals to provide an open conduit (PA DEP BOGM, 2010).
Biocides are used to prevent microbial growth that may
contaminate the methane gas or reduce well permeability.
Surfactants are used to increase the fluid recovery by re-
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ducing the tension between the fluid and surrounding mate-
rials (Kargbo et al., 2010).

Balaba and Smart (2012) suggest that flowback waters
and brines may be composed of high concentrations of
various constituents, such as arsenic, barium, strontium,
selenium, magnesium, manganese, sulfates, and radionu-
clides. Their concentrations have wide ranges, with sodium
(50-40,000 ppm), chloride (5,000-80,000 ppm), and bar-
ium (50-9,000 ppm), and total dissolved solids (1,000-
150,000 ppm) having particularly high concentrations. The
variability in concentrations depends on the different re-
gional shale composition and the different chemical addi-
tives used in the fracturing fluid, which give the fluid a high
ionic strength allowing it to form different compounds in
the process (Balaba and Smart, 2012; Shaffer et al., 2013).

Several studies have been conducted in an attempt to char-
acterize the constituents that are found in flowback water from
numerous locations across the Marcellus shale region. In 1985
Dresel and Rose (2010) sampled brines from 40 wells in
western Pennsylvania and reported results for 22 constituents
found in those brines. Mean concentrations for several con-
stituents, such as Ra-226 (2,200 pCi/L), CI (102,000 mg/L), and
Ba (900 mg/L), were found to be greater than allowable EPA
drinking water standards. Additionally, the researchers found
concentrations of iron in the brines, which had a mean of
200mg/L, to be a function of steel corrosion in the gas wells
(Dresel, 1985; Dresel and Rose, 2010).

Blauch et al. (2009) collected more than 100 flowback
samples over 18 months from both the southwestern and
northeastern regions of the Marcellus shale play in order to
address the issue of high salinity from flowback water. Con-
centrations of chloride up to 100,000 mg/L. were found, de-
pending on the number of days after fracturing. Haluszczak
et al. (2012) also conducted a study in which flowback waters
and production brine samples collected from various sources
were evaluated. In this analysis, concentrations of Cl ranging
from 1,070 to 151,000 mg/L were found depending on the
flowback day. Other constituents with high concentrations in-
clude Ra-226 (73-6,540 pCi/L), Ba (76—13,600 mg/L), Mg (22—
1,800 mg/L), K (8-1,010 mg/L), and Ca (204-14,800 mg/L).

In the years after high-volume hydraulic fracturing came
into widespread use in Pennsylvania, a large amount of data
on flowback characteristics became available due to public
and regulatory attention to the process. Prior to this study,
these data had not been compiled into a single electronic
database. The purpose of this study was to compile available
data from different sources into a single electronic database.
The database was then used (1) to characterize the chemical
constituents of flowback water and production brine from 92
Marcellus shale gas wells in the states of Pennsylvania, West
Virginia, and New York, and (2) to prioritize constituents
based on a comparison of observed concentrations with al-
lowable concentrations for drinking water.

Methods
Data collection

Data were compiled from four sources containing detailed
chemical analysis of flowback water and production brine in
Pennsylvania to develop a single database of over 35,000
observations. The sampling dates of the data range from
March 2008 to December 2010. The well locations in the
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FIG. 2. Flowback water sample locations in Pennsylvania by county.

state of Pennsylvania are shown in Fig. 2 (Created using
Google Maps—©2014 Google). Table 1 shows the number of
wells, constituents, and data entries obtained from each source.
Descriptions of each of the sources are as provided below.

(1) Industry data released by the Environmental Protection
Agency (EPA) from six different well operators (Atlas
Resources, Cabot Gas and Oil Corp., Chesapeake En-
ergy, Range Resources, SWEPI, and Talisman Energy).
The data were released to the EPA through the Free-
dom of Information Act in 2011 and in compliance
with Section 308 of the Clean Water Act after the
EPA’s Mid-Atlantic Region issued information re-
quests to the six drilling companies that hold a majority
of all the natural-gas-drilling permits in Pennsylvania.
The EPA requested full disclosure of the operators’
disposal and recycling procedures of wastewater gen-
erated from the hydraulic fracturing process (EPA,
2011). This data source accounts for a small proportion
of the overall observations but it does cover a relatively

TABLE 1. NUMBER OF WELLS, CONSTITUENTS,
AND DATA ENTRIES IN EACH DATA SOURCE

Number Number Number
Source of wells of constituents of data entries
EPA industry data 20 197 853
Pennsylvania 40 240 7,689
DEP BOGM
NYSDEC SGEIS 13 94 244
report
Marcellus shale 19 275 26,144
coalition
GTI report

@

3

“

large number of wells (20), although as a result these
wells are characterized somewhat sparsely.

Flowback data from 19 Marcellus horizontal-fracturing
wells were released by the Marcellus Shale Coalition in
a Gas Technology Institute report (Hayes, 2009). Sam-
ples were obtained from locations labeled A through S
from injected water (designated as day 0) as well as after
1, 5, 14, and 90 days of flowback. Sixteen wells were
scattered throughout the state of Pennsylvania, while the
other three wells were located in the northern section of
the state of West Virginia. The sampling results were
tabulated into three categories: general chemistry, met-
als, and organic compounds (Hayes, 2009). This source
accounts for the great majority of observations (75% of
the total observations).

Radiological data were obtained from the Draft Sup-
plemental Generic Environmental Impact Statement
(SGEIS) on the Oil, Gas and Solution Mining Reg-
ulatory Program from the New York State Department
of Environmental Conservation (NYSDEC). The draft
addresses permit and licensure for Marcellus shale
drilling and hydraulic fracturing while reporting results
of radiological constituents found in flowback water
collected from wells located in New York State
(NYSDEC, 2011). While this is a relatively small da-
tabase, it provided valuable information on radionu-
clides, a group of contaminants of particular concern.
A set of flowback water samples from Marcellus gas
wells was collected by the Pennsylvania Department
of Environmental Protection, Bureau of Oil and Gas
Management (BOGM). Samples were collected by
the DEP from various drilling sites around Pennsyl-
vania and analyzed in DEP laboratories. All samples
collected were either from active drilling sites or from
the most recent flowback impoundments (PA DEP
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TABLE 2. CONCENTRATIONS OF INORGANIC CHEMICALS IN FLOWBACK WATER

Constituent Units N Minimum Median Maximum Mean SD MCL? Mean/MCL
Antimony®  pug/L 186 1 100 200 66 46 6 11
Arsenic” ug/L 219 1.5 77 151 68 37 10 6.8
Barium ug/L 220 5 164,000 13,900,000 1,200,000 2,300,000 2,000 590
Beryllium ug/L 216 0.21 40 80 29 20 4 73
Cadmium ug/L 218 0.19 12 100 26 23 5 5.09
Chromium ug/L 220 0.84 25 704 43 72 100 0.43
Copperb ug/L 219 2.5 130 116,000 1,300 10,100 1,300 1.01
Cyanide ug/L 86 1.9 10 954 39 130 200 0.19
Fluoride ug/L 86 9 1,700 58,300 3,060 7,300 4,000 0.76
Lead ug/L 212 0.5 30 970 61 110 15 4.05
Mercury ug/L 185 0 0.2 65 0.52 4.8 2 0.26
Nitrate as N pug/L 92 20 1,600 15,900 2,070 2,100 10,000 0.206
Nitrite as N ug/L 91 34 2,500 146,000 9,700 20,900 1,000 9.7
Selenium ug/L 196 2.5 50 350 50.2 36 50 1.00
Thallium ug/L 192 1 100 1,000 130 157 2 65

Highlighted rows indicate mean/MCL ratio > 1.
“MCL from EPA drinking water standards.

Chemicals listed as known fracturing fluid additives (FracFocus.org).

MCL, maximum contamination level.

BOGM, 2010). This was the second largest source
of observations, accounting for 22% of the total
observations.

Analysis

Data from all four sources were compiled into one data-
base using SPSS (IBM, Inc., Armonk, NY), an analytical
statistics program, in order to perform statistical analysis. For
each constituent, descriptive statistics (minimum, maximum,
mean, standard deviation, and 95th percentiles) were calcu-
lated. In cases where the concentrations were not detected,
the results were calculated as half of the detection limit to
minimize the maximum possible error for each observation.

Maximum contamination levels (MCLs) are the maximum
permissible amount of a contaminant in water that is deliv-
ered to the public established under the Federal Safe Drinking
Water Act. The ratios of constituent concentrations to MCL
guidelines were used in order to prioritize among the many
constituents in flowback water. This provided a straightfor-
ward method of screening constituents for possible health
concerns. However, exceeding an MCL is not interpreted as
an indication that the constituent poses a health risk, as a
plausible exposure pathway would need to be present for the

constituent and attenuation of constituent concentrations af-
ter release to the environment would need to be considered.
For the highest priority constituents, defined as constituents
with mean concentrations that were over 10 times greater than
the allowable MCL, concentrations were then compared by
county using a nonparametric analysis of variance (Kruskal—
Wallis test) in order to determine whether there were any
significant correlations between the mean concentrations and
geographical locations. Mean concentrations for each con-
stituent were also compared by source to determine the ne-
cessity for combining all available datasets. The highest
priority constituents were then paired by sample and the
Spearman’s rank-order correlation coefficient was calculated
in order to find any relationships between the contaminants.

Results

Tables 2—-6 present summaries of the concentrations of
contaminants from the collected flowback water sampling
data. Results are categorized by different classes of con-
taminants according to the MCL guidelines: inorganic che-
micals, radionuclides, secondary contaminants, synthetic organic
compounds, and volatile organic compounds. The results also
show a comparison between the mean concentration and the

TABLE 3. CONCENTRATIONS OF RADIONUCLIDES IN FLOWBACK WATER

Constituent Units N Minimum Median Maximum Mean SD MCL? Mean/MCL
Gross Alpha pCi/L 14 55 13,000 123,000 20,600 31,000 15 1,400
Radium-226 pCi/L 63 0.16 1,300 17,000 2,030 4,200 5 406
Radium-228 pCi/L 63 0.03 230 1,400 230 380 5 46
Uranium-234 pCi/L 14 0.01 0.440 25 8.01 11 20 0.4
Uranium-235 pCi/L 16 0.01 0.1400 40 10.5 14 20 0.53
Uranium-238 pCi/L 16 0.08 0.330 150 19 37 20 0.95

Highlighted rows indicate mean/MCL ratio > 1.
*MCL from EPA drinking water standards.
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TABLE 4. CONCENTRATIONS OF SECONDARY CONTAMINANTS IN FLOWBACK WATER

Constituent Units N  Minimum Median Maximum Mean SD MCL? Mean/SMCL
Aluminum ug/l 220 25 360 47,200 910 3,200 200 4.6
Chloride® ug/lL 141 18,000 34,000,000 196,000,000 47,000,000 48,000,000 250,000 190
Iron ug/l. 233 25 29,700 574,000 49,000 64,000 300 160
Manganese® ug/L. 220 2.5 2,200 29,400 3,400 4,030 50 68

pH ug/l 138 4.9 6.6 11.6 6.70 0.91 6.5-8.5

Silver ug/l 216 0.5 50 100 367 24 100 0.37
Sulfate® ug/l 142 500 41,000 2,920,000 82,000 250,000 250,000 0.33
TDS ug/L 141 221,000 55,000,000 345,000,000 84,000,000 83,000,000 500,000 170
Zinc ug/lL 220 5 120 247,000 2,200 20,600 5,000 0.44

Highlighted rows indicate mean/MCL ratio > 1.
“MCL form EPA drinking water standards.

®Chemicals listed as known fracturing fluid additives (FracFocus.org).

MCL for each constituent. The highlighted rows in each table
represent the constituents for which the mean concentration
was greater than the MCL. Figures 3—7 represent the median,
5th percentile, and 95th percentile of the concentration/MCL
ratios for each constituent.

Inorganic chemicals

Mean concentrations for several inorganic chemicals
exceeded the allowable MCL. Antimony, barium, and thal-
lium had mean concentrations over 10 times greater than their
respective MCLs. Barium, in particular, was present in
flowback water at exceedingly high concentrations with a
mean of 1,200 mg/L and a mean/MCL ratio of 590 (Table 2),
which is slightly higher than the mean concentration from
Dresel and Rose (2010). Figure 3 shows that the ratios for
barium have the most variability, with the mean/MCL
ranging from <0.1 to over 14,000,000. The distribution of
thallium, in contrast, shows that for this constituent the mean/
MCL ratios are consistently >1, meaning that most of the
sample results exceed the MCL. These constituents present a
number of different health effects [see EPA (2009) for in-
formation on health impacts of drinking water contaminants].

Radlionuclides

Table 3 presents the summary statistics for radionuclide
concentrations in flowback water. Gross alpha and radium

concentrations greatly exceed the 5 pCi/L MCL, while ura-
nium concentrations tend to fall within drinking water
guidelines. Concentrations of radium-226 from this study fall
within the range of concentrations found in other studies
(Dresel and Rose, 2010; Haluszczak et al., 2012). Long-term
exposure to alpha particles and other radionuclides may lead
to an increased risk of cancer (EPA, 2009). However, as
shown in Table 3, the sample sizes for these contaminants are
relatively small, resulting in large uncertainty in the distri-
bution of these constituents in flowback water and production
brines.

Secondary contaminants

Secondary maximum contaminant levels (SMCLs) are
nonmandatory water quality standards that are not enforced
by the EPA as they do not pose any known human health
risks. However, contaminants, such as chloride and total
dissolved solids, which exist at high concentrations in flow-
back water (Table 4), still can present quality and treatment
issues concerning drinking water. The maximum concentra-
tion of Cl in this study is much higher than concentrations
published by Blauch et al. (2009) and Dresel and Rose (2010).

Synthetic organic compounds

Many of the synthetic organic compounds shown in Table
5 have mean concentrations that exceed the allowable MCL.

TABLE 5. CONCENTRATIONS OF SYNTHETIC ORGANIC COMPOUNDS IN FLOWBACK WATER

Constituent Units N Minimum  Median ~ Maximum  Mean  SD  MCL* Mean/MCL
Benzo(a)pyrene ug/L 111 0.5 2 190 7.06 19 0.2 35
Chlordane (Technical) ug/L 48 0.47 0.48 2.5 0.54  0.30 2 0.27
Dibromochloromethane ug/L 128 0.25 5 2,000 48 197 0.2 240
Dinoseb ug/L 110 1.19 9.5 940 33 98 7 4.7
Endrin ug/L 73 0.02 0.049 5 0.90  1.30 2 0.45
Heptachlor ug/L 73 0.01 0.05 24 0.82  1.07 0.4 2.05
Heptachlor epoxide ug/L 73 0.01 0.05 9.5 1.1 1.8 0.2 5.6
Hexachlorobenzene ug/lL 111 0.5 2 190 7.2 19 1 7.2
Hexachlorocyclopentadiene  ug/L 111 0.5 9.5 940 32 97 50 0.65
Methoxychlor ug/L 73 0.09 0.098 47 4.4 10 40 0.109
Pentachlorophenol ug/L 111 1.25 9.5 940 33 97 1 33
Toxaphene ug/L 49 0.1 1.9 10 2.09 1.25 3 0.69

Highlighted rows indicate mean/MCL ratio > 1.
*MCL from EPA drinking water standards.
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TABLE 6. CONCENTRATIONS OF VOLATILE ORGANIC COMPOUNDS IN FLOWBACK WATER

Constituent Units N Minimum  Median  Maximum  Mean SD MCL*  Mean/MCL
1,1,1-Trichloroethane ug/L 128 0.25 5 2,000 47 197 200 0.24
1,1,2-Trichloroethane ug/L 128 0.25 5 2,000 47 197 5 9.5
1,2-Dichloroethane ug/L 129 0.25 5 2,000 51 196 5 10.2
1,2-Dichloropropane ug/L 128 0.25 5 2,000 47 197 5 9.5
1,2,4-Trichlorobenzene®  pg/L. 152 0.25 5 2,000 39 182 70 0.56
Benzene ug/L 142 0.25 5 2,000 125 330 5 25
Carbon tetrachloride ug/L 128 0.25 5 2,000 48 197 5 9.5
Ethylbenzene” ug/L 127 0.25 5 2,000 49 201 700 0.07
Styrene® ug/L 128 0.25 5 2,000 49 197 100 0.49
Toluene ug/L 143 0.25 5 6,200 240 780 1,000 0.24
Vinyl chloride ug/L 87 0.5 5 2,000 73 240 2 37
Xylenes (total)® ug/L 87 0.5 15 6,500 390 1,200 10,000 0.039

Highlighted rows indicate mean/MCL ratio > 1.
“MCL from EPA drinking water standards.

Chemicals listed as known fracturing fluid additives (FracFocus.org).

In particular, dibromochloromethane has a mean/MCL ratio
of 240. Prolonged exposure to this chemical is associated
with an increased risk of cancer, as well as kidney and liver
problems (EPA, 2009). Figure 6 shows the distribution of
mean/MCL ratios for dibromochloromethane, which has a
95th percentile of over 1,000.

Volatile organic compounds

From results in Table 6, there are many VOCs that have
extremely high concentrations in flowback water, despite the
fact that they are not listed as known hydraulic fracturing
fluid additives (FracFocus, 2013). Benzene and vinyl chlo-
ride, both of which have the potential for increasing cancer
risk in exposed individuals, are high priority as they have

mean/MCL ratios of 25 and 37, respectively. From Fig. 7 it
can be seen that most of the sample results for both con-
taminants exceed the MCL.

Contaminants for which mean concentrations were found
to be over 10 times greater than the allowable MCL were
given high priority. The results of those constituents were
sorted by county in order to determine whether flowback
samples with higher concentrations were associated with
certain locations. A nonparametric one-way analysis of var-
iance (Kruskal-Wallis test) was conducted in SPSS in order
to determine whether the differences in concentrations for
each constituent varied significantly by county. Of the 15
constituents tested, 10 of the tests yielded significant differ-
ences in concentrations across the counties from which the
samples were collected. However, plotting the results for
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each county revealed great variability even within the county
making it difficult to draw conclusions. The variation in
sample size for each county as well as the potential clustering
of samples by well and operator makes it impossible to say
whether these differences should be attributed to well-level
effects, operator-level effects, or geographic effects. Ben-
zene, for example, had a high level of significance, indicating
that concentrations were not uniformly distributed across the
different counties. Looking at the variability of the results in
Fig. 8 within each county, it is evident that concentrations can
vary over three orders of magnitude within a county, making

L] ] L I L] ]
Gross Alpha Radium-226 Radium-228 Uranium=-234 Uranium-235 Uranium-238

Radionuclides

it difficult to associate particular counties with high or low
levels of benzene.

Discussion

This study combined four existing databases on flowback
water and production brine samples collected from Marcellus
shale gas wells in the states of Pennsylvania, New York, and
West Virginia. If the different component databases provide
consistent information, then there might be relatively little
advantage to combining them. To assess this, a one-way
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ANOVA was conducted in SPSS to examine the equality of
mean, and over 60% of the constituents tested revealed sig-
nificant differences (significance level =0.05) in mean con-
centrations from each data source. The analysis also revealed
that the samples obtained from the EPA had the highest sa-
linity, while the samples from the Pennsylvania DEP had the
highest average concentrations for most of the constituents.
This is an indication that higher salinity does not necessarily

correlate with higher concentrations of other inorganic con-
stituents. The existence of database effects raises the question
as to how to properly weight the different data sources for
developing an overall characterization of flowback water.
Developing such a weighting would require comprehensive
information on existing wells and was outside of the scope of
this study. In the authors’ view, precisely weighting the dif-
ferent databases was less critical than using a diverse set of
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inputs to the screening analysis conducted by this study, such
that ranges of constituent concentrations reflect input from a
variety of wells.

Sampling data revealed exceedingly high concentra-
tions of various classes of contaminants, including chlori-
nated solvents, disinfectants, dissolved metal, and volatile
organic compounds. Many of these contaminants can pose
serious health risks if present in drinking water. By setting
an arbitrary cutoff point (mean/MCL >10), a manageable
summary of the highest-priority constituents in flowback
water is presented. In particular, barium, gross alpha, chlo-
ride, dibromochloromethane, benzene, and vinyl chloride
had mean concentrations over 10 times greater than the al-
lowable MCL (EPA, 2009) for each constituent (Tables 2—6).
With the exception of chloride, none of these constituents
is listed as a known chemical additive to fracturing fluid
(Aminto and Olson, 2012; FracFocus, 2013).

In addition to the potential health risks and water contam-
ination associated with Marcellus shale wastewater, high
concentrations of salts, radionuclides, and dissolved solids
can pose difficulties regarding the disposal, treatment, and
reuse of flowback and produced waters. The Marcellus region
does not generally has suitable geology for underground in-
jection as a method of wastewater disposal (Veil and Clark,
2011; Lutz et al., 2013). The growth of the industry has also
caused changes in regulations that restrict the discharge of
flowback, brine, or produced water to municipal wastewater
treatment facilities. The remaining treatment options are
treating wastewater at private, industrial facilities, or partial
treatment for internal reuse (Lutz ez al., 2013). The percentage
of flowback water recycled for hydraulic fracturing increased
from 13% before 2011 to 56% in 2011 due to the changes in
regulations and constraints on other treatment and disposal
options (Lutz et al., 2013; Rahm, et al., 2013). While naturally

this analysis cannot substitute for a site-specific analysis when
developing treatment systems, it can provide an overview of
which constituents are likely to be issues across different sites.

One of the major concerns for flowback and produced
water is TDS removal. As indicated in Table 4, TDS levels
range between 221 and 345,000 mg/L. Chemical precipita-
tion processes, such as coagulation and flocculation, can
be used to remove suspended solids and inorganic-scale-
forming compounds, but are not effective for removing dis-
solved solids (Fakhru’l-Razi et al., 2009). A study of shale
gas wastewater effluent from publicly owned treatment fa-
cilities found that even after treatment through filtration or
flocculation, certain inorganic solids remained at unaccept-
able mean and maximum concentrations when compared
with various drinking water standards (Ferrar et al., 2013).
While organic compounds may have been removed to ac-
ceptable levels, inorganics, such as magnesium, chloride, and
total dissolved solids, were not reduced to drinking water
MCLs after undergoing various physical treatment processes
for 8—12h of residence time (Ferrar et al., 2013).

While some industrial facilities may have the capability of
removing ions to reduce TDS from shale gas wastewater (Lutz
etal., 2013), the results in Table 3 indicate that flowback water
also contains high mean concentrations of alpha particles
(20,600 pCi/L), radium-226 (2,030pCi/L), and radium-228
(230 pCi/L). High concentrations of radionuclides and organic
compounds found in flowback and produced waters can pose
significant difficulties when treating and reusing flowback
water. Radionuclide particles can be removed through different
treatment processes, such as reverse osmosis, precipitation, or
ion exchange, but some percentage of radium will remain in the
effluent (Zhang et al., 2014), and these processes will serve to
concentrate the radionuclides, which may require disposal of
the treatment residuals in specialized facilities.
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Organic compounds, as well as some dissolved metals, can
also be removed through adsorption using porous materials,
such as activated carbon, organoclays, or zeolite. This treat-
ment method can have a high retention time and becomes less
efficient at higher concentrations (Fakhru’l-Razi et al., 2009).
The high concentrations of benzene (0.25-2,000 ug/L) and
vinyl chloride (0.5-2,000 ug/L) found in flowback water (Table
6) can reduce the run lengths of adsorptive processes. In some
cases, a percentage of organic and radioactive materials will
accumulate even after treatment, making 100% reuse not
possible without dilution of flowback water with fresh water
(NYSDEC, 2011).

Calculating the Spearman’s rank correlation for the top-
priority constituents, there does not appear to be any strong
relationship between chloride concentrations and chlorinated
solvents (r<0.7). Chloride did have strong correlations with
manganese (r=0.770) as well as with radium-226 (r=0.738),
and radium-228 (r=0.892). Organic constituents, however,
have strong relationships with each other, but no relation-
ships appear between organic compounds and inorganics
or with naturally occurring constituents. The Spearman’s
correlations for benzene with vinyl chloride and dibromo-
chloromethane were 0.839 and 0.762, respectively. In par-
ticular organic constituents that are of likely anthropogenic
origin appear to be tightly correlated, as the correlations be-
tween vinyl chloride and dibromochloromethane (r=0.945),
and between 1,2-dichloroethane and dibromochloromethane
(r=0.792) were very strong. Correlations between radionu-
clides were also strong (r=0.907), indicating that high con-
centrations of alpha particles would likely be accompanied
with higher concentrations of radium. However, the anthro-
pogenic chemicals 1,2-dichloroethane dibromochloromethane,
and vinyl chloride were not strongly correlated with chloride,
or with inorganic constituents (Supplementary Data).

Comparing the results geographically by county did not
yield any readily interpretable results. Since there was a great
amount of variability in the concentrations of each contaminant
in different counties, county alone does not appear to be a
determinant of concentration. It is likely that the samples were
collected from different wells within the same county, but
given the limitations of the data, it was generally not possible
to identify each sample by well. For this reason, it was not
possible to distinguish well-level effects from regional effects.

There are several limitations associated with this analysis.
One limiting factor is that the data were not controlled for
flowback day. As the data were collected from various sources
with inconsistent documentation, it was not possible to sort the
concentrations of all the contaminants by the day of flowback.
While this may be adequate for approximating the conditions in
a holding pond or storage lagoons (in which flowback and
production brines from different times are mixed), it may not be
quantitatively representative of the actual proportions of flow-
back and production brines from different time periods. More
representative and detailed data would be necessary to conduct
more statistical analyses as well as risk analysis for human
exposure to the contaminants that exist in flowback water and
production brine. Additionally, directly comparing concentra-
tions to MCLs is a somewhat simplistic approach since the
concentrations would likely be attenuated due to natural envi-
ronmental processes. The results of this analysis do not neces-
sarily indicate that the MCL for any particular constituent will
be exceeded if flowback water is released into the environment.
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This analysis is intended only to serve as a preliminary priori-
tization of contaminants that are present in flowback water.
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