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Abstract There is a growing concern over the contami-
nation of surface water and the associated environmental
and public health consequences from the recent prolifera-
tion of hydraulic fracturing in the USA. Petroleum hydro-
carbon-derived contaminants of concern [benzene, toluene,
ethylbenzene, and xylenes (BTEX)] and various dissolved
cations and anions were spatially determined in surface
waters around 15 coalbed methane fracking wells in Sul-
livan County, IN, USA. At least one BTEX compound
was detected in 69% of sampling sites (n=13) and 23%
of sampling sites were found to be contaminated with all
of the BTEX compounds. Toluene was the most common
BTEX compound detected across all sampling sites, both
upstream and downstream from coalbed methane fracking
wells. The average concentration of toluene at a reservoir
and its outlet nearby the fracking wells was ~2X higher
than other downstream sites. However, one of the upstream
sites was found to be contaminated with BTEX at similar
concentrations as in a reservoir site nearby the fracking
well. Calcium (~60 ppm) and sulfates (~175 ppm) were the
dominant cations and anions, respectively, in surface water
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around the fracking sites. This study represents the first
report of BTEX contamination in surface water from coal-
bed methane hydraulic fracturing wells.

Keywords Coalbed methane - Hydraulic fracturing -
BTEX - Dissolved ions - Indiana

Recent technological developments in hydraulic fractur-
ing made the cost-effective extraction of natural gas from
less permeable shale possible. The number of hydraulically
fractured wells in the USA increased by 91% to ~300,000
(from 2000 to 2015), which accounts for 67% of the total
natural gas production (Perrin and Cook 2016). Typically,
10,000-15,000 m*® of water containing additives including
biocides, breakers/oxidizers, corrosion inhibitors, iron con-
trollers, oxygen scavengers, and scale inhibitors are used in
horizontal fracking sites in the USA (Gallegos and Varela
2015). Up to 80% of injected water returns to the surface
as flowback water that contains high levels of organics hav-
ing a wide-range of physicochemical properties including
petroleum-derived hydrocarbons, industrial solvents, and
surfactants (Ferrar et al. 2013; Gregory et al. 2011). Addi-
tionally, flowback water is also known to contain radioac-
tive materials, heavy metals, and halide salts (Carpenter
2016; Finkel 2015).

Petroleum-derived hydrocarbons such as benzene, tolu-
ene, ethylbenzene, and xylenes (BTEX) were reported up
to 13, 71, 9.0, and 39 ppb levels, respectively, in waste-
water effluents that treat flowback water in Pennsylvania
(Ferrar et al. 2013). Haluszczak et al. (2013) reported that
flowback water from several western and central Pennsyl-
vanian fracking wells had chloride, sodium, calcium, and
potassium concentrations of 98,000, 36,400, 11,200, and
281 ppm levels respectively, classifying the flowback water
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as a brine (Haluszczak et al. 2013). Proper treatment and/
or disposal of large-volume waste from fracturing wells is
a daunting challenge in the USA (Getzinger et al. 2015;
Warner et al. 2013). BTEX are prone to leach from soils
into groundwater owing to their relatively high water sol-
ubility and low K, values, therefore resulting in the con-
tamination of drinking water (Peng et al. 2015).

BTEX are listed as priority pollutants by the United
States Environmental Protection Agency (USEPA) under
the Clean Water Act (USEPA 2012). Surface water con-
tamination of BTEX can pose human health risks (Car-
penter 2016; Parker et al. 2014) as well as adverse ecologi-
cal consequences such as physiological alterations in fish
embryos (Menidia beryllina) (Adeyemo et al. 2015) and
decreased chlorophyll content in an algae (Euglena graci-
lis) (Peng et al. 2015).

Indiana is not traditionally known for hydraulic frac-
turing. However, with the passing of Senate Bill 71 by
the Indiana Legislature in 2011, coalbed methane hydrau-
lic fracturing is allowed in “commercially saleable” coal
seams (Greenwell and Keller 2013). This study examines
the potential surface water contamination from 15 small
coalbed methane fracking wells in operation along Turtle
Creek in Sullivan County, Indiana, USA.

Typically, the optimum production of natural gases from
coalbed methane hydraulic fracturing wells may occur
several months after the removal of a sufficient amount of
pore water from the coal matrix (Moore 2012). Therefore,
coalbed methane hydraulically fractured wells can pose
a risk towards contaminating surface water for a longer
period than from conventional oil and gas wells. To our
knowledge, there are no reports of BTEX contamination
in surface water from coalbed methane hydraulic frac-
turing wells. In this study, the spatial distribution of the
occurrence of BTEX in surface waters was determined
around coalbed methane hydraulic fracturing wells in Sul-
livan County, Indiana, USA. The spatial distribution of
major dissolved ions (cations: lithium, sodium, potassium,
magnesium, calcium, and ammonium; anions: fluoride,
chloride, bromide, nitrite, nitrate, and sulfate) were also
determined.

Materials and Methods

Triplicate surface water samples (~250 mL, grab samples)
were collected from the central flow of 13 upstream and down-
stream sites of coalbed methane hydraulic fracturing wells
(n=15) located along Turtle Creek in Sullivan County, Indi-
ana, USA on October 11th and November 8th, 2015 (Fig. 1).
There was a total of six samples from all sampling sites while
only two samples were collected from LTC_A. The sampling
sites were chosen based on the proximity to an outflow or
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inflow of a subwatershed, the confluence of tributaries, and
site accessibility. Samples were collected in acid washed Nal-
gene bottles, stored in ice, transported back to DePauw Uni-
versity, and stored at 4°C until further analysis.

All chemicals (purity: >99%) were purchased from com-
mercial vendors. Analytes (benzene, toluene, ethylbenzene,
xylenes) and hexane were purchased from Sigma—Aldrich
(St. Louis, MO, USA). An internal standard toluene-Dg was
purchased from Sigma-Aldrich. All standard stock solu-
tions were prepared in hexane and stored in a refrigerator.
The working solutions were prepared in hexane as needed.
Nylon filters (30 mm, 0.45 um) and magnetic stirrers were
purchased from Fisherbrand (Pittsburg, PA, USA). Seven
Anion Standard II solution and Six Cation Standard II solu-
tion were purchased from Dionex (Sunnyvale, CA, USA).

BTEX compounds were analyzed using an Agilent 6850
Series GC System and Agilent 5973 Network Mass Spec-
trometer. Samples were prepared for analysis by filling 5 mL
glass vials with 4.0 mL of water sample filtered through
30 mm X 0.45 um nylon filters, 0.9 mL of hexane, and 0.1 mL
of an internal standard (toluene-dg). Vials were shaken man-
ually for 1 min followed by continuous stirring for 5 min.
The samples were allowed to separate solvent layers for
5 min and then 0.2 pL of the hexane extract was injected into
the GC/MS analysis. BTEX were analyzed using an Agilent
HP-5 column (30 mx0.25 mm i.d. X0.25 um) at an initial
oven temperature of 40°C, held for 1 min, ramped to 200°C
at 15°C/min, and held for an additional minute. Injection
port and detector were held at 280°C while MS quad and MS
source were maintained at 150°C and 230°C, respectively.

Dissolved ions were analyzed using a Dionex ICS-2000
Ion Chromatography System using Dionex IonPac AS18
4%x250 mm and CS16 5X250 mm columns guarded with
a Dionex CG16 5 x50 mm column. Cations were separated
using 30 mmol methansulfonic acid (suppressor current of
89 mA for 40 min) whereas anions were separated using
24 mmol KOH (suppressor current of 60 mA for 15 min)
in an isocratic eluent mode. The system was flushed with
250 pL of deionized water and primed with an additional
250 pL of deionized water prior to sample injection. Sam-
ples were filtered through 0.45 um nylon filters and injected
(20 pL) for the analysis at a constant temperature of 40°C.

Internal standard method of quantification (7.3 ppm
toluene-dg) with a seven point calibration curve was used
for the quantification of BTEX. The concentration of ana-
lytes in calibration solutions ranged in concentration from
0.05 to 16.5 ppm. The coefficient of determination from a
linear calibration curve was <0.99. The identification of
BTEX peaks in samples were based on their retention time
(£0.05 min), two major m/z ions (benzene: m/z 78 and 52;
toluene: m/z 91 and 65; ethylbenzene: m/z 91 and 106; and
xylenes: m/z 91 and 106), and the ratio of two major m/z
ions in selected ion monitoring (SIM) mode. Major cations
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Fig. 1 Sampling sites. Blue arrows indicate direction of water flow.
The white star localizes all 15 coalbed methane fracturing wells, and
the black star localizes a coal-burning power plant. Group 1 repre-
sents upstream sites of fracturing wells and the headwaters of Turtle
Creek (TC), and includes sampling sites TC_A, TC_B, TN, and TW.
Turtle Creek flows into Turtle Creek Reservoir (major part of Group
3). Little Turtle Creek (LTC), a major tributary of Turtle Creek, was
sampled at LTC_A, LTC_B, and LTC_C, which are classified as
Group 2 upstream sites with low probability for contamination from
the fracking wells. The headwaters of Little Turtle Creek also origi-
nate within the Group 2 boundary. Group 3 is defined as Turtle Creek
Reservoir and was sampled at a mouth of Turtle Creek (i.e. TC_C)

(lithium, sodium, potassium, ammonium, magnesium, and
calcium) and anions (fluoride, chloride, bromide, nitrite,
nitrate, and sulfate) were quantified using Six Cation Stand-
ard I and Seven Anion Standard II solutions, respectively.

A method blank fortified with an internal standard
(7.28 ppm toluene-dg) was prepared and analyzed in every
batch of BTEX analyses following the procedures described
above. No carry over was observed during chromatographic
separations. However, select samples were observed to have
benzene contamination and were corrected. Samples and a
method blank were bracketed by a continuous calibration
verification (CCV: mid-point calibration) solution in each
batch of sample analyses. The BTEX concentrations were
found to be within +10% in the CCV standard solution.
Limit of quantification (LOQ) for each analyte was deter-
mined as a concentration corresponding to S/N ratio of 10;
LOQs ranged from 0.05 ppm (toluene) to 0.10 ppm (ben-
zene). For statistical analysis, <LOQ analytical data were
replaced by ¥2 LOQ values.

i? Coal Bed Methane Fracking Wells
* Coal Buming Power Plant

and two shoreline locations of the reservoir (i.e. R_A and R_B). The
reservoir outflow was sampled at TC_D. Turtle Creek was sampled
downstream, after the reservoir outflow confluence with Little Turtle
Creek, at TC_E and TC_F, and comprises Group 4, where the cul-
mination of surface water contamination should be expressed. The
inset on the right shows the location of the coalbed methane frack-
ing sites on a larger scale [Source: Google Earth satellite Imagery
and Indiana Department of Natural Resources (IDNR)]. Clear stars
represent fracking well pad locations (along with their well numbers)
and gray asterisks represent the location of additional gas exploration
well pads that were not identified as being active fracking wells by
the IDNR at the time of sample collection

A method blank (deionized water filtered through
0.45 ym nylon filter) was prepared and analyzed in each
batch of analyses of cations and anions. No cations
were detected >0.81 ppm and no anions were detected
>0.15 ppm in the method blank, except for nitrite at a
concentration of 0.25 ppm. Consequently, all data points
were blank corrected. Every five samples were bracketed
by a calibration standard solution to determine whether
the retention time had drifted. No significant drift in reten-
tion time (+0.05 min) was observed for either cations or
anions.

The analytical method capable of determination of
BTEX in surface water was validated through a triplicate
spiking and recovery experiment. The triplicate water sam-
ples were spiked with BTEX (0.9 mL of 1.24-1.65 ppm in
hexane) and internal standard (0.1 mL of 7.28 ppm toluene-
dg in hexane), mixed well, and allowed to separate solvent
layers. 0.2 pL of the hexane extract was injected into the
GC/MS for analysis. A method blank was prepared and
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analyzed as discussed above. The spiking recoveries and

the relative standard deviations for triplicate analysis were

90.3+1.8%, 104.8+1.1%, 102.4+2.1%, and 101.0+2.1%,
respectively, for benzene, toluene, ethylbenzene, and

xylenes.

Table 1 Concentration of
BTEX in surface water samples
(n=6)" around fracking wells in
Sullivan County, Indiana

Results and Discussion

All analytes were detected at a reservoir site nearby the
fracking wells (R_B) and at the outlet of reservoir (TC_D)

(Table 1; Fig. 2). However, no analytes were detected in

Group  Sites

GPS coordinates

Range of concentration of analytes (ppb)

Benzene  Toluene  Ethylbenzene Xylenes
1 TC_A 87°29'19.38" W, 39°07'42.01" N ND-135 ND-183  ND-175 ND-175
1 TC_B 87°30'16.50" W, 39°05'44.60" N ND-LOQ ND-97.5 ND-95.0 ND-95.0
1 N 87°31'41.74" W, 39°05'31.37" N ND-LOQ ND-65.0 ND-LOQ ND-LOQ
1 ™W 87°32'54.43" W, 39°03"21.99" N ND-LOQ ND-67.5 ND-LOQ ND-LOQ
2 LTC_A® 87°27'59.45" W, 39°05'04.39" N LOQ LOQ LOQ LOQ
2 LTC_B  87°28728.23" W, 39°04'11.99" N ND-LOQ ND-LOQ ND-LOQ ND-LOQ
2 LTC_C  87°29'41.83" W, 39°0228.44" N ND-LOQ ND-60.0 ND-LOQ ND-LOQ
3 TC_C 87°30'47.57" W, 39°05'18.70" N ND-LOQ ND-50.0 ND-LOQ ND-LOQ
3 R_A 87°32'09.40" W, 39°04'26.29" N ND-LOQ ND-LOQ ND-LOQ ND-LOQ
3 R_B 87°32'24.06" W, 39°03'18.43" N ND-148  ND-238  ND-248 ND-245
4 TC_D 87°31'30.81" W, 39°02'29.90" N ND-108  ND-205  ND-205 ND-198
4 TC_E 87°32'22.52" W, 39°01'58.56" N ND-LOQ ND-57.5 ND-LOQ ND-LOQ
4 TC_F 87°33'01.40" W, 39°01'39.50" N ND-LOQ ND-LOQ ND-LOQ ND-LOQ

ND non-detects, LOQ limit of quantitation, LOQs for benzene, toluene, ethylbenzene, and xylenes were
100, 50, 80, and 90 ppb, respectively

*No significant differences in BTEX concentrations were found in triplicate samples from two sampling

events

°Only two samples were analyzed for LTC_A

BTEX Surface Water Concentrations

Turtle Creek
urtle Cree
Ramant X

0 05 1

0051 2 4
O Kilometers

2

|:| Ethylbenzene
- Xylenes

Note: Base of graph is approximate sampling
{ocation. If no BTEX vsas detected, sampling location
is denoted by an X.

3

Relative Concentration

|
Yo

=100 ppb

Coal Bed Methane
Fracking Wells

== Direction of Flow

4
O — (iles

Fig. 2 Spatial distribution of average concentrations of BTEX compounds in study sites. Sample sites with non-detects are denoted by an X.
Concentration ranges and GPS coordinates are provided in Table 1
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tributary sites and the farthest downstream site except tolu-
ene. Toluene was detected in 71% of sampling sites (n=13)
upstream as well as downstream of 15 fracking wells in
Sullivan County, Indiana. The average concentration of
toluene at reservoir site (R_B) and reservoir outlet site
(TC_D) was ~2x higher than other downstream sites and
the tributary sites. The upstream site (TC_A) was found
to be contaminated with BTEX at similar concentrations
as in a reservoir site nearby the fracking wells (Table 1).
The analyte’s potential of atmospheric transport [higher
air—water partitioning coefficients], as well as the poten-
tial BTEX contamination from an upstream coal-burning
power plant (group 3 in Fig. 1), and the domestic waste dis-
charge from homes may explain the occurrence of BTEX
at the upstream sites. BTEX concentrations in samples col-
lected on October 11th and November 8th were not signifi-
cantly different; hence, measured concentrations were pre-
sented as in six samples (Table 1).

To our knowledge, no reports are available on BTEX
contamination of surface water in the proximity of hydrau-
lic fracking wells. However, BTEX was found to contam-
inate groundwater (up to 2000 ppb) owing to the surface
spills of flowback water or fracking fluids in Weld County,
Colorado (Gross et al. 2013). BTEX was also found at an
average concentration of 8.0-46 ppb in effluent from a
wastewater treatment plant that treats wastewater from con-
ventional and fracking wells in Pennsylvania (Ferrar et al.
2013). These studies suggest that flowback water has the
potential to contaminate surface water with BTEX. No sur-
face spills related to the hydraulic fracturing activities in
Sullivan County, Indiana were reported, to our knowledge,
prior to our sampling in the fall of 2015. BTEX were not
found in the most downstream site (TCD_F) which may be
due to an increased dilution and relatively lower environ-
mental half-lives of BTEX in streams as compared to res-
ervoirs (Table 1).

Calcium and magnesium, the dominant cations in con-
centration profiles, were found to be higher in sites down-
stream from the fracking wells, compared to upstream sites
(Fig. 3). Sodium was also found at similar concentrations
to that of magnesium ions at all downstream sampling
sites, whereas sodium ions were found significantly lower
(or similar to ammonium ions) in upstream sites. Ammo-
nium and potassium ions were consistently detected at all
study sites. Similarly, sulfates and chlorides were the dom-
inant anions in concentration profiles in all sites (Fig. 3).
However, fluorides, bromides, nitrites, and nitrates were
detected at similar concentrations at all study sites but at
significantly lower concentrations (Mann Whitney Rank
Sum Test; p<0.001) than sulfates and chlorides.

Fisher (2014) reported very high concentrations of cati-
ons (Ca**: 4300-92,000 ppm; Mg**: 500-21,000 ppm)
and anions (C17: 8000-190,000 ppm; Br™: 33-850 ppm;

75<O Sodium
O Potassium
V¥V Ammonium
WV  Magnesium i i
60 4@ Calcium 5] E E i
—_
_ * 2 5
= ;
(=
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) B 2 g g o} o)
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Sampling Sites

Fig. 3 Concentrations of select cations and anions in study sites

and SO,>~: 20-180 ppm) in flowback water from fracking
wells in Texas, California, and North Dakota (Fisher 2014).
Surface waters that have been impacted by stray methane
gas from coalbed methane hydraulic fracturing have rela-
tively lower calcium, magnesium, and sulfate concentra-
tions, and higher sodium and chloride concentrations (Van
Voast 2003), which indicates a potential pathway for flow-
back water, and consequently other petroleum-hydrocar-
bons such as BTEX, into surface water. This study found
higher concentrations of calcium and magnesium ions at
the sites around fracturing wells and different anionic pro-
files (SO,*~>CI~>NO,") than reported by Fisher (2014)
(CI~>Br~>S0,%"). Therefore, the cation and anionic pro-
files found in this study could not confirm the contamina-
tion of surface water from flowback water in and around
the fracturing sites.

A previous study conducted in Sullivan County found
sodium (360 ppm) and sulfate (1100 ppm) levels down-
stream of a surface mining operation to be 18 and 14 fold,
respectively, higher than in upstream sites (Peters 1981).
Higher levels of sulfates were explained in terms of oxi-
dized products of iron ores during surface coal mining. In
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our study, the sulfate concentration in downstream sites
was also found to be eightfold higher than in upstream sites
(TC_A and LTC); which may indicate that the operational
coal-burning power plant (Fig. 1) increased the sulfate and
sodium levels downstream.

Petroleum hydrocarbon-derived contaminants of con-
cern (BTEX) and the dissolved cations and anions were
determined in surface water around 15 coalbed meth-
ane fracking sites in Sullivan County, IN. At least one
BTEX compound was detected in 69% of sampling sites
(n=13) and 23% of sampling sites were found to be con-
taminated with all of the BTEX compounds. Overall tol-
uene was the most common BTEX compound detected
across all sites, both upstream and downstream. The
highest concentration of BTEX was found in two down-
stream sites and one site upstream from the fracking wells.
The upstream presence of BTEX may occur via aerial
transport due to the volatile nature of these compounds
(K> 5.39% 1073 atm. m*/mole at 25°C). BTEX was nota-
bly absent at the two most downstream sites likely due to
the dilution and short environmental half-lives of the com-
pounds. The cationic and anionic profiles determined at
our sampling sites (SO42_>C1_>N02_) were not consist-
ent with reported profiles in flowback water from fracking
wells in Texas, California, and North Dakota. Furthermore,
there is not sufficient evidence to rule out the additional
sources of BTEX and dissolved cations and anions (auto-
mobile emissions, leaky propane tanks, and geochemical
constituents) in addition to the contamination from the
fracking operations along Turtle Creek. Therefore, further
studies are required to determine the fate and transportation
of contaminants from the fracking operations along Turtle
Creek, as well as their associated water quality and impacts
on human and environmental health.
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