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ABSTRACT

Hydraulic fracturing is a frequently utilized technique for the extraction of natural gas
entrapped in shale formations. However, many have raised concerns about the environmental
impacts of this process. Little is known about the organic chemistry of the flowback or produced
water resulting from the hydraulic fracturing process. A better understanding of flowback and
produced water chemistry and shale chemistry may facilitate environmental fingerprinting and
help determine the potential impacts of contamination events from shale gas operations.

Utilizing comprehensive two-dimensional gas chromatography (GCxGC) coupled to
time-of-flight mass spectrometry (TOFMS) has allowed for a better understanding of
hydrocarbon origins in flowback and produced waters. Through the investigation of a series of
five injection fluids and five flowback samples from a single unconventional gas well in
northeastern PA by GCxGC-TOFMS, chemometric analysis by mass spectral scripting algorithms
revealed that specific hydrocarbon composition remains constant during the flowback period and
contains very little signature of injected fluids. Additionally, GCxGC with high-resolution time-
of-flight mass spectrometry followed by Kendrick mass defect analysis of flowback from four
nearby wells indicated a unique hydrocarbon pattern in each case. It was hypothesized that the
hydrocarbon chemistry of the shale contributes to hydrocarbon signature of the flowback.

To further explore the hydrocarbon signature hypothesis, thermal desorption
methodologies were developed as a sample introduction tool for GCxGC-TOFMS analysis of
shale rock samples. The method was evaluated against Soxhlet extraction and shown to be
reproducible and efficient for the hydrocarbon analysis of shale rock cores. This novel and robust
characterization of Marcellus and Utica shales demonstrated the hydrocarbon differences between
the two formations and improved the understanding of hydrocarbon speciation within the native

rock. Additionally, thermal desorption coupled to GCxGC may provide more detailed analysis of
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hydrocarbons than what is currently implemented in the industry to pinpoint the most
advantageous areas to exploit by hydraulic fracturing.

Lastly, biogeochemical fingerprinting of environmental contamination form shale gas
operations was also explored through bioaccumulation studies in the freshwater mussel, Elliptio
complanata. Mussels were exposed to hydraulic fracturing wastewaters and their fatty tissue was
analyzed by for both organic and inorganic components by GCxGC-TOFMS and ICP-MS,
respectively, that could be indicators of bioaccumulation of the produced water. Increased
accumulation of strontium was observed in mussels dosed with produced water. Chemometric
strategies were employed to distinguish the signatures of produced water exposure. Principle
Component Analysis was used as an exploratory data analysis method and demonstrated the
uptake of cyclic hydrocarbons in the fatty tissues of mussels. This study demonstrated the
potential of biogeochemical fingerprinting and impact of possible environmental contamination

from shale gas operations.
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Chapter 1

Introduction

While global energy demands are continually rising, environmental concerns bolster the
need to move from coal to cleaner burning fuels. While ideally renewable energy would replace
fossil fuels, the technology is not yet amenable to wide scale integration. In the last two
decadenatural gas has emerged as a viable alternative to coal and recent technological advances
have allowed for the economic extraction of this resource. Since 2010, natural gas has accounted
for the largest share of US energy production (Figure 1-1) and projections over the next four

decades indicate that natural gas production will continue to increase.'
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Figure 1-1: Historical energy production and future projections indicating that natural gas
production will remain the fastest growing and largest energy source in the US. Adapted from
U.S. Energy Information Administration, Annual Energy Qutlook 2018.'

1.1 Hydraulic Fracturing

Advances in horizontal well drilling and hydraulic fracturing (HF) technologies have
allowed for economic extraction of shale gas recourses. Shale gas is entrapped in low
permeability pores within the sedimentary rock, thus not amenable to conventional gas extraction
practices. Unconventional (horizontal) drilling and hydraulic fracturing are designed to increase
the surface area of the shale rock and allow for greater gas permeability. Hydraulic fracturing
utilizes between 10,000 liters and 37 million liters of water per well, along with drilling
modifiers, to generate pressures capable of fracturing the shale. Additionally, fracturing fluids
contain up to 9% sand, which is used to maintain the fracture network. Chemical modifiers,
which can make up 2% of the fracturing fluids, include acids, biocides, friction reducers,
corrosion inhibitors, gelling agents and subsequent breakers.” There are over 1600 known organic
modifiers that are used during the hydraulic fracturing process, however in general only 3-12

. 23
chemicals are used per well.



The process of unconventional gas development has raised a multitude of environmental
concerns, especially the impact to water resources. As outlined in Figure 1-2, contamination can
occur from the migration of stray gas (largely methane) or fluids associated with the
unconventional gas development process.* While methane may pose risk to the population and
infrastructure due to flammability concerns, the less volatile compounds are likely a greater long-
term threat to the environment and human health. Improperly sealed well casings, surface spills,
and centralized treatment facilities pose the greatest risk to water resources.” "> Spills from
unconventional oil and gas development have remained constant at 4-6% from 2006-2014 and
typically occur due to equipment failures or human error.'® In Pennsylvania, an average spill
releases 500 L of brine to the environment.' However, fingerprinting contamination from
unconventional oil and gas development is not straightforward as there is a lack of analytical
methodologies that provide evidence of causation for environmental contamination events
associated with shale gas development.'” Therefore, to adequately assess contamination events
from shale gas development, basic research is needed to develop analytical methods capable of
fully characterizing the fluids associated with unconventional gas development, and also

potentially correlating a specific fingerprint to a point of source or sources.
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Figure 1-2: A schematic of the hydraulic fracturing process and pathways of water contamination.
Adapted from Howarth et al.*



1.2 Chemical Characterization of HF Wastewaters

The last decade has seen a large increase in peer-reviewed research on the
characterization of hydraulic fracturing wastewaters. Overall, characterizations can be divided

18-32

into three categories: analysis of inorganic species, analysis of hydraulic fracturing

5,26,33-43

additives, and analysis of geogenic organic compounds.”®”*** Of these three categories

inorganic analysis has received the greatest attention, which is likely due to the high quantities of

dissolved solids, often metal salts, in HF wastewaters.'®

The high salinity of HF wastewaters
can vastly vary between and within shale basins but typically ranges between 200,000 — 400,000
ppm.”' The fluids returning to the surface also contain high radioactivity (gross alpha 55-123,000

19,24,25,29,31,32,33 The l’laturally

pCi/L), which is of particular interest due to health concerns.
occurring radioactive material (NORM) has also been shown to be a particularly stable indicator
of shale formations for fingerprinting purposes, as have the stable isotopes of strontium and
boron.””"!

The characterization of organic compounds in HF wastewaters is a continuously
developing field of study. The high salinity matrix along with the proprietary nature of hydraulic
fracturing additives presents challenges in sample preparation and analysis.**® HF wastewaters
have total organic carbon values ranging from 1.2 to 5,804 mg/L with average concentrations of
346 mg/L.” Since the organic fraction is much more dilute than the inorganic species, sample
preparation steps must be undertaken to exclude the more concentrated interferents.>*° In LC-
MS analysis this high salinity matrix would result in suppression of ionization, thus hindering the
detection of analytes present in the sample.’ Traditional analytical methodologies that rely on the
detection and quantification of known targeted analytes are insufficient, as little is known about

the proprietary and unreported compounds used in HF operations.

Non-target analysis is also merited for the characterization of HF wastewaters as recent



research suggests that sorption and molecular transformations occur in subsurface conditions.
Sorption of organic compounds to exposed rock formations could affect transport in returning
wastewaters and could be dependent on the organic carbon—water partitioning coefficient (Koy).>
Hydraulic fracturing additives with high K, values will be expected to sorb to organic-rich
shales and be retained by the formation (Figure 1-3).">?* To date, several publications have
described laboratory experiments documenting the transformations of common HF

" 33,39,40,44,51,52
additives.

Multiadditive synthetic hydraulic fracturing fluids reacted under high
temperature and pressure conditions (HPT) suggested that HPT along with shale mineralogy
might facilitate the degradation of HF additives.” Additionally, glutaraldehyde, a common
hydraulic fracturing biocide, was found to transform with increasing temperature and pressure
into polymerized products that were ineffective in controlling sulfate-reducing bacterial growth.*
Nonylphenol ethoxylates, a class of surfactants and corrosion inhibitors in oilfield operations, has
been shown to degrade under HPT to nonylphenol, a known endocrine disrupting compound,
which carries toxicity implications in the HF wastewaters.”’ A few studies have also shown
evidence of subsurface halogenations in field samples through oxidative treatments, radical
substitution, nucleophilic substitution, or electrophilic addition of non-halogenated aliphatic

compound in the presence of halides and free halogen species.**'*
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Figure 1-3: Estimated octanol-water equilibrium coefficients (Kow) of 964 disclosed hydraulic
fracturing additives with amenabilities to common analytical methodologies. Adapted from
Getzinger et al."”

Chromatography coupled with mass spectrometry is the paramount analytical tool for the
characterization of organic compounds in HF wastewaters. Recent reports on the analysis and
chemistry of organic components of HF wastewaters are summarized by Oetjan et al.’ and Luek
et al.” Overall, it can be concluded that the analysis of geogenic compounds, the hydrocarbons
native to the shale rocks which are extracted during the HF process, are more suitable to gas
chromatographic analysis.”®"***’ Alternatively, as seen in Figure 1-3, functionalization and the
subsequent increase in K, of HF additives makes them more suitable to liquid chromatography
analysis."” Getzinger and colleagues report that 75% of known HF additives are amenable to LC-
MS analysis while only 15% are amenable to GC-MS analysis."” As such, most characterizations
of HF wastewaters have been performed by LC-MS and ethoxylated surfactants are the most

5,26,33-43

commonly detected class of compounds. While GC-MS analysis has been applied to a



number of studies aiming to characterize HF wastewaters, the complexity of the samples has
resulted in limited identification of the hydrocarbons present in the fluids.”***’ The work
presented in this dissertation is aimed to better characterize the geogenic hydrocarbons in shale

48,49,54
gas systems.

As such, comprehensive two-dimensional gas chromatography (GCxGC)
coupled to time-of-flight mass spectrometry (TOFMS) was the primary analytical approach
utilized herein. These techniques, outlined in the following text, helped overcome challenges

associated with complex sample matrices.

1.3 Instrumentation Overview

1.3.1 Comprehensive Two-Dimensional Gas Chromatography

Gas chromatography (GC) is the paramount tool for the analysis of hydrocarbons, but to
date the technique does not possess adequate peak capacity for a complete characterization of the
naturally occurring hydrocarbons in shale.”***’ As a result, previous analyses of wastewaters
from shale gas systems by GC have resulted in chromatograms with unresolved complex
mixtures (UCMs).”***” The presence of an UCM can greatly complicate analysis leading to the
omission of constituents that may have important implications for fingerprinting or water reuse
and treatment. Comprehensive two-dimensional gas chromatography (GCxGC) overcomes the
peak capacity limitations described above and features higher detection sensitivity when used
with cryogenic modulation than conventional GC analysis.”

GCxGC utilizes two columns of different stationary phase connected in series to achieve
enhanced selectivity and peak capacity.” Typically, the first dimension column is a conventional,
long non-polar column and the second dimension is a short column with alternate selectivity or
chemical functionalization. The peak capacity of the complete two-dimensional separation is the

product of the peak capacities of each column.” Additionally, the complementary selectivities of



the two columns often allow for the sample matrix to be separated from the analytes of interest
and homologous series separate into diagonal patterns on the two dimensional plane. The two
columns are connected at the modulator which serves to:
i.  Continuously collect small fractions of the effluent from the first dimension column
while maintaining the previous separation,

1. Focus the effluent of the first dimension column into a small band,

iii.  Re-inject the focused band onto the second dimension column.”
The three steps described above occur on the order of 1-10 seconds and are repeated continuously
throughout the chromatographic analysis. Figure 1-4 outlines the modulation process and
demonstrates the reconstruction of the data into two-dimensional chromatograms. Briefly, the
chromatograms acquired over each 1-10 second modulation period are de-multiplexed and plotted

individually. Subsequently, peaks that were split over multiple modulation periods are

recombined and projected onto contour plots.™
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Figure 1-4: The schematic of GCxGC modulation and generating two-dimensional
chromatograms from raw modulated data. Adapted from Dalliige et al.”

1.3.2 Time-of-flight mass spectrometry

Time-of-flight mass spectrometry (TOFMS) is the most useful detector for GCxGC-MS
analysis. In non-targeted analysis, the use of mass spectrometry greatly aids in identification of
unknowns through evaluation of mass spectral fragmentation patterns. However, not all mass
analyzers are can be adapted for GCxGC applications. The narrow peak widths (ca. 100-200
msec) generated by modulation in GCxGC require a high acquisition speed detector.”” TOFMS is
capable of acquiring a large mass range simultaneously without scanning as would be the case

with quadruple mass analyzers, for example.™
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Time-of-flight mass spectrometry determines mass-to-charge ratios of ions by measuring
the time ions take to reach the detector.”® As demonstrated in Figure 1-5, ions are accelerated into
an drift region under vacuum where no additional magnetic or electric fields are applied. The
same kinetic energy is applied to each ion and therefore lighter ions will drift with greater
velocity, reaching the detector faster than heavier ions. While ideally, the same kinetic energy is
applied to all ions, the position of ions in relation to the accelerating backplate in the ion source
influences the initial kinetic energy.’® To overcome this limitation, an electrostatic mirror or
reflectron is implemented to equalize the kinetic energies of ions. In a reflectron, ions are stopped
and reflected through a series of increasing electric potentials. lons with higher initial kinetic
energies penetrate further into the reflectron before being turned around, thereby equalizing the
kinetic energies of ions with the same masses. Thereby, ions of the same mass reach the detector
at the same time, regardless of differences in initial kinetic energies.’® The use of reflectrons is
also advantageous as it increases the resolving power of the mass spectrometer. By increasing the
flight path, discrimination is possible between small mass differences, which enable the

measurement of masses with mass accuracies of < 0.001 Da.>®
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Figure 1-5: The schematic of a time-of-flight mass spectrometer, which determines mass-to-
charge ratios of ions by measuring the time ions take to reach the detector. Adapted from Harris.>®

1.4 Experimental Reports

The following chapters demonstrate efforts in enhancing analytical methods towards the
geochemical and biogeochemical fingerprinting of shale gas systems. Chapters 2 and 3 focus on
the characterization of hydrocarbons in wastewaters from shale gas systems.*** Chapter 2, which
is published in the journal Fuel, investigates the chemistry of a single well is studied to compare
the chemical differences and transformations between injected fluids and those which return back
to the surface as wastewater.”® The hydrocarbons present in the wastewater are distinct from those
injected during hydraulic fracturing and the distribution of returned hydrocarbons remains similar
over the 10 days the well was monitored.* My contribution towards this work includes

establishing relationships to acquire the samples, sample preparation and analysis, and writing the
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manuscript. Chapter 3, which is published in the journal Analytical Chemistry, studies four wells
in close geographic proximity to elucidate different chemical signatures between the four wells.*’

The consistent hydrocarbon signature of a single well*®

and the distinct hydrocarbon signature of
nearly wells® shows promise in utilizing hydrocarbon distributions in fingerprinting of
environmental contamination. My contribution towards this work includes establishing
relationships to acquire the samples, sample preparation and analysis, and writing the manuscript.
In Chapter 4, a robust analytical method to study the hydrocarbons native to the shale rocks is
presented that utilizes thermal desorption coupled to GCxGC-TOFMS.> This methodology can
provide insight into utilizing hydrocarbon differences towards point-source identification or
determining the areas of a well to target by hydraulic fracturing. This manuscript has been
submitted to Journal of Chromatography A and my contributions include thermal desorption
method development, Soxhlet extraction, data analysis, and manuscript preparation. Lastly,
Chapter 5 explores the biogeochemical fingerprinting of potential contamination from shale gas
development through bioaccumulation studies of freshwater mussels dosed with wastewaters
from shale gas operations in an effort to mimic possible waterway contamination.”’ This

manuscript is in preparation and my contribution to this work include experimental design,

mussel care, sample extraction and analysis for organic pollutants and statistical analysis.
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Chapter 2

Non-Targeted Chemical Characterization of a Marcellus Shale Gas Well Through
GCxGC with Scripting Algorithms and High-Resolution Time-of-Flight Mass
Spectrometry

2.1 Abstract

A non-targeted study of hydraulic fracturing fluids and corresponding flowback fluids
allows for the understanding of the origin of wastewater constituents and provides insight into
chemical signatures that may inform wastewater management practices for unconventional gas
development. The source water for the hydraulic fracturing fluids, the actual hydraulic fracturing
fluids used in four stimulation stages, and four flowback samples were obtained from a single
unconventional gas well located in northeastern, PA. The chemical complexity of these fluids
required high-resolution non-targeted methodologies. Analyses were therefore performed by
GCxGC-TOFMS with the use of mass spectral scripting algorithms to expedite data analysis
while maintaining a discovery approach. Our results indicate that during the flowback period
hydrocarbon concentrations increase with time. The relative chemical composition remains nearly
constant, which is hypothesized to be representative of the hydrocarbons present in the native
shale that were extracted during the hydraulic fracturing process. Additionally, a comparison of
fracturing fluids and flowback with high-resolution time-of-flight mass spectrometry inferred the
fate of three common organic modifiers: ethylene glycol, glutaraldehyde, and cinnamaldehyde. It
was determined that ethylene glycol is removed from the well within the first four days of
flowback, while polymerization reactions are primary mechanisms of glutaraldehyde and

cinnamaldehyde transformation
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2.2 Introduction

Over the last decade, advancements in horizontal drilling have led to the exploitation of
US natural gas resources through high-volume hydraulic fracturing.' During the fracturing
process, large volumes of water and additives (between 10,000 liters and 37 million liters of
water per well) are injected to create pressures capable of fracturing the low-permeability shale,
liberating natural gas entrapped in the geologic formations.' Fracturing fluids are composed of
90% water, approximately 9% sand, and up to 2% chemical modifiers, which include acids,
biocides, friction reducers, gelling agents and subsequent breakers.” The wastewaters that return
to the surface as flowback or produced water contain traces of injected fluids but are largely
dominated by components native to the shale formation, including hydrocarbon distributions
resembling the complexity of crude oil.” The chemical complexity of these wastewaters presents a
challenge in water treatment; therefore, most flowback and produced waters are disposed of in
Class II injection wells, which have been associated with seismic activity.* Development of
improved strategies for the treatment and re-use of oil-and-gas wastewaters relies on complete
characterization of the chemical composition of these waters and on a better understanding of the
controls on this chemistry.

While the chemical analysis of flowback and produced waters has gained significant
attention in the past few years, the analysis of fracturing fluids and flowback from the same well
has yet to be reported in peer-reviewed literature due to proprietary formulations protected by

2! Previous studies of flowback focus primarily on major ion and trace metal chemistry,

industry.
with comparatively few focusing on organic components and changes in organic composition

over time.””' Since the chemistry of fracturing fluids and flowback is complex, containing a large

number of organic chemicals that have largely gone unresolved and unidentified, a non-targeted
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approach must be utilized with special emphasis given to components native to the shale

formations, as these constituents are least understood.

Gas chromatography (GC) is a vital tool for the analysis of hydrocarbons, but to date the
technique has been underutilized for the analysis of flowback fluids. A literature review produced
only six studies which have utilized GC towards the characterization of wastewaters associated
with unconventional gas development; however, the reported data sets are largely incomplete
because the methods used were capable of detecting only a small subset of chemicals present

within the fluids.>'®*

The limited application of GC stems from challenges associated with the
technique, as one-dimensional gas chromatography does not possess adequate peak capacity for a
complete characterization of the naturally occurring hydrocarbons in shale. As a result, previous
analyses of flowback by GC have resulted in unresolved complex mixtures (UCMs).>'"*** The

presence of an UCM can greatly complicate analysis leading to the omission of constituents that

may have important implications for fingerprinting or water reuse and treatment.

Comprehensive two-dimensional gas chromatography (GCxGC) is an established
technique that overcomes the peak capacity limitations described above and also allows for a
higher detection sensitivity, when performed with cryogenic modulation, relative to conventional
GC analysis.”* This approach has previously been utilized to detect two contamination events
associated with unconventional gas development: the presence of 2-butoxyethanol and elevated
diesel range organic compounds in groundwater.**** Additionally, GCxGC was utilized to infer
fracturing fluid halogenations through the analysis of flowback fluids.”® Hoelzer et al. tentatively
identified compound sources by comparison with additive disclosure.”” However, their study did
not analyze the hydraulic fracturing fluids used in each of the six wells reported, and the retention

index methodology used to verify compound identity was likely of limited utility due to GC
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stationary phase mismatches from the NIST reported indices that were used for comparison in

their experiments.

The study presented here is the first to report the analysis of GC amenable compounds
from injected hydraulic fracturing fluids and the associated flowback from a single
unconventional gas well located in northeastern Pennsylvania. GCxGC presents a promising non-
targeted method towards the characterization of wastewaters associated with unconventional gas
development and may provide more complete insight into hydrocarbon speciation. The objectives
of this study were: (1) to examine the organic chemical differences between hydraulic fracturing
fluids and flowback from the same well, (2) to investigate the temporal organic chemical
differences in flowback fluids during a 10-day period, and (3) to explore data reduction strategies

for GCxGC data of hydraulic fracturing wastewaters.

2.3 Materials and Methods

2.3.1 Sample Collection

Hydraulic fracturing fluids and flowback were collected during hydraulic stimulation of a
horizontal well completed in summer 2015 within the Marcellus Shale of Susquehanna County,
PA. Hydraulic fracturing fluids were collected during stimulation of stages 7-10 of the well
(Figure 2-1), which are the fluids used to target discrete sections of the lateral well. Subsequently,
the flowback fluids from the same gas well were collected every other day over 10 days during
the flowback period. The well was fractured using 3.8x10” L of freshwater and shut-in for a

period of 23 days.
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*Image not to scale
Figure 2-1: A schematic of hydraulic fracturing stimulation stages. The hydraulic fracturing

fluids analyzed herein originated from stimulation stages 7-10.
Samples were collected in 500 mL amber glass jars with PTFE closures pre-cleaned according to
EPA Specifications And Guidance For Contaminant Free Sample Containers.*® The samples were
transported back to the lab on ice via overnight shipment and kept at 4°C, in the dark, until
solvent extraction or acid digestion. Solvent extractions were performed within 14 days of
collection for the organic analysis and all other analyses were completed within 6 months of
collection, in accordance with USEPA methodology.”’
2.3.2 Sample Preparation

Samples for GCxGC analysis were prepared using a modified EPA Method 3510C. The
pH of the samples (200 mL) was adjusted (pH >11 and pH<2) using 10 M sodium hydroxide and
50% sulfuric acid, respectively. After each pH adjustment, the samples were serially extracted
three times with 50 mL of dichloromethane (Avantor Performance Material, JT Baker, Center
Valley, PA, Ultra-resi analyzed grade). All extracts were combined and concentrated to a final
volume of 500 pL in a Kuderna-Danish apparatus and stored at 4 C until analysis. In the case of

an emulsion, the samples were centrifuged (3,700 rpm; 3 min) to break the emulsion.
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2.3.3 Sample Analysis

The extracts were analyzed by comprehensive two-dimensional gas chromatography
coupled to a time of flight mass spectrometer (LECO Pegasus 4D GCxGC-TOFMS and LECO
Pegasus 4D GCxGC-HRT). The GCxGC-TOFMS and HRT were operated with a 250 C injector
temperature, and 2 ml/min helium carrier gas flow rate. The first dimension column was a Restek
Rtx-DHA100 (100 m x 0.25 mm x 0.5 pum), which is considered an ‘industry-standard’ for
detailed hydrocarbon analysis and ensured an efficient separation of saturated hydrocarbons,
including branched and cyclic species based on carbon chain length. The second dimension
column was a Restek Rxi-17SiIMS (2.0 m x 0.25 mm x 0.25 pm), which was used to selectively
retain more functionalized compounds in the second dimension though n-m interactions between
the stationary phase of the column and the unsaturations of the analytes. The first dimension oven
was programmed to maintain 40 C for 0.2 minutes after injection and increase at 1.5 C/min to
315°C. The modulator temperature was offset at 15°C and operated with a 2.5 second modulation
period. The second dimension oven was offset by 5°C. The peak capacity of this method was
calculated to be 9511 using the LECO Simply GCxGC™ tool. The mass spectrometer operated
with a 700 second acquisition delay, 250 C ion source temperature, and -70eV ionization energy.
The collected mass range was 30-550 amu at 200 Hz with a positive mass defect offset of 50
mu/100u. The GCxGC-HRT instrument was operated at a mass resolution of 25,000.
2.3.4 04/0C

Sample integrity was evaluated and maintained through the use of surrogate standards.
The samples were extracted alongside a laboratory blank consisting of 18.2 MQ (MilliQ) water
which was subjected to the same procedures and analysis as the samples, described above. The
blank was free of hydrocarbon contaminants, though trace quantities of common laboratory
contaminants such as toluene were observed. Compounds found in the laboratory blanks were not

reported if they were also found in sample extracts. Additionally, samples were analyzed in
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triplicate to ensure reproducibility. In experiments involving the HRT, external mass calibration
of the mass spectrometer was performed using perfluorotributylamine (PFTBA). The mass
accuracy tolerance of PFTBA was set a 1 ppm for m/z 68.9947, 130.9915, 218.9851, and
413.9770. Additionally, PFTBA was infused during the acquisition and subsequently used as an
internal mass calibrant in all spectra. For all compound assignments, the accurate mass
measurement was within 5 ppm of the theoretical value.
2.3.5 Data Analysis

Data processing was performed using LECO ChromaTOF® software version 4.50.8.0.
The baseline level was set to be just above the noise, and the automated peak finding was
performed utilizing mass deconvolution algorithms for all peaks with a signal-to-noise ratio (S/N)
greater than 75. Peak assignments were based on a forward search in the NIST14 library for
peaks with a spectral similarity score of 700. A peak broadening correction was applied in the
second dimension with earlier second dimension peak widths of 100 ms transitioning to 200 ms at
first dimension retention time of 2845 seconds. GCxGC subpeaks required a S/N greater than 6
and a spectral similarity score of 750 to recombine. Compound classifications were performed
using the scripting feature contained in the ChromaTOF® software using algorithms written in
Microsoft” VBScript language previously described by Weggler et al.*** Briefly, the scripts
utilize characteristic mass spectral fragmentation patterns such as isotope ratios, mass losses, and
distinctive mass-to-charge (m/z) ratios for each compound class. The subsequent data are
visualized by a bubble plot generated in ChromaTOF® where bubble position corresponds to the
analytes retention time and the bubble radii are scaled to the peak area, with each color
representing a unique compound class, as determined by mass spectral features. For peaks
classified by more than one group, the peak bubble is striped with the colors of the corresponding

groups.
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2.4 Results and Discussion

Non-targeted comprehensive two-dimensional gas chromatographic (GCxGC)
methodologies were employed to characterize an unconventional gas well from northeastern PA.
These analyses revealed several new findings in regards to hydrocarbon speciation. In a first pass
analysis; it is very clear that the composition of the hydraulic fracturing fluids is considerably
different from that of the subsequent flowback. The chemical signature of this industrial process
can be further traced back through the analysis of the source water used in the formulation of they
hydraulic fracturing fluids. In the well characterized herein, the hydraulic fracturing fluids were
composed of 100% fresh water sourced from the Susquehanna River. We collected a sample of
the source water used in these fracturing fluids at the riverbank nearby a water intake pump that
was used to provide water to the fracturing site. The GCxGC-TOFMS characterization revealed
that the river water was free from any major contaminants, including hydrocarbons, at levels
above the detection limits of the analysis, which are ca 1.0-10 ng/L in sample. The peaks visible
in the GCxGC chromatogram correspond to common laboratory contaminants such as
hexadecanoic acid and octadecanoic acid, likely fingerprint residues from sample
collection/handling practices.’® Additionally, toluene was detected in the sample, as in the
laboratory blank, due to the frequent handling of this solvent in the laboratory. Inorganic
characterization of the river water was unremarkable and mostly dominated by calcium, sodium,
chloride, and sulfate. These data were consistent with measurements made at the most proximal

USGS site, located 14 km downstream from our sampling location.”’

The GCxGC analysis of the fracturing fluids injected during stages 7-10 (Figure 2-2)
showed various hydrocarbon distributions that may reflect the presence of hydraulic fracturing
fluid additives, namely the light petroleum distillates used as friction reducers, which may be

attributed to the saturated hydrocarbons observed in the GCxGC chromatograms.” Stage 7
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fracturing fluids contained complex hydrocarbon distributions, with 3-ring aromatics being the
dominant class (28.7%) when compared to branched alkanes mostly found in Stage 8 (40.6%) and
Stage 9 (44.6%) (Table 2-1). The Stage 10 sample also contained a complex hydrocarbon
distribution that appeared to be much different from Stage 7, as it contained a lighter, earlier
eluting fraction that was dominated by n-alkanes (33.0%). The chemical composition of Stages 8
and 9 was difficult to determine, as the low abundance of peaks lead to low S/N of the mass
spectral data. Therefore, only 65% and 62% of the chemical composition could be determined in
the Stage 8 and Stage 9 samples, respectively (Table 2-1). The changing hydrocarbon
compositions may be a result of stage-dependent formulations that are paired specifically to the
discrete geology targeted in that stage of hydraulic fracturing. However, chemical additive
disclosure databases, such as FracFocus (www.fracfocus.org), only reveal the complete list of
chemical modifiers used during the completion of the well, therefore it cannot be concluded
whether the changing chemistry of the injected fluids is a consequence of stage-dependent
formulations.” Alternatively, the hydrocarbon variability throughout the injected fluid samples
may reflect on-site handling practices such as the reuse of tanks that previously stored flowback
or produced waters. Critically, we note that this study only addressed GC amenable components
of hydraulic fracturing fluids, which only represent a subset of chemical modifiers used during

hydraulic fracturing."



Table 2-1: The percent chemical class compositions for the GC amenable fraction of hydraulic

fracturing fluids

Stage 7 Stage 8 Stage 9 | Stage 10
n-Alkanes 20.0 10.8 9.9 33.0
Branched Alkanes 26.4 29.9 34.7 29.9
Alkenes 5.7 2.6 1.6 5.2
Cyclohexanes 11.5 6.3 5.2 12.2
Para Substituted Cyclohexanes 2.7 3.7 2.4 7.0
3-Ring Aromatics 28.7 2.2 0.9 1.3
Phthalate 0.9 3.1 3.5 1.1
Fluorenes 2.4 5.8 3.8 5.6
Hydronaphthalenes 0 0.4 0.3 3.7
Biphenyl 1.1 0.2 0.2 1.0
Cyclopentanes 0.3 0.2 0.2 0.9

27
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Figure 2-2: The GCxGC total ion chromatograms of A) Stage 7 fracturing fluid with high

abundance of hydrocarbons, B) Stage 8 fracturing fluid with low abundance of hydrocarbons, C)
Stage 9 fracturing fluid with low abundance of hydrocarbons, and D) Stage 10 fracturing fluid
with high abundance of hydrocarbons.

The flowback fluids were very chemically complex, as determined from the GCxGC-
TOFMS chromatograms, with over 6000 peaks found though the data processing procedures
described above. The interpretation of such large data sets is an active area of chemometric
research, as visualization of multiple dimensional data is challenging. Here, we explored data
reduction strategies through algorithms that probe class-specific fragmentation mass-to-charge
ratios, which allowed for the construction of figures that not only display a two dimensional
separation, but also incorporate evaluated mass spectral information (Figure 2-3). Additionally,

the use of bubble-size to indicate ion abundance retains semi-quantitative information, thus

providing four-dimensions of information: first dimension retention time, second dimension



29

retention time, interpreted mass spectral fragmentation, and abundance relative to other peaks in
that chromatogram. This data reduction methodology still allowed for a non-targeted approach to
the analysis of complex GCxGC-TOFMS data and categorized over 6000 peaks in less than one
hour of processing time.

The analysis of flowback by GCxGC with subsequent chemical class assignments via
scripting (Figure 2-3) revealed a hydrocarbon pattern unlike that observed in the fracturing fluids.
During the first four days of flowback (sampled at day 2 and day 4), the GCxGC chromatograms
(Figure 3) were largely uncomplicated with regards to major organic constituents, and were
dominated by C¢-Csg linear and branched, saturated alkanes (58.5%). Surprisingly, the chemically
complex hydrocarbons in the fracturing fluids (Figure 2-2) were not present in the Day 2 or Day 4
flowback, possibly due to in-well dilution, sorption, or interactions with other fracturing
components such as breakers.” A comparison of all of the tentatively identified components of
the hydraulic fracturing fluids and subsequent flowback revealed only a few instances of
compound overlap between the two samples with nearly all matched compounds being
hydrocarbons that can be attributed to the hydrotreated light distillate chemical modifier.”
Additionally, the GC amenable chemical modifiers used in the fracturing fluid, as listed in the
FracFocus disclosure” for the well discussed in this study, were investigated with GCxGC
coupled to a high-resolution time-of-flight mass spectrometer. The accurate masses, with a 5 ppm
mass accuracy tolerance, were extracted for the scale inhibitor ethylene glycol, biocide
glutaraldehyde, and corrosion inhibitor cinnamaldehyde (Figure 2-4). All three additives were
found during all analyzed fracturing fluid stages. However, glutaraldehyde and cinnamaldehyde
were not detectable in any of the analyzed flowback samples (Figure 2-4). Kahrilas et al. reported
modeled down-bore transformations of glutaraldehyde and concluded that polymerizations are a
dominant mechanism.” Additionally, the absence of the corrosion inhibitor cinnamaldehyde may

also be a result of similar down-bore transformations. Previous reports indicate that the corrosion
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inhibiting properties of cinnamaldehyde are due to polymerizations that form a protective film on
the surface of the steel casing.” The formation of larger, polymer molecules with lower vapor
pressures that are not amenable to gas chromatographic analysis may explain the absence of
glutaraldehyde and cinnamaldehyde transformation products in this study. The scale inhibitor
ethylene glycol was detected during the first four days of the flowback period but was not
detectable in the day 6, 8, and 10 samples (Figure 2-4). It is probable that this additive was
flushed out of the well during those first four days of flowback, which is also consistent with a

shift in the hydrocarbon chemistry that persists throughout the remainder of the flowback period.
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Figure 2-3: The GCXGC total ion chromatograms of A) Day 4 flowback with low abundance of
hydrocarbons, B) Day 6 flowback C) Day 8 flowback, and D) Day 10 flowback. Hydrocarbon
classes were assigned through scripts that utilize class-specific fragmentation patterns. Red: n-
alkanes, green: branched alkanes, purple: alkenes, white: hydronaphthalenes, salmon:
cyclohexanes, orange: para substituted cyclohexanes, yellow: cyclopentanes, teal: 3-ring
aromatics, blue: fluorenes. Bubble radii are scaled to the peak area. The hydrocarbon composition
in Day 2 flowback (not shown) and Day 4 flowback are similar, but the composition shifts from
Day 4 to Day 6, whereupon it remains approximately constant through Day 10.
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Figure 2-4: The GCXGC-HRT extracted ion chromatograms for A) the scale inhibitor ethylene
glycol in hydraulic fracturing fluid (m/z 62.0362), B) ethylene glycol in flowback (m/z 62.0362),
C) the biocide glutaraldehyde in hydraulic fracturing fluid (m/z 82.0413), D) the absence of
glutaraldehyde in flowback (m/z 82.0413), E) the corrosion inhibitor cinnamaldehyde in
hydraulic fracturing fluid (m/z 131.0491), and F) the absence of cinnamaldehyde in flowback
(m/z 131.0491). Note, the secondary retention time was adjusted to correct for wrap-around.
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At day 6 of flowback, a distinctive hydrocarbon distribution was observed. Throughout
the flowback period, this hydrocarbon distribution increased in concentration with the overall
chemical pattern remaining constant centered between the C;, and C,¢ n-alkanes. In addition to
the overall chromatographic separation, chemical class-specific information extracted from the
mass spectral scripting algorithms corroborate the compositional similarities in the day 6, 8 and
10 flowback samples with each chemical class demonstrating similar abundance and localization
within the chromatograms. These chemical similarities were further investigated in order to
associate the hydrocarbon source of these samples. A ratio comparison of compound classes
allowed for a compositional assessment while normalizing for the concentration differences
within these samples. The percent peak areas calculated from the scripting algorithm chemical
classes were used for computing ratios. Only classes with greater than 1% abundance in the

chromatograms were chosen. The ratios of the three most abundant classes in flowback were
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compared: saturated hydrocarbons to para substituted cyclohexanes and fluorenes. In the case of
day 6, 8, and 10 flowback, the ratios of hydrocarbon classes remained relatively constant as
compared to the other samples (Table 2-2), which suggested that the hydrocarbon source is the
same for each sample, even though the actual concentration of hydrocarbons increased with time
during the flowback period. Additionally, since the ratios of the hydrocarbons did not match that
of the injected fluid, it is unlikely that the major source of the hydrocarbon in flowback originates

from chemical modifiers used during hydraulic fracturing.

Table 2-2: Ratios of the hydrocarbon classes in injected fracturing fluids and flowback samples.

Sample saturated/fluorenes saturazi’dc/l;; fsxiizsstltuted

Stage 7 Frac Fluid 19.3 16.9

Stage 8 Frac Fluid 7.0 11.1

Stage 9 Frac Fluid 11.8 18.5
Stage 10 Frac Fluid 11.2 9.0

Day 4 Flowback 18.8 *

Day 6 Flowback 1.5 33

Day 8 Flowback 1.2 3.1

Day 10 Flowback 1.0 3.6

Note: *no para substituted cyclohexanes were detected in this sample

These data suggest that the observed hydrocarbons are likely a consequence of the
formation geology and represent the hydrocarbon signature of the native shale. Physical mixing
processes of the hydraulic fracturing fluids with formation fluids that have equilibrated with the
shale rock over geologic time may pose as a mechanism for the hydrocarbon signatures observed
herein. However, the inorganic characterization suggests that the hydrocarbon signature of these
flowback samples is not solely an artifact of formation fluid dilution with the hydraulic fracturing
fluids. The consistent ratio of the concentrations of CI/Br in all of the flowback samples of
128+7, suggests that the proportion of formation fluid to hydraulic fracturing fluid remains

relatively constant during the flowback period. Nevertheless, the concentration of hydrocarbons
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increases during this period suggesting another mechanism of hydrocarbon extraction is occurring
in the subsurface. The later flowback fluids (day 6-10) spent more within the shale, and, owing to
this greater equilibration time, the hydrocarbons present within the late-stage flowback more
closely resembled those occurring naturally in the shale. Although the Marcellus is only
commercially viable for gas extraction, the shale formation is organic rich and heavier
hydrocarbons in flowback have been previously documented.”'® However, contrary to previous
characterizations, which reported much greater changes in hydrocarbon compositions with time,
the data presented here show relatively little temporal variation. This is likely due to the high
sampling frequency of the flowback fluids, which is unique to this study. It is believed that once
the period of high TOC is reduced, the consistent hydrocarbon distribution will be diminished in
the low-TOC produced waters.** Nevertheless, this consistency of hydrocarbon distributions
within flowback may represent a potential fingerprinting mechanism since the formation geology

may vary slightly for each unconventional well.”

2.5 Conclusion

Hydraulic fracturing has transformed the United States economy in the last decade.
However, the technology is highly contentious and debated due, in part, to lack of knowledge on
subsurface chemistry and environmental impacts. To our knowledge, this study is the first-of-its-
kind to analyze the chemistry of injected hydraulic fracturing fluids and flowback from the same
unconventional well utilizing a discovery approach, and aims to provide a simplified approach to
characterizing samples associated with shale gas systems. The results presented in this report
imply that the hydrocarbon chemistry of hydraulic fracturing fluids do not largely affect
hydrocarbons present in flowback, the chemistry of which seems to be more reflective of
interactions with the organic-rich shale. Because studies of down-bore transformations of

2532
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chemicals introduced in hydraulic fracturing fluids are limite understanding additive fate is
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crucial in developing sustainable treatment practices of these wastewaters. Herein, we presented
the fate of three hydraulic fracturing additives; ethylene glycol, glutaraldehyde, and
cinnamaldehyde. Understanding the conservancy or transformation of these components may
enable more informed treatment processes. These results provide evidence of subsurface
reactions, as hydrocarbons introduced in the hydraulic fracturing fluids were indistinguishable in
flowback. Additionally, the flowback characterization aided by data reduction strategies of mass
spectral scripting algorithms allowed for a rapid chemical class determination methodology that
showed consistent hydrocarbon composition of flowback, thus indicating a potential
fingerprinting mechanism for environmental contamination events from unconventional gas
development.
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Chapter 3

Elucidating Environmental Fingerprinting Mechanisms of Unconventional Gas
Development Through Hydrocarbon Analysis

3.1 Abstract

Hydraulic fracturing is an increasingly common technique for the extraction of natural
gas entrapped in shale formations. This technique has been highly criticized due to the possibility
of environmental contamination, underscoring the need for method development to identify
chemical factors that could be utilized in point-source identification of environmental
contamination events. Here, we utilize comprehensive two-dimensional gas chromatography
(GCxGC) coupled to high-resolution time-of-flight (HRT) mass spectrometry, which offers a
unique instrumental combination allowing for petroleomics hydrocarbon fingerprinting. Four
flowback fluids from Marcellus shale gas wells in geographic proximity were analyzed for
differentiating factors that could be exploited in environmental forensics investigations of shale
gas impacts. Kendrick mass defect (KMD) plots of these flowback fluids illustrated well-to-well
differences in heteroatomic substituted hydrocarbons, while GCXGC separations showed variance
in cyclic hydrocarbons and polyaromatic hydrocarbons (PAHs) among the four wells.
Additionally, generating plots that combine GCxGC separation with KMD established a novel

data-rich visualization technique that further differentiated the samples.
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3.2 Introduction

Unconventional oil and gas resources, formed in extremely low permeability shales, have
been economically exploited for two decades through advances in horizontal drilling and
subsequent hydraulic fracturing.! The hydrocarbons in these formations are extracted by injecting
water with a suite of chemical modifiers at high pressures capable of fracturing the shale along
with sand used as a proppant to prevent fracture collapse.” Hydrocarbons flows to the surface
through the production casing along with wastewaters that are connate waters and by-products of
the hydraulic fracturing process.' These wastewaters, called flowback (initial return of water prior
to production) or produced waters (generated throughout the productive lifetime of the well) are
chemically complex, containing traces of chemical modifiers,”® transformation products,”'" and
components native to the shale itself.'"'* The hydrocarbon speciation of flowback fluids may
resemble the complexity of light crude oils."

Recent studies have raised concerns about the impact of hydraulic fracturing wastewaters
on the environment, namely water resources.”> There have been incidents where poorly
constructed well casings, surface spills, and migration of drilling fluids, fracturing fluids, or stray
gas have contributed to water contamination."”” However, analytical methods for fingerprinting
environmental contamination have focused largely on using stable and radioactive isotope tracers,
which are not a common techniques in the commercial analytical community.'®"” Fingerprinting
contamination events through organic speciation has only been demonstrated in a few reports.
Thurman et al. proposed the use of LC-Q-ToF for fingerprinting contamination using
polyethoxylate alcohols,’ polypropylene glycols,* and polyethylene glycols,” as these surfactants
remain unchanged throughout the hydraulic fracturing process.'® However, these methodologies
have yet to be applied in environmental forensic investigations. Alternatively, semi-volatile

compounds have been used as tracers for environmental contamination. Comprehensive two-
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dimensional gas chromatography (GCXGC) coupled to time-of-flight mass spectrometry
(TOFMS) has been used to investigate two contamination events associated with shale gas
development: the presence of 2-butoxyethanol and elevated diesel range organic compounds in
groundwater.”"” Additionally, a spill of oil and gas wastewaters into surface waters in North
Dakota was assessed by GC-MS, in addition to a suite of inorganic parameters.*’ The
chromatograms obtained from the affected area indicated a presence of hydrocarbons, many of
which could not be resolved using the one-dimensional separations employed.* Hydrocarbon
speciation may be a powerful fingerprinting mechanism of shale gas related environmental
contamination events, as a recent study utilized GCxGC-TOFMS to investigate hydraulic
fracturing fluids and subsequent flowback from the same well, and demonstrated that the
chemical signatures from injected fluids are lost in the flowback chemistry and the hydrocarbon
chemistry remains constant during the flowback period."

Hydrocarbon speciation is an established mechanism in petroleomic fingerprinting and is

typically performed using ultrahigh resolution mass spectrometry.>'

According to our literature
search, According to our literature search, only a single study investigated the chemical
composition of hydraulic fracturing wastewaters using Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR).” However, this report gave no discussion of hydrocarbon speciation
and instead focused on the identification of numerous halogenated species. Seven studies of
hydraulic fracturing wastewaters have employed high-resolution mass spectrometry with all but
one using liquid chromatography separations as a front end for the analysis.”**** Moreover,
only one study to date utilizing high-resolution mass spectrometry coupled with gas
chromatography for the analysis of hydraulic fracturing wastewaters in which a targeted GCxGC

separation was used to infer the transformations of hydraulic fracturing fluid additives."

Recently, Byer et al. demonstrated that the combination of GCxGC separations and high-
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resolution time-of-flight mass spectrometry (HRT) provides a comparable analysis to FT-ICR and
allows for the distinction of C; and SH, that previously could only be resolved with FT-ICR.*
The study presented here is the first discussion of hydrocarbon chemistry in flowback
fluids originating from four proximally located Marcellus shale gas wells with known well
operators. The use of GCXGC with high-resolution time-of-flight mass spectrometry enabled a
petroleomic approach for the study of hydrocarbon speciation through the use of Kendrick mass
defect plots. Here, we tie together GCXGC retention with Kendrick mass defect to present a novel
visualization approach for these data to illustrate compound class elution fingerprints that may aid

in environmental forensic cases of contamination events from shale gas development.

3.3 Materials and Methods

3.3.1 Sample Collection

Flowback fluids were collected during the hydraulic stimulation of four horizontal wells
completed in summer-fall 2015 within the Marcellus Shale of Susquehanna County, PA. Of the
four wells, three were fractured by Baker Hughes while one was fractured by Halliburton
(Sample B).” Samples A-C were fractured with 100% fresh water from the Susquehanna River,
while sample D contained 2.59% recycled fluids. Samples were collected in 500 mL amber glass
jars with PTFE closures pre-cleaned according to EPA Specifications and Guidance for
Contaminant Free Sample Containers.*® The samples were transported back to the lab on ice via
overnight shipment and kept at 4°C, in the dark, until solvent extraction. Solvent extractions were

performed within 14 days of receiving the samples, in accordance with USEPA methodology.”’
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3.3.2 Sample Preparation

Samples were prepared for GC analysis through liquid-liquid extraction using a modified
USEPA Method 3510C.** 200mL of flowback fluid was serially extracted with dichloromethane
(Avantor Performance Material, JT Baker, Center Valley, PA, Ultra-resi analyzed grade). The
samples were acid-preserved with HCI to pH<2; no other pH adjustments were made prior to
extraction 3 times with 50 mL of dichloromethane. The pH was subsequently adjusted to >11
with 10 M sodium hydroxide followed by three additional extractions with 50 mL of
dichloromethane. All aliquots of dichloromethane were combined and concentrated to a final
volume of 500 pL in a Kuderna-Danish apparatus and stored at 4 C until analysis. Emulsions,

which occurred in all four samples, were broken by centrifugation (2,500 rpm; 2 min).

3.3.3 Sample Analysis

The extracts were analyzed by comprehensive two-dimensional gas chromatography
coupled to a high-resolution time of flight mass spectrometer (LECO Pegasus 4D GCxGC-HRT,
St. Joseph, MI). The GCxGC -HRT was operated with a 250°C injector temperature, and 2
mL/min helium flow rate. The first dimension column was a Restek Rtx-DHA100 (100 m x 0.25
mm x 0.5 um) (Bellefonte, PA), which efficiently separates saturated hydrocarbons, including
saturated and aromatic hydrocarbons by vapor pressure and dispersive interactions. The second
dimension column was a Restek Rxi-17SiIMS (2.0 m % 0.25 mm X 0.25 um), which was selected
to retain functionalized compounds in the second dimension though n-m interactions between the
50% diphenyl stationary phase of the column and the & electrons in the analytes. The first
dimension oven was programmed to maintain 40°C for 0.2 minutes after a 1uL 1:100 split
injection and increase at 1.5°C/min to 315 C. The modulator temperature was offset at 15°C and
operated with a 2.5 second modulation period. The second dimension oven was offset by 5°C.

The mass spectrometer operated with a 700 second acquisition delay, 250°C ion source
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temperature, and -70eV ionization energy. The collected mass range was 30-550 amu at 200 Hz
at a mass resolution of 25,000.

High-resolution mass spectrometry allows for the utilization of Kendrick mass defect as
an analytical tool in hydrocarbon speciation.” The International Union of Pure and Applied
Chemistry (IUPAC) defines the exact mass of carbon to equal 12.00000 Da. The Kendrick scale
normalizes the mass of a CH, unit to the mass of 14.00000 Da. This scaling allows for a facile
identification of hydrocarbon homologous series by exploiting their common mass defect, as
defined by the difference between the exact Kendrick mass and the nominal Kendrick mass

(Equation 3-1).%

Kendrick mass = accurate mass m/z x (14'00000)

14.01565
Kendrick mass defect = nominal Kendrick mass - Kendrick mass

-1

Homologous series of hydrocarbons differing by the presence of heteroatoms (N, O, S) in
their structure or different ring and double bond substitutions will have unique Kendrick mass
defect values. A Kendrick mass defect plot (KMD) thereby visualizes the complete mass spectra
of hydraulic fracturing flowback fluids by plotting the Kendrick mass defect against the nominal
Kendrick mass, which allows the horizontal alignment of each hydrocarbon series.

3.3.4 04/0C

All data were subjected to stringent quality assessments. Surrogate standards were used
to assess extraction efficiency. The recovery of the surrogate standard p-terphenyl-D14 (spiked at
200 pg/uL in final extract) exceeds 60% in all samples, indicating acceptable extraction
efficiency, as it falls within the EPA recovery guideline of 33-141% for water samples.” p-
terphenyl-D14 was used as the most representative surrogate for this study, as it is closest in
chemical functionality to the range of identified compounds discussed in later sections. A

laboratory blank consisting of MilliQ water (Millipore, Billerica, MA) was assessed alongside the
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samples, and was free of any major contaminants including hydrocarbons within limits of
detection (ca 1.0-10 ng/L sample). Toluene was identified in the laboratory blank, likely due to
the large-scale handing of the solvent in our laboratory and was excluded from further
consideration. To evaluate injection repeatability, all samples were analyzed at least three times.
However, due to high-resolution instrument availability limitations, composition repeatability
was formally assessed using a nominal mass GCxGC-TOFMS system (LECO Pegasus 4D
GCxGC TOFMS, St. Joseph, MI). The high-resolution time-of-flight mass spectrometer was
mass calibrated externally using perfluorotributylamine (PFTBA). The mass accuracy tolerance
of PFTBA was set a 1 ppm for m/z 68.9947, 130.9915, 218.9851, and 413.9770. Additionally,
PFTBA was infused during the acquisition and subsequently used as an internal mass calibrant in
all spectra. For all analyses, the mass tolerance was set to the larger of 5 ppm or 0.005 Da. This
was implemented to account for discrepancy in the relative mass tolerance at lower masses where
the ppm scale constrains to only one or two possible formulas.
3.3.5 GCXGC Data Analysis

Data processing was performed using a beta-test version of LECO ChromaTOF® for
HRT software, version 1.92.28.0. Automated peak finding was performed utilizing high-
resolution deconvolution algorithms for all peaks with a signal-to-noise ratio (S/N) greater than
100. To ease mass spectral library searching, PETBA background ions were removed from
spectra. Peak assignments were based on a forward search in the NIST 2014 library for peaks
with a spectral similarity score of 700. GCxGC subpeaks required a similarity score of 500 to
recombine. Data were visualized through Kendrick mass defect plots generated in ChromaTOF®,
which plot the Kendrick mass defect (y-axis) against the nominal mass (x-axis). This
visualization strategy creates one simplified plot to represent all of the high-resolution mass
spectral data with easy identification of homologous series that align in a single row with each

point representing an addition of a CH, unit. Hydrocarbons with different ring and double bond
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equivalent (RDBE) and heteroatomic substitutions have unique Kendrick mass defects and thus
align in unique horizontal patterns. Additionally, the use of coloration in the plot can help
distinguish individual compound classes and bubble radius corresponds to the intensity of the ion
in the summed deconvoluted spectra.
3.3.6 Temporal Distribution Plots

The Spectral Analysis Tools built into the ChromaTOF® software generate Kendrick
mass defect plots using only mass spectral information. A direct link to chromatographic
information, such as elution profiles,’*' has yet to be reported with two-dimensional
chromatography. To generate temporal distribution plots based on Kendrick mass defect, peak
lists and the deconvoluted mass spectra were exported in .csv format after a basic processing step
in ChromaTOF®. Subsequently, this data were processed using Eigenvectors MATLAB
v.R2016Db. In house developed algorithms were applied to calculate the KMD for each fragment.
Screening for fixed KMD values allowed for a sophisticated search of specific fragments or
fragmentation patterns. Combination with knowledge based rules, as described in Weggler et.
al,’> Welthagen et. al,*® and Vogt et.al’* delivered refined results and allow for group type
analysis of the GCXGC -HRT data in less than 20 seconds per sample. The figures generated
through this process, termed temporal distribution plots, were used to demonstrate hydrocarbon
fingerprints based on Kendrick mass defect.

3.4 Results and Discussion

3.4.1 Hydrocarbon Homogeneity

The analysis of four Marcellus shale gas wells in close geographic proximity revealed
several similarities among the samples. Through the assessment of hydrocarbon distributions by
GCxGC separations (Figure 3-1), samples A, B, and D all look remarkably similar. Each of these

three samples contains a combination of alkane, monocyclic and bicyclic hydrocarbons, centered
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between Cy and C, n-alkanes, as determined by the retention times of an alkane standard. Sample
C was overall more chemically complex containing longer n-alkanes (up to Cs¢) and numerous
aromatic compounds. The observed hydrocarbon ranges are to be expected for samples
originating from hydraulic fracturing processes'""'"” and are quite comparable to flowback fluids in
the Fayetteville Formation."' The hydrocarbons in samples A-D are mostly shale-derived,
exhibiting the chemical signature of the rock itself, with a small subset of chemical additives and
transformation products.'""'"> However, even in the small geographic region studied, well-to-well
differentiation is quite possible upon more detailed data analysis. It should be noted that the
discussion presented herein is not aimed at the identification of individual components in
flowback samples, but rather presents a broader analysis focusing on uncovering patterns and
anomalies that can be exploited in point-source identification of environmental contamination

events in regions with shale gas development.

3.4.2 Hydrocarbon Heterogeneity

The sedimentary nature of shale presents opportunity for sample-to-sample heterogeneity
even in small geographic areas. Because all samples were collected within a week of flowback
onset, the observed chemical differences cannot be the attributed to the timing of sampling
events. Cyclic and heteroatomic substituted hydrocarbons are two categories where samples
appear to be differentiated to the greatest degree. Differences between the four samples are best
revealed by comparing compounds eluting around a retention time of 0.5 seconds in the second
dimension (Figure 3-1). This region is mostly dominated by monocyclic species such as alkylated
cyclohexanes. Sample B contained the lowest percentage of cyclohexane homologues among the
four samples (21%), while the monocyclic class represented 30% and 29% of Samples A and D,
respectively. At retention times of 0.75-1 seconds in the second dimension retention profiles are

dominated by saturated bicyclic components such as hydronaphthalenes. As was observed with
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the monocyclic components, Sample B contained the fewest percentage of hydronaphthalene
analogs (7%). However, distinction between Samples A and D becomes more obvious when
analyzing the hydronaphthalene region, as 11% of Sample A and 9% of Sample D is comprised
of this class of compounds. Of the four samples, Sample C is the only flowback fluid with a
significant aromatic portion, with alkylated benzene analogs eluting between retention times of 1-
1.5 seconds in the second dimension and naphthalenes eluting between retention times of 1.5-2
seconds in the second dimension. Sample A also contained a small fraction (<1%) of alkylated

benzene species, however diaromatic compounds were absent in Samples A, B, and D.
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Figure 3-1: The GCxGC-HRT total ion chromatograms for flowback fluids from four
geographically nearby wells (samples A-D). The GCxGC separation shows sample-to-sample
differentiation among the more polar components, such as cyclohexanes and hydronaphthalenes.
Samples A, B and D contained hydrocarbon distributions centered between Cy and C,, n-alkanes,
while sample C was overall more chemically complex containing longer n-alkanes (up to Csp) and
numerous aromatic compounds.

To visualize the high-resolution mass spectral data with greater ease, Kendrick mass
defect plots were constructed for each flowback sample and are shown in Figure 3-2. Each point
on the Kendrick mass defect plot corresponds to a unique ion in the total deconvoluted spectrum
whose formula is known from the exact mass (within 5 ppm) and is color coded according to
chemical class. Samples were screened by chemical formulas calculated from the high resolution
mass spectral data for compound classes common in petroleum systems including: CH, O, O,, O3,

N, NO, NO,, S, SO, SO,, SO;, SO4. All compound classes include both the whole- and half-

integer RDBE ions, where in EI ionization only whole-integer RDBE ions can correspond to
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molecular formulas with half-integer RDBE ions being indicative of fragments. The use of both
whole- and half-integer RDBE formulas helps negate lack of or low abundance molecular ions in
El ionization by also classifying fragment ions. More than 95% of all peaks were classified in all
of the samples into the above classes; however, no compounds belonging to SO, SO, SO4classes
were detected in any of the samples. The CH class represents ions without heteroatomic
substitutions and therefore covers a large range of hydrocarbons including alkanes, cyclohexanes,
hydronaphthalenes, and PAHs, which are common in shale organic matter."> Most hydraulic
fracturing additives are highly oxygenated and may present in the O and O, classes, which

include alcohol, ether, ketone, carboxylic acid, and polyalcohol functionalities.?
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Figure 3-2: The Kendrick mass defect plots generated from the total deconvoluted time-of-flight
mass spectra operated at 25,000 resolving power for flowback fluids from four geographically

nearby wells (samples A-D). Each well exhibits a unique hydrocarbon pattern especially with

respect to heteroatomic containing ions.

The KMD plots (Figure 3-2) show differentiation among the heteroatomic species in each
sample that are not apparent in the GCxGC chromatograms. Interestingly, Sample B, which was
hydraulically fractured by a different operator from the other 3 samples, did not contain any ions
in the N class. While this could be attributed to differences in hydraulic fracturing fluid
compositions, this is unlikely as the FracFocus disclosure of Sample B did contain nitrogenated

components such as acrylamide polymers.> Additionally, the hydraulic fracturing fluid of sample
B contained fewer oxygenated components when compared to Samples A, C, and D, yet still
exhibited a complex pattern on O and O; class ions. Sample A contained homologous series of

both O and O, classes, while Sample C only contained one homologous series of the O, class and



51

Sample D did not contain homologues of either O or O, classes. Since Samples A, C, and D were
all hydraulically fractured using similar formulations, it is not believed that the chemical additives
are contributing to the differences in the O and O, classes observed among these samples.

Instead, we postulate that these components reflect the heterogeneity of the shale and caution the
use of FracFocus or other disclosure databases to identify compound origins in flowback fluids,
not only due to the proprietary nature of some additives, but also due to additive interactions with
the shale. Sample C was the only sample which contained homologues of NO and S classes. Due
to the high RDBE values of these ions, it can be inferred that NO and S moieties were
incorporated into aromatic structures. Of the four samples, Sample D contained the fewest

heteroatomic substituted species, as 99% of the peaks in this sample belonged to the CH class.

Recent research”'' suggests the formation of halogenated species and disinfection by-
products (DBPs) in down-bore transformations of hydraulic fracturing fluids. Upon evaluation of
the data for halogenated products, no probable formulas within 5 ppm mass accuracy could be
assigned in any of the four samples herein. The analysis of the source water used in fracturing
these four wells from the Susquehanna River showed no indication of halogenated DBPs."> We
believe that the wide spread prevalence of DBP contamination in surface waters across the United
States may contribute to the occurrence of DBPs in flowback fluids.”> Additionally, the wells
analyzed in this study have been hydraulically fractured with either no or minimal amounts of
recycled flowback or produced waters. Recycling practices include a disinfection step, usually
though chlorination, which can generate DBPs through reaction with the organic matter present in
the flowback and produced waters. The lack of DBPs in these samples is consistent with the fact

that recycling practices were not used during the hydraulic fracturing of these wells.
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3.4.3 Temporal Distribution

The combination of GCxGC with high-resolution mass spectrometry offers a complex,
multi-dimensional data set that can be exploited with chemometric techniques. While Kendrick
mass defect plots offer a reduced view of all mass spectra acquired during the chromatographic
run, they do not offer any retention time information that may further distinguish one sample
from another. Ortiz et al. utilized one-dimensional GC separations followed by FT-ICR to create
compound-class specific elution profiles for oil sands processed water samples.’® This study was
the first to visualize chromatographic information with Kendrick mass defect.’® Here, we
expanded upon that technique by visualizing Kendrick mass defect against the two-dimensional
chromatographic retention times. Not only does this novel and data-rich visualization technique,
which we term a “temporal distribution plot”, combine the high-resolution mass spectral
information with the GCxGC separation, but it also serves to further distinguish sample-to-
sample variability. Additionally, this combined plot can replace both a GCxGC chromatogram
and a Kendrick mass defect plot by showing the data from both techniques in one comprehensive

and easy to read figure.

Combination of the Kendrick mass defect, knowledge based rules (KBR) and
chromatographic information allows the detailed determination of hydrocarbon fingerprints. For
the four flowback samples, KBR for saturated hydrocarbons, unsaturated hydrocarbons (and
saturated ring structures), decahydronaphthalenes, tetrahydronaphthalenes, benzenes and
naphthalenes were applied, as described in the Materials and Methods section. Here, we focused
on expanding upon the CH class of the Kendrick mass defect plots, as this class was the most
prominent in the four flowback samples and contained a multitude of different hydrocarbon
species. Figure 3-3 shows temporal (chromatographic) distribution these classes. As expected

from the GCxGC separation, the hydrocarbon classes form structured patterns in the
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chromatographic space, aiding the visualization of each sample. This technique provides class—
specific elution profiles that are more clearly distinguished from the total ion chromatograms
(Figure 3-1) and allows for a direct qualitative and semi-quantitative comparison between
samples. While Samples B and D were difficult to distinguish by looking at the total ion
chromatograms (Figure 3-1), upon examining the temporal distribution plots (Figure 3-3),
differentiation among the two samples is quite apparent, especially in the decahydronaphthalene
class. Sample B contained two homologous series of decahydronaphthalenes while sample D
contained three. Additionally, the differences between the individual samples become even more
prominent by the addition of the mass spectral response (peak area). In Figure 3-4 the mass
spectral response for each sample, as described in above, is depicted in a pie chart representation.
This hydrocarbon fingerprint allows for a detailed discrimination between the investigated

samples.
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Figure 3-3: Temporal distribution plots for flowback fluids from four nearby wells (samples A-
D). This visualization strategy combines the GCxGC separation Kendrick mass defect
information to further distinguish the samples from one another. Bubble radii are scaled to ion
abundance.
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Figure 3-4: Pie chart representation of mass spectral response assigned to hydrocarbon classes for
wells A-D. Clear discrimination between the flowback fluids is observable in aromatic
hydrocarbons (wells A and C) and saturated hydrocarbons (wells B and D).

3.4.4 Geochemical Significance

As expected, the chemical complexity of well C served to distinguish this well from the
remaining three. Interestingly, the hydrocarbon distribution of sample B, which was hydraulically
fractured by a different operator than samples A, C, and D, did not appear to be influenced by the
differences in hydraulic fracturing fluid composition, as its chemical distribution was closely
related to samples A and D. Additionally, the use of recycled flowback fluids during hydraulic
fracturing of Sample D did not appear to impact the chemistry of the flowback fluids upon the
qualitative analysis. This is consistent with studies of hydraulic fracturing fluids and flowback

from the same well that suggest flowback chemistry is mostly influenced by shale



56

geochemistry."” The chemistry of the flowback fluids amongst these four wells seems to be more
related to their geographic distribution, as wells B and D are more proximately located when
compared to well A. However, the geographic trend does not hold when considering well C, as
the chemistry of the flowback fluids originating from this well are the most dissimilar and yet this
wellhead is located between wells B and D. Interestingly, upon examining the initial gas
productivity (first 1-6 months) of these wells (Table 3-1), well B was the most productive,
followed by wells C, D, and A. Since no trend is observed between the hydrocarbon present in the
flowback fluids and well productivity in these samples, local variability of source rock cannot be
directly correlated to the observed chemistry. The data show that the closest relationship,
although unexpected, appears to be well depth. Upon considering the stratigraphy and elevation
of the evaluated wells, differences that may account for the observed chemistry among the wells
were uncovered. Drilling logs were used to determine the strata that were subjected to hydraulic
fracturing. In the case of wells A, B, and D the true vertical depth was an average of 253+6 feet
below the Cherry Valley member of the Marcellus shale. On the contrary, the true vertical depth
of well C was shallower than that of the other three wells, only reaching 199 feet below the
Cherry Valley member of the Marcellus shale. This stratigraphic variation may explain the
hydrocarbon differentiation between these wells as the shale that was exploited in wells A, B, and
D would be more stratigraphically correlated than well C. However, these proposed trends may
only be valid due to the small geographic grouping of the wells evaluated herein, and should be
further evaluated using larger sample sizes.

Table 3-1: Gas Productivity Data®

Gas (Mcf/day)

Well A 3806.1
Well B 8786.3
Well C 7334.8

Well D 6475.4
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3.5 Conclusion

GCxGC with high-resolution time-of-flight mass spectrometry was applied to flowback
fluids from four Marcellus shale gas wells in close proximity to each other. This petroleomics
approach characterized the hydrocarbon heterogeneity within a small geographic area offering
insight into factors that differentiate the chemistry of flowback fluids. Cyclic and heteroatomic
substituted hydrocarbons showed the greatest degree of differentiation between the four samples,
even though these components were less abundant than alkanes. GCxGC-HRT offered superior
resolution of these components through the high peak capacity of GCxGC separation and the
resolving power of the HRT that highlighted the heteroatomic species. This work highlights that
the composition of the hydraulic fracturing fluids was not a large differentiating factor of
flowback composition, as seen in the heteroatomic classes in the Kendrick mass defect plots.
Additionally, generating plots that combine GCxGC separation with KMD established a novel
data-rich visualization technique that further differentiated the samples and suggested that
hydrocarbon distributions in flowback fluids were related to the depth of the wells as opposed to
the wellhead location, at least within this sample set. Due to high well pad density and the
proprietary nature of hydraulic fracturing additives the fingerprinting of environmental
contamination events in shale gas systems is challenging. Thus, determining factors of
differentiation among flowback fluids, especially in small geographic areas such as done in this
study, can lead to more informed environmental forensic investigations of shale gas impacts by

identifying factors that can better determine point-source of contamination.
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Chapter 4

Applications of Thermal Desorption coupled to GCxGC-TOFMS for
Hydrocarbon Fingerprinting of Hydraulically Fractured Shale Rocks

4.1 Abstract

Development of shale gas resources through the use of hydraulic fracturing has raised a
multitude of environmental concerns and motivated research towards the understanding of shale
gas systems. Previous research has demonstrated the potential of utilizing hydrocarbon
distributions towards the fingerprinting of a potential environmental contamination event arising
from shale gas operations. However, to apply hydrocarbon distributions from shale gas wells
towards point-source identification and apportionment, a better understanding of hydrocarbon
origins must be achieved. Here we present an efficient and repeatable thermal desorption method,
as a sample introduction methodology for GCxGC analysis of shale rock samples that results in
comparable chromatograms to those produced by solvent extraction. This novel and robust
characterization technique of shale cores from Marcellus and Utica formations by thermal
desorption followed by GCxGC enables the understanding of hydrocarbon speciation within the
native rock with minimal sample preparation time and solvent use. The detailed shale chemistry
gives insight into utilizing hydrocarbon differences towards point-source identification
methodologies of environmental contamination events associated with unconventional gas
development. Additionally, this analytical technique may provide a more detailed analysis of
hydrocarbons than what is currently implemented in the industry to pinpoint the most
advantageous areas to exploit by hydraulic fracturing, yet avoiding undesirable areas such as

those with a high abundance of sulfur containing compounds.
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4.2 Introduction

Political and socioeconomic conditions coupled with advances in horizontal drilling have
enabled the exploitation of shale gas resources through hydraulic fracturing.' The rapid
development of shale gas has raised a multitude of environmental concerns especially with
regards to water resources, which can be impacted through surface spills of hydraulic fracturing
fluids and wastewaters as well as insecure well casings.”® After hydraulic fracturing, the initial
wastewater returning to the surface is known as flowback water while the wastewater generated
throughout the well production life is called produced waters. Both wastewaters can be
chemically complex with high salinity and complex distributions of organic compounds.”"?

The hydrocarbons that are found in produced waters are hypothesized to largely originate
from the shale rocks and utilizing hydrocarbons towards the fingerprinting of contamination from
shale gas development has been proposed.'”'? To date, studies have employed comprehensive
two-dimensional gas chromatography (GCxGC) coupled to time-of-flight mass spectrometry
(TOFMS) to study hydrocarbon signatures in shale gas related systems. Analyses of hydraulic
fracturing fluids and subsequent flowback water from the same well demonstrated that the
chemical signatures from materials added to the injected fluids are lost in the flowback chemistry
yet the hydrocarbon speciation remained consistent during the flowback period.'' Additionally,
analyses of flowback water from nearby wells indicated a unique hydrocarbon pattern in each
case.'” However, to apply hydrocarbon distributions from shale gas wells towards point-source
identification and apportionment, a better understanding of hydrocarbon origins must be
achieved. Additionally, the development of analytical methodologies that may allow for more
rapid characterization by reducing time of sample preparation and materials required would be

very advantageous.
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Thermal desorption as a sample introduction technique for GCxGC analysis has typically
been applied to the analysis of volatile and semi-volatile compounds pre-sorbed to solid-phase
adsorbents. Thermal desorption directly from solid samples has yet to become widespread."
During thermal desorption, heat is applied to extract the volatile and semi-volatile analytes (< n-
C40) from a solid sample matrix.'* The extraction occurs under a high flow of an inert gas and the
analytes undergo cryo-trapping prior to transfer onto the GC column. The thermal desorption
technique enhances detection limits by 3 to 4 orders of magnitude and can achieve 95% or better
desorption efficiencies as compared to the 30-80% extraction efficiencies achieved by solvent
extraction methods. This methodology can also be considered “green chemistry,” as it eliminates
solvent use and the human and environmental health hazards associated with solvent handling
and disposal.

No reports of direct hydrocarbon analyses from hydraulically fractured shales have been
reported. Previously published characterizations of shale hydrocarbons have focused on oil
producing formations with targeted methodologies to establish hydrocarbon thermal maturity."™"”
A commercial instrument, Rock-Eval, (Vinci Technologies, France) has been previously reported
for the analysis of petroleum source rocks by thermal desorption.'” The Rock-Eval methodology
measures the total amount of hydrocarbons desorbed from a crushed rock sample by pyrolysis at
358°C followed by a fast GC-FID analysis.'> While this methodology produced the first thermal
desorption chromatograms of shale that mirrored chromatograms of solvent extracted samples,
the fast GC-FID analysis results in large unresolved complex mixtures (UCM) that only provide a
crude total carbon measurement and lack information about the detailed chemistry of the shale.'”
' Interestingly, no studies of shale hydrocarbons have coupled thermal desorption to
comprehensive two-dimensional chromatography, an area of study expanded upon herein.

This study describes the coupling of thermal desorption to GCxGC with applications to the

characterization of shale rock cores from hydraulically fractured formations. A robust, repeatable,
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and efficient method was developed and applied to two shale formations - Marcellus Shale and
Utica/Point Pleasant Shale. Unique hydrocarbon speciation for each formation is demonstrated,
likely a consequence of the sedimentary nature of shale and lends itself to spatial variation that
reflects the conditions present during formation. This hydrocarbon signature may create a
location-specific fingerprint that could have potential in point-source identification techniques.
Thermal Desorption coupled to GCxGC-TOFMS may also provide a more detailed analysis of
hydrocarbons than Rock-Eval methods to pinpoint the most advantageous areas to exploit by
hydraulic fracturing, yet avoiding areas with a high abundance of sulfur containing compounds

that may lead to soured gas.

4.3 Materials and Methods

4.3.1 Thermal Desorption of Shale Cores

Shale cores from the Marcellus and Utica formations were obtained from the
Pennsylvania Core Repository in Harrisburg, PA (EGSP1) and the Ohio Core Repository in
Columbus, OH (Core # 2936 and 3372). All method development was performed on a Marcellus
Shale core obtained from the Eastern Gas Shales Project (EGSP) due to material availability. The
obtained cores were pulverized to mesh < 300 um and approximately 2 mg of material was
weighed into micro vial inserts. A small plug of deactivated glass wool (Restek, Bellefonte, PA)
was placed on top of the micro vial insert to prevent any transfer of solid material into the GC
inlet. All thermal desorption experiments were carried out on a GERSTEL Thermal Desorption
Unit (TDU) connected directly to a GERSTEL Cooled Injection System (CIS) (GERSTEL Inc.,

Linthicum, MD). The GERSTEL Multipurpose Sampler (MPS-2) was used to directly inject 1 uL.
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of SV Internal Standard (Restek, Bellefonte, PA) at a concentration of 200 pg on-column directly

into the TDU to allow for semi-quantitative comparisons.

The thermal desorption of hydrocarbons present in the shale cores was carried out under
helium at 50 mL/min and programmed initially at 30°C followed by a 12°C/sec ramp to 350°C
with a 5 min hold. The desorbed analytes were cryogenically focused in the CIS, which was

programmed to -120°C for 0.2 min followed by a 12°C/sec ramp to 275°C with a 5 min hold.

4.3.2 GCxGC-TOFMS Analysis

The samples were analyzed by comprehensive two-dimensional gas chromatography
coupled to a time of flight mass spectrometer (LECO Pegasus 4D GCxGC-TOFMS, St. Joseph,
MI) using previously reported methodologies which have been optimized for hydrocarbons

present in hydraulic fracturing wastewaters.' "'

Briefly, the first dimension column was a Restek
Rtx-DHA100 (100 m x 0.25 mm x 0.5 um) coupled to a Restek Rxi-17SiIMS (2.0 m x 0.25 mm
x (0.25 pm) in the second dimension. A slow temperature ramp of 2.0°C/min was used from 40°C
to 315°C under a constant 2 mL/min He flow rate. The modulator temperature was offset at 15°C
positive to the primary GC oven and operated with a 3 sec. modulation period. The second
dimension oven was offset by 5°C to the primary GC oven. The mass spectrometer was operated

with a 250°C ion source temperature, and —70 eV ionization energy. The collected mass range

was 30-550 amu at 200 Hz with a positive mass defect offset of 50 mu/100u.

4.3.3 Soxhlet Extractions

For method validation purposes, the EGSP core that was used for thermal desorption
method development was also Soxhlet extracted in triplicate and analyzed using GCxGC-
TOFMS. A modified USEPA Method 3540C was used for the Soxhlet extraction of ~1g of the

pulverized shale core along with ~3g of MgSO,4 (Avantor Performance Material, JT Baker, Center
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Valley, PA). The solid sample was fortified with 2-methylnaphthalene-d10 and fluoranthrene-d10

(Restek, Bellefonte, PA) at a concentration of 200 pg/uL in final extract as a quality control
measurement of extraction efficiency. 200 mL of 50:50 actetone:dichloromethane (Avantor
Performance Material, JT Baker, Center Valley, PA) was cycled every ~12 minutes for 24 hours.
The extracts were concentrated to a final volume of 500 pL in a Kuderna-Danish apparatus and
stored at 4°C until analysis. The extracts were analyzed using GCxGC-TOFMS methodologies
analogous to those used in thermal desorption but adapted for a 1 pL splitless liquid injection.
Quantitative analysis was performed using DRO and PAH standards (Restek Bellefonte, PA).
4.3.4 Data analysis

Data processing was performed using LECO ChromaTOF® software version 4.50.8.0. The
baseline level was offset to be just above the noise (1.0), and automated peak finding was
performed utilizing mass spectral deconvolution algorithms built into the ChromaTOF®
software. For identification, peaks required a signal-to-noise ratio (S/N) greater than 1000.
Tentative identifications were based on a forward search in the NIST14 library for peaks with a
spectral similarity score of 700. GCxGC subpeaks required a S/N greater than 6 and a spectral

similarity score of 500 to recombine.
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4.4 Results and Discussion

Thermal desorption is a robust sample introduction technique for GCxGC analysis. The
application of thermal desorption to shale core samples from formations exploited by hydraulic
fracturing allows for rapid analysis of hydrocarbon chemistry with minimal sample requirements.
For example, in the validation of this technique only 2 mg of homogenized shale core were
utilized for thermal desorption experiments, while 1 gram of shale material was used for Soxhlet
extraction. There are multiple benefits of this method in comparison to tradition solvent-based
extraction methods. Thermal desorption can improve detection limits by 3 to 4 orders of
magnitude which is largely attributed to the cryogenic focusing that occurs in the Cooled
Injection System. Sample preparation time is minimized when utilizing thermal desorption as
Soxhlet extraction followed by Kuderna-Danish concentration requires >24 h. while thermal
desorption is fully automated and can be performed in minutes. Furthermore, thermal desorption
implements green chemistry practices by eliminating the use of solvents, especially chlorinated
solvents such as dichloromethane that pose greater concerns in human and environmental

toxicity.

4.4.1 Comparison to Soxhlet Extraction

The developed thermal desorption method was compared to Soxhlet extraction to
determine the feasibility of thermal desorption against the widely accepted standard extraction
technique for solid samples. The GCxGC total ion chromatograms for the thermal desorption and
Soxhlet extracted Marcellus Shale samples show many similarities (Figure 4-1). Overall,
unsaturated hydrocarbons are the dominant organic compounds in the shale core. Both
chromatograms also contain numerous alkylated benzenes, which are common in wastewaters

derived from hydraulic fracturing.'”'? Upon comparing the two chromatograms it can be
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observed that Soxhlet extraction excludes low molecular weight alkanes, likely due to
volatilization during the concentration process. Soxhlet extraction may perform better at isolating
the heaviest hydrocarbons, as thermal desorption cannot achieve temperatures suitable of
volatilizing these species. However, as this is approaching the limit for gas chromatography
analysis without the use of high temperature columns, this loss of high molecular weight
hydrocarbons is likely insignificant with regards to the ability to adequately characterize

individual samples.
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Figure 4-1: A comparison of Soxhlet extraction to thermal desorption coupled to GCxGC-
TOFMS. The same shale sample analyzed by thermal desorption (A) and Soxhlet extraction (B)
produce nearly identical chromatograms.

Quantitative comparisons of the two methodologies resulted in comparable
concentrations (Table 4-1). With the exception of pentadecane, all concentrations are on the same
order of magnitude. While the concentrations of hydrocarbons are not identical from the two
extraction methodologies, it should be noted that the thermal desorption concentrations were

determined semi-quantitatively through the use of an internal standard while assuming a mass

spectral response factor of 1. The average response factor for the reported analytes was 1.14,
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therefore the assumed response factor of 1 may account for some of the discrepancy between the
concentrations of Soxhlet and thermally desorbed samples. In this study, we utilized mass
spectral information to confirm compound identity. However, to improve quantitative analysis in
cases where compound identity is known, coupling thermal desorption to GCxGC-FID would
allow for more accurate semi-quantitative results since response factor is more consistent for
hydrocarbons in FID analysis.

Table 4-1: Quantitative comparison of Soxhlet Extraction and Thermal Desorption of Marcellus
Shale core.

Analyte Soxhlet Extraction (ng/mg) Thermal Desorption* (ng/mg)
Anthracene 1.6 2.5
Fluorene 0.1 0.8
Heptadecane 3.5 2.0
Hexadecane 47.8 55.0
Nonadecane 1.1 1.0
Octadecane 0.5 0.8
Pentadecane 1.8 0.1
Pyrene 0.2 0.6
Tetradecane 7.7 11.0
Tridecane 15.5 344

* Thermal desorption concentrations were determined semi-quantitatively through the use of an
internal standard while assuming a response factor of 1

A large difference between the thermally desorbed and Soxhlet extracted chromatograms
(Figure 4-1) is the presence of contaminants arising from the use of the solvents in the extraction
process. Specifically, the presence of acetone condensation products is observed around retention
time 800, 1.25 seconds. These contaminants originated from the use of acetone as a co-extraction
solvent during the Soxhlet process and undergo self-condensation via Aldol reaction and Aldol
condensation mechanisms during the Kuderna-Danish evaporation steps [18]. The use of thermal
desorption eliminates this contamination pathway, thus resulting in chromatograms that are easier

to interpret.
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4.4.2 Method Repeatability

The repeatability of the thermal desorption method was assessed by making replicate
injections of the EGSP1 core. The GCxGC total ion chromatograms for two sample replicates are
shown in Figure 4-2. The two chromatograms are comparable indicating the presence of alkane
and mono-aromatic hydrocarbons. Each sample contained 1-2 mg of shale material and
chromatographic discrepancies may be accounted for when considering mass of sample. For
example, Sample 1 in Figure 4-2 shows more abundant longer chain length alkanes at primary
retention time of 5500-6000 seconds than Sample 2. However, Sample 1 contained 2.0 mg of
shale material while Sample 2 only contained 1.2 mg. With less shale material, the sensitivity of
the analysis is compromised thus resulting in chromatographic differences. However, with more
precise and repeatable sample quantities this challenge can be overcome. An average relative
standard deviation for the analytes reported in Table 1 was calculated to be 13.6% for three
replicates, normalized to mass of shale. This variation can be a result of heterogeneity in the shale
material; however, it is comparable with other thermal desorption applications such as stir bar

sorptive extraction (SBSE)."”
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Figure 4-2: An assessment of repeatability for the thermal desorption coupled to GCxGC-
TOFMS method. Multiple aliquots of the same shale sample produce comparable
chromatograms.

4.4.3 Method Efficiency

The efficiency of the thermal desorption method was assessed by desorbing the same
shale material multiple times and is shown in Figure 4-3. Thermal desorption techniques typically
achieve >95% desorption efficiencies as compared to the 30-80% extraction efficiencies achieved

by solvent extraction methods.”” Desorption efficiency was calculated as follows:

where C, is the analyte concentration during the first desorption and Cy is the analyte
concentration during the second desorption. Average desorption efficiency was calculated to be
96.8% for the analytes reported in Table 4-1, indicating that this methodology is applicable for
shale core analysis. Comparatively, surrogate recoveries for the Soxhlet extracted samples were
only 73% for floranthrene-d10 and 59% for 2-methylmapthalene-d10, indicating that Soxhlet

extraction may have resulted in residues of not extracted hydrocarbon material.
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Figure 4-3: An assessment of efficiency for the thermal desorption coupled to GCxGC-TOFMS
method. Same aliquot subjected to a second desorption shows an absence of shale components.

4.4.4 Comparison of Hydraulically Fractured Formations

The chemistry of Marcellus and Utica Shale cores was compared by applying thermal
desorption as a sample introduction technique for GCxGC-TOFMS analysis. As shown in Figure
4-4, the total ion chromatograms for the Utica Shale and Marcellus Shale are highly
differentiated. Specifically, the Utica Shale contains more aromatic species with the majority of
hydrocarbons centered in the C4-C;5 range, as determined by a DRO standard. The sample
contains numerous homologs of alkylated benzenes with up to five carbon chain lengths.
Additionally, alkylated naphthalenes are also present in the Utica Shale sample with up to three
carbon-substituted homologs. In comparison, the Marcellus Shale was dominated by heavier
saturated hydrocarbons centered in the Co-C3¢ range. Compositional differences in the two shale
samples are represented in a pie chart (Figure 4-5) based on peak areas. The chemistry may
reflect differences in the thermal maturity or kerogen type between the two formations. The

organic compounds in Utica Shale formed from Type II kerogen (planktonic), while organic
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compounds in Marcellus Shale formed from a mixture of Type II and III (humic) kerogen, which

would lead to the formation of heavier hydrocarbons in the Marcellus Shale.*'*
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Figure 4-4: An application for the thermal desorption coupled to GCxGC-TOFMS method. The
total ion chromatogram for a core sample from the Utica Shale (A) contain a greater range of
aromatic hydrocarbons as compared to a core sample of the Marcellus Shale (B) that contains
mostly saturated hydrocarbons.
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Figure 4-5: Pie chart representation of compositional differences between the Utica Shale (A) and
Marcellus Shale (B) as determined by chromatographic peak areas.
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While the hydrocarbons extracted during thermal desorption are similar to those found in
flowback and produced water from hydraulic fracturing operations, there are some differences
that are interesting to mention. Extraction of hydrocarbons from core material via thermal
desorption extracts a greater molecular weight distribution of hydrocarbons than what is observed

%12 This may be due to spatial variability, as detailed

in flowback and produced water.
hydrocarbon characterizations from Ohio flowback or produced waters have yet to be reported,
especially that of the Utica Shale. However, the discrepancy between hydrocarbons in the shale
and those in the flowback and produced waters may also originate from fractionation that occurs
during the hydraulic fracturing process. It may be likely that the chemical additives in hydraulic
fracturing fluids are targeting lighter hydrocarbons, thus not extracting the heavier (>C,) species.
Experiments towards determining the extent of extraction during hydraulic fracturing may be
warranted though the use of high-temperature, high-pressure vessels.”>*

Thermal Desorption coupled to GCxGC-TOFMS of shale rocks may also help to
pinpoint the most advantageous areas to exploit by hydraulic fracturing. It is well known that the
presence of sulfur containing compounds may lead to soured gas.” Upon analysis of the GCxGC
chromatograms, several alkyl-thiophenes were identified in the Marcellus and Utica cores (Table
4-2), indicating that thermal desorption is amenable for determination of sulfur containing
compounds within shale rocks. These were identified first through characteristic ions and
subsequently by the complete mass spectra of each compound match to the NIST 2017 mass
spectral library. In this regard the compound identifications in Table 4-2 are tentative, as
reference materials were not analyzed for positive identification. Alkyl-thiophenes have very
characteristic mass spectra, however, so the indication of compound class is quite clear. This
technique can be highly advantageous to the oil and gas industry to minimize the potential of

soured gas. For example, screening drill cuttings, a waste product of a well, by thermal desorption

followed by GCxGC-TOFMS analysis could by used to determine which areas of the lateral well
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contain lowest concentrations of sulfur containing compounds and thus may be most suitable for
hydraulic fracturing. Applying such proactive techniques can be highly cost effective to oil and
gas producers by preventing problems during the production of the well. Thermal desorption
coupled to GCxGC-TOFMS analysis provides much more detailed characterization of shale rocks
as obtaining information with such high level of detail is not possible with the current Rock Eval

methodologies.

Table 4-2: Sulfur containing compounds identified in shale core samples by thermal desorption
followed by GCxGC-TOFMS analysis.

Marcellus Shale Utica Shale

2,8-Dimethyldibenzo(b,d)thiophene 3,4-diethyl-thiophene
2,5-diethyl-thiophene
2,5-dimethyl-thiophene
2,3-dimethyl-thiophene
3-methyl-thiophene
2-methyl-thiophene
2,3,4-trimethyl-thiophene
2-(1-methylethyl)-thiophene
2,7-dimethyl- Benzo[b]thiophene
2-propyl-thiophene
2-ethyl-thiophene

4.5 Conclusion

Shale gas development has raised a multitude of environmental concerns and created a need
for point-source identification of environmental contamination events. The technique presented
herein expands the understanding of hydrocarbon differences between two gas producing shale
formations though a repeatable and efficient thermal desorption GCxGC method. The described
methodology can be advantageous in both environmental forensics and in industrial practice.
When applied to fingerprinting of an environmental contamination event, it may be possible to
achieve point-source identification through hydrocarbon distribution matching of a contamination

event to drill cuttings, a waste product of drilling the well that is often collected and stored by
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well operators. This technique could be utilized towards an understanding of hydrocarbon
heterogeneity in both geographically similar and distinct shales on a statistically relevant sample
set, as only 2 mg of sample are required for each analysis enabling the use of drill cuttings.
Thermal desorption coupled to GCxGC could also allow for the detailed analysis of hydrocarbons
from drill cuttings that would be able to pinpoint the most advantageous areas to exploit by
hydraulic fracturing in order to reach areas with highest yield potential, yet avoiding areas that
may lead to soured gas by monitoring for sulfur containing compounds. The presented framework
of analytical methodologies provides a sophisticated approach towards studying shale gas
systems in greater detail than through Rock Eval approaches, yet also reducing time of sample

preparation and materials required.
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Chapter 5

Determination of Bioaccumulation Potential of Hydraulic Fracturing Produced
Water in the Freshwater Mussel, Ellipto complanata

5.1 Abstract

Hydraulic fracturing has become a commonly utilized method for the extraction of shale
gas resources. This process has been highly scrutinized due to the potential impacts to waster
resources, which are poorly understood. This study evaluated whether exposure to hydraulic
fracturing wastewater could be biomonitored in the freshwater mussel, Ellipto complanata. A
controlled laboratory experiment was performed exposing Ellipto complanata to produced water
from a hydraulically fractured well over an 8 week period. The fatty tissue of the mussels was
assessed for bioaccumulation of both inorganic and organic pollutants by ICP and GCxGC-
TOFMS, respectively. Mussels exposed to produced water showed an increase in strontium
uptake and increase in cyclic hydrocarbons which may serve as mechanisms of determining

impacts of shale gas in aquatic organisms.
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5.2 Introduction

The extraction of hydrocarbons from low permeability formations has been performed
over the last two decades through unconventional well development.' Typically, unconventional
oil and gas wells are drilled not only laterally, but also horizontally and subjected to hydraulic
fracturing. During hydraulic fracturing millions of gallons of water along with organic and
inorganic fluid modifiers are pumped underground to generate pressures capable to fracturing the
rock that entraps the oil and/or gas in tight pores.' Upon completion of hydraulic fracturing, the
fluids return back to the surface as either flowback, the initial fluid that returns prior to gas
production, or produced water, the fluid that returns throughout the lifetime of the well. Flowback
and produced waters are highly chemically complex and are often described as high brines with
dissolved organic content that contains traces of the chemical modifiers and their transformation
products and hydrocarbon signatures that resemble the exploited shale rock.”'”

The potential toxicity of wastewaters from unconventional oil and gas extraction has
raised a multitude of concerns. Instances of fluid migration from spills and blowouts, in addition
to centralized waste treatment plants that are ineffective at removing contaminants from oil and
gas wastewaters, have lead to a number of groundwater and surface water impacts and motivated
research in impacts to aquatic organisms.”” To date, studies have focused on effects of produced
water spills on microbial communities and have showed population changes towards more saline
resistant species.'” Significant toxicity to hydraulic fracturing produced water has been
demonstrated in zebra fish, rainbow trout, and Daphnia magna.” "*** The lethal concentrations
(LCsp) of produced water on each species were evaluated in addition to developmental, mobility,
and transcriptional responses to xenobiotic metabolomics pathways.” '*** However, theses studies
did not evaluate the bioaccumulation of produced water components or metabolites thereof,

which may carry potential impacts throughout the ecosystem.
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Mussels have been used as indicators of water quality for decades as the animals are filter
feeders that are well known to bioaccumulate environmental pollutants.**>” Most notably, NOAA
has been monitoring the bioaccumulation of polycyclic aromatic hydrocarbons (PAHs) in mussels
since the 1980s.”” While most research pertaining to bioaccumulation of environmental pollutants
has focused on marine mussels, a few reports have studied freshwater mussels, which possess the
same filter feeder qualities as the marine counterparts.”** The extensive habitat range of
freshwater mussels, especially in respect to overlap with areas of unconventional oil and gas
development, makes these organisms ideal candidates for studying the impacts of unconventional
oil and gas development in surface waters. Previous studies have demonstrated the utility of
mussels as indicators of stream impacts in areas of unconventional hydrocarbon extraction, with
Pilote et al. reporting the accumulation of metals in the fatty tissue of caged mussels in the
Athabasca River.”

The bioaccumulation potential of hydraulic fracturing produced water in the freshwater
mussel, Ellipto complanata, was assessed in this study. Mussels were grown in a controlled
laboratory environment and dosed with produced water from a hydraulically fractured well in the
Utica Shale play. The fatty tissue of the mussels was analyzed for both organic and inorganic
components that could be indicators of bioaccumulation of the produced water. Statistical
analyses were implemented to help differentiate the impacts of produced water exposure on
mussel fatty tissue chemistry.

5.3 Materials and Methods

5.3.1 Animal Care
Ellipto complanata were obtained from Carolina Biological Supply Company
(Burlington, NC) and kept in 50 L aquaria with University Park, PA tap water that was

conditioned for 14 days. 8-9 mussels were kept per tank and water was maintained 21-22 °C with
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pH 7.2-8.2. Mussels were fed daily with 5 mL of algae food source (Carolina Biological Supply
Company, Burlington, NC).
5.3.2 Bioaccumulation Studies

Produced water was obtained from a hydraulically fractured Utica Shale well located in
southeastern Ohio. Bioaccumulation and toxicity was assessed for three treatments: control, low-
dose, and high-dose. The control tank contained only conditioned tap water while the low-dose
contained a 1:100 dilution of produced water, and the high-dose contained a 1:50 dilution of
produced water. The dilutions were determined based on the total organic content (TOC)
measurements of the produced water and matched to those reported by streams impacted by
unconventional gas development to best mimic the environmental conditions mussels may be
exposed to.'”"® To account for evaporative losses, conditioned tap water was added every 14 days
to maintain the 50 L water level. The tanks were re-dosed with produced water after 4 weeks. The
experiment was conducted for 8 weeks. Deceased mussels were immediately removed from the
tanks and stored at -20 °C.
5.3.3 Chemical Characterization

The raw produced water was characterized for organic and inorganic chemistry by
GCxGC-TOFMS and ICP-OES, respectively. The sample was prepared for organic analysis by
liquid-liquid extraction by a modified USEPA Method 3510C.** 384.19 g of produced water were
extracted 3 times with 25 mL of dichloromethane and concentrated to 1 mL using a Kuderna-
Danish apparatus. The sample was analyzed using GCxGC-TOFMS (LECO Pegasus 4D, St.
Joseph, MI), which was operated with a 250 C injector temperature and a 2 mL/min helium flow
rate. The first dimension column was a Restek Rtx-DHA100 (100 m X 0.25 mm X 0.5 pm)
(Bellefonte, PA) and the second dimension column was a Restek Rxi-17SiIMS (1.0 m x 0.25 mm
x 0.25 um). The first dimension oven was programmed to maintain 50 C for 0.2 minutes after a

1L 1:100 split injection and increase at 5'C/min to 315 C. The modulator temperature was offset
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at 15°C and operated with a 2 second modulation period. The second dimension oven was offset
by 5°C. The mass spectrometer operated with a 700 second acquisition delay, 250 C ion source
temperature, and -70eV ionization energy. The collected mass range was 30-550 amu at 200 Hz.
The sample was prepared for inorganic analysis by acid digestion in accordance to USEPA
method 3005A.% Metal concentrations were determined using Thermo Scientific iCAP 6500 ICP-
OES Duo (Waltham, MA).
Mussel tissue was prepared for organic analysis following Extraction of Biological

Tissue or Trace Organic Analysis procedure outlined in the NOAA Mussel Watch program.”’ 2
mussels were pooled for analysis based on survival. Each treatment therefore had three samples:
early mortality, mid mortality, and late mortality, with the exception of the control group that
only had an early mortality and late mortality group. Approximately 3 g of homogenized fatty
tissue was mixed with 10-15 g of sodium sulfate and tissuemized for 3 minutes with three
aliquots of 25 mL of dichloromethane. The samples were concentrated to 1mL using a Kuderna-
Danish apparatus and a sample cleanup was performed with 50 mg of PSA to remove the fatty
acids native to mussel tissue. The samples were analyzed using GCxGC-TOFMS following the
method described above with a 1:2 injector split.

Mussel tissues were dried in a speedvac until a constant weight was achieved. Thereafter,
0.5 grams of dried tissue was transferred to a 10 mL Teflon vial with 5 mL of 2N nitric acid, 20
uL of hydrogen peroxide, and were heated at 60°C until dry (approximately 6-8 hours). This
process was repeated 2 more times to degrade most of the organic matter in the tissue. Thereafter,
the sample was refluxed in 5 mL of 2N nitric acid for 3 hours at 80°C. The refluxed samples were
then diluted to 40 mL with 2N nitric acid and 4 mL of 12M HCI. The diluted digestants were
transferred to a CEM Mars 6 microwave digestion system and were microwave digested at 200°C
and 400 psi for 40 minutes. Microwave digested samples were diluted 100 times in 2% nitric acid

before analysis on a Thermo Scientific iCAP 6000 inductively coupled plasma optical emission
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spectrometer (ICP-OES; Na, Ca, Mg, Sr, K) or Thermo X-Series 2 mass spectrometer (ICP-MS;
Cr, Mn, Fe, Co, Ni, Cu, Ba, Pb). All dilution factors were accounted for on a mass basis and
elemental concentrations were normalized by mass of tissue digested.
5.3.4 Data Analysis

Statistical analysis was performed using MetaboAnalyst 4.0.>° The GCxGC-TOFMS data
were first subjected to basic data processing in the ChromaTOF software followed by peak
alignment and peak wise comparison in the Statistical Compare feature of ChromaTOF. The
alignment results were exported to Excel and manual quality control was applied to remove peaks
corresponding to column bleed. The data were then subjected to normalization based on an
internal standard, mean centering and log transformation in accordance to procedures outlined by
Weggler et al.>' A non-parametric ANOVA (Kruskal-Wallis) was performed at p<005 to
determine the analytes that contributed significantly. A principal component analysis (PCA) was
performed on the significant analytes as a non-targeted data analysis tool to determine differences
between treatment groups and the features which contribute to the differentiation.

5.4 Results and Discussion

Freshwater mussels were exposed to hydraulic fracturing produced water to simulate
environmental contamination conditions and assessed for their longevity and bioaccumulation
potential. The mussels were exposed to produced water concentrations comparable to those seen
in previously reported surface waters affected by shale gas development, thus mimicking
environmental conditions that might be encountered by freshwater mussels in watersheds where
shale gas development is prevalent. The experiment was conduced over an 8-week period and 4
weeks after the beginning of the experiment the mussels were re-dosed. After each addition of
produced water, the water in the tanks was orange-tinged and a visable organic layer on top of the

water was observed. Water clarity returned 14 days after the addition of produced water,
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indicating that the mussels were actively filtering the water.

Mussel mortality was assessed daily and presented in the Kaplan—Meier survival curve in
Figure 5-1. Each of the experimental groups experienced the mortality of one individual within
the first 8 days of the experiments, with the high-dose mussel at day 6, followed by the low-dose
mussel at day 7, and the control mussel at day 8. This initial mortality may be due to
overpopulation in the experimental tanks or due to the stress of adapting to a new environment.
At day 18, a mussel was deceased in the control tank (Figure 5-1). This occurred during a period
of time where the mussels were not fed for 2 days and may have been due to a lack of resources.
The high survival rates in the high-dose and low-dose tanks during this period may have been due
to the availability of another organic food source from the produced water or more dormant
behavior due to the stressed conditions.

Four weeks after the initial dose of produced water, the tanks were re-dosed with
produced water. Prior to the re-dosing all mussel populations appeared to be stable and mussels
were observed feeding regularly and moving within the tanks. After the re-dosing, large
population crashes were observed in the low-dose and high-dose tanks (Figure 5-1). Between
days 32-33, 6 mussels were deceased in the high-dose tank. A similar mortality was observed in
the low-dose tank with 6 mussels dying between days 35-38. The high levels of mortality after
the re-dose may be a result of high stress levels the mussels were subjected to and the inability to
adapt to further stressors. Interestingly, with only one and two mussels in the low- and high-dose

tanks, respectively, water clarity was restored after 2 weeks.
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Figure 5-1: The Kaplan—Meier survival curves for mussels exposed to produced water from
hydraulic fracturing operations (high-dose 1:50 dilution, low-dose 1:100 dilution). Note: n = 8 for
control and low-dose groups, n=9 for high-dose group.

The fatty tissue of mussels was acid digested and subjected to ICP analysis. Overall, a
slight uptake of divalent metals was observed in the mussels dosed with produced water (Figure
5-2). Large variability in the concentrations of metals was observed in mussels of the same
experimental group, and is reflected in the standard deviations of the metal measurements. As
such, the only metal that showed a statistically significant uptake in the dosed mussels was
strontium. Strontium is often highly concentrated in produced waters from hydraulic fracturing,
and the produced water used for the dosing experiments had a strontium concentration of 2698
mg/L.** Strontium has been shown to be metabolically important in freshwater mussels in surface

waters affected by shale gas activities.”' Geeza et al. reported elevated strontium incorporation

into shells of mussels downstream from municipal wastewater treatment facilities that treated
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shale gas wastewaters.’” The isotopic signature of the strontium in the shells matched that of shale
gas wastewaters, indicating that the elevated strontium in the surface water from shale gas
development was incorporated into the shell.”” The elevated uptake of strontium in the fatty tissue
of the mussels indicates that the mussels exposed to the experimental conditions were
metabolically active — filtering the water in the tanks and bioaccumulating a common pollutant of

hydraulic fracturing wastewater that can be incorporated into the shells as the mussels grow.
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Figure 5-2: The metal uptake in fatty tissue of mussels exposed to produced water from hydraulic
fracturing operations. All values are presented as molar calcium ratios. Error bars represent
standard deviation.

The fatty tissue of mussels was also subjected to solvent extraction and analysis by
GCxGC-TOFMS to evaluate the bioaccumulation of the organic compounds in produced water.
Figure 5-3 shows the GCxGC-TOFMS chromatograms of the control, low-dose, and high-dose
groups. While it is difficult to distinguish chromatographic differences between the three
experimental groups, the mussels exposed to produced water did show a higher abundance and
diversity of cyclic hydrocarbons such as cyclopentanes, cyclohexanes, and hydronaphthalenes, as

highlighted in the white oval in Figure 5-3B and Figure 5-3C. Upon comparison of the GCxGC-

TOFMS chromatograms of mussel fatty tissue (Figure 5-3) to the GCxGC-TOFMS
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chromatogram of the produced water utilized for dosing (Figure 5-4), it is possible to distinguish
the effect of produced water exposure on the fatty tissue of mussels. The produced water is
dominated by saturated hydrocarbons, including n-alkanes, branched alkanes, cyclohexanes,
cyclopentanes, adamantanes, and hydronaphthalenes (Figure 5-4). While not every compound
present in the produced water is also present in the mussels, it is likely that the higher abundance
and diversity of cyclic hydrocarbons observed in the fatty tissues of mussels is a result of the

produed water exposure.
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Figure 5-3: The GCxGC-TOFMS total ion chromatograms of fatty tissue of mussels exposed to
produced water from hydraulic fracturing operations. A) control group, B) low-dose, C) high-
dose. The mussels exposed to produced water show an increase in cyclic hydrocarbons as
highlighted in the white oval.
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Figure 5-4: The GCxGC-TOFMS total ion chromatograms of the produced water utilized for
dosing. The produced water is dominated by saturated hydrocarbons, including n-alkanes,
branched alkanes, and cyclic saturated hydrocarbons.

To determine if the observed increase in cyclic hydrocarbons in the fatty tissue of
mussels exposed to produced water is statistically significant, principle component analysis
(PCA) was performed and utilized as an exploratory data analysis tool. PCA has been previously
applied to GCxGC-TOFMS data to differentiate particulate matter from the combustion of
different wood sources.”’ Similar procedures were applied to this study, and the results of the
PCA are displayed as a score plot and shown in Figure 5-5. There is clear clustering within each
experimental group and separation with presence of mussel tissue in PC1 and produced water
exposure in PC2. Upon examining the loadings of the PCA, those features that clustered with the
produced water dosed mussels were determined to contribute to the differentiation between dosed

and undosed groups. Of the features that were attributed to produced water exposure, 74% were
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cyclic hydrocarbons, a major class of compounds found in the produced water. The persistence of
the cyclic hydrocarbons in the fatty tissue may be a potential fingerprinting mechanism of shale

gas impacts on aquatic species.
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Figure 5-5: The principle component analysis score plot of GCxGC-TOFMS peak lists from fatty
tissue of mussels exposed to produced water from hydraulic fracturing operations. Analytes were
subjected to Kruskal-Wallis ANOVA and p<0.005 was required for PCA modeling, shading
represents the 95% confidence interval.
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Exposing freshwater mussels to hydraulic fracturing produced water demonstrated the
toxicity and bioaccumulation of produced water constituents. Overall, prolonged exposure to
produced water resulted in toxicity and increased strontium and cyclic hydrocarbon uptake in the
mussels. While the study presented herein was designed to be a proof-of-concept in determining
if mussels could be used as biomonitoring species of environmental impacts from unconventional
gas development, more research is necessary to determine the full scale impacts of produced
water exposure on freshwater mussels and greater-scale ecosystem impacts. Specifically,
determining the metabolomics of produced water exposure would be beneficial in assessing the
broader impacts on the mussels. Additionally, the elevated strontium uptake would allow for a
comparison of strontium isotope ratios to those common in shale gas wastewaters as a further
fingerprinting mechanism. While not comprehensive, this study demonstrated the potential of
utilizing freshwater mussels as biomonitoring species for environmental impacts from

unconventional oil and gas development.
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Chapter 6

Summary and Outlook

The overarching goal of this dissertation was to better understand the chemistry of shale
gas extraction practices. The research presented herein largely focused on developing analytical
methodologies for the detailed analysis of organic compounds found in wastewaters from shale
gas development, shale rocks, and biota that could be affected by environmental contamination
from shale gas operations. This work expanded the understanding of the hydrocarbons in shale
gas wastewaters through systematic studies of field samples and rock cores. Additionally, this
research showed the potential of assessing environmental contamination from shale gas
exploitation by hydrocarbon fingerprinting.

In Chapter 2, GCxGC-TOFMS was used to investigate the hydraulic fracturing fluids and
subsequent flowback fluids from single well. This study was the first report of the
characterization of a single well, which enabled the direct comparison of chemical signatures in
the fluids before and after hydraulic fracturing. Characterization by comprehensive two-
dimensional gas chromatography coupled time-of-flight mass spectrometry provided a complex
data set. As such, data reduction strategies were undertaken though the use of mass spectral
scripting algorithms, which allowed for a rapid, yet detailed, non-targeted analysis of
hydrocarbon signatures. The impact of fluid handling and selective additive use was
demonstrated in the fracturing fluids. The analysis of the flowback fluids also showed some
unprecedented results. Namely, the hydrocarbon composition of the flowback remained relatively

constant with time even thought the concentration increased throughout the flowback period. This
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consistent hydrocarbon chemistry, likely representative of that of the shale, may indicate a
potential fingerprinting mechanism for environmental contamination events from unconventional
gas development.

Chapter 3 aimed to elucidate environmental fingerprinting mechanisms of
unconventional gas development through hydrocarbon analysis. Characterization of wastewaters
from four Marcellus shale gas wells in geographic proximity by comprehensive two-dimensional
gas chromatography (GCxGC) coupled with high-resolution time-of-flight detection allowed for
petroleomics hydrocarbon fingerprinting. While Kendrick mass defect plots and GCxGC
separation revealed differences in the four samples in heteroatomic substituted hydrocarbons and
polycyclic aromatic hydrocarbons, respectively. A novel visualization strategy was developed
that illustrates Kendrick mass defect classes as a function of retention time in both
chromatographic dimensions, which served to further differentiate the hydrocarbon speciation in
each of the four samples and could be easily applied as an aid in environmental forensic
investigations.

Chapter 4 presented a novel analytical method that utilized thermal desorption as a
sample introduction for GCxGC-TOFMS to investigate the source shale rock that is exploited
during hydraulic fracturing. The methodology was compared to solvent extraction to verify
validity and subjected to repeatability and efficiency assessments. This study was the first report
of detailed shale hydrocarbon chemistry of formations that may undergo hydraulic fracturing. A
comparison of Marcellus Shale and Utica Shale hydrocarbon signatures showed many
differentiating features, especially when comparing the aromatic hydrocarbons. These differences
may be a result of the kerogen that was deposited during the formation of the shales. This
difference, while merely a proof of concept at this point, may play an important role in point-
source identification of environmental contamination or as an aid for determining locations within

the well to target by hydraulic fracturing.
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Lastly in Chapter 5, the bioaccumulation potential of produced water from hydraulic
fracturing was assessed in the freshwater mussel, Ellipto complanata. Mussels were grown in a
controlled laboratory environment and dosed with produced water from a hydraulically fractured
well in the Utica Shale play. The fatty tissue of the mussels was analyzed for both organic and
inorganic components that could be indicators of bioaccumulation of the produced water.
Principle Component Analysis was used as an exploratory data analysis/reduction method and
demonstrated the uptake of cyclic hydrocarbons and strontium. This study demonstrated the
potential of biogeochemical fingerprinting of environmental contamination form shale gas
operations.

To this day, the interactions of hydraulic fracturing fluids with shale are poorly
understood. It is unknown to what extent hydrocarbon extraction occurs in the subsurface,
therefore it cannot be concluded that all hydrocarbon content is extracted from the shale during
hydraulic fracturing. In order to assess if hydrocarbon differences may be utilized towards point-
source identification methodologies, a better understanding of the relationship between native
shale hydrocarbons and those present in the flowback fluids must be established. However,
performing hydrocarbon extraction experiments on the unconventional well scale is not feasible,
therefore, a bench-scale model must be developed. While the thermal desorption methods
described in Chapter 4 can be applied to studying shale chemistry, they cannot provide an
accurate representation of they hydrocarbons that will be present in the wastewaters after
hydraulic fracturing occurs.

High pressure and temperature (HPT) experiments can be utilized to mimic hydraulic
fracturing conditions. By utilizing HPT experiments with core shale samples that were
characterized by thermal desorption, it will be possible to reproduce hydraulic fracturing
conditions, thus modeling flowback fluid composition. This will allow for a comparison between

the native shale hydrocarbons and those that are extracted into the aqueous phase during
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hydraulic fracturing and would subsequently return to the surface as flowback. These model
experiments also enable the study of fluid-rock interactions though the controlled addition of
hydraulic fracturing additives into HPT experiments, which can provide insight into additives that
may be enhancing or suppressing hydrocarbon extraction or inducing degradation or
transformation. Studying these key fluid-rock interactions will enable a better understanding of
flowback fluids hydrocarbon chemistries and differences that can serve as groundwork for point-

source identification methodologies.
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