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ABSTRACT
Hydraulic fracturing of unconventional fossil fuel reserves poses complex environmental
problems. Well permits for extracting natural gas from Marcellus Shale in Pennsylvania, US have
been steadily increasing since 2007. To extract the gas, up to 5 million gallons of fluid, composed
of acid, inorganics, organics, and salt, is pumped into the shale formation at high pressure.
Approximately 10-30% of this fluid returns to the surface along with inorganic, organic, and
radioactive contaminants from the geologic formation and initial fluid additives. A mechanistic
understanding of the relationship between injected fracture fluids and flowback contaminant
origination within the shale formation will be a challenge to attain. However, such knowledge could
help redesign fracturing fluids and promote methods for pollution prevention. Highly organic
fracturing fluids could promote metal dissolution from shale through partitioning of organically
bound shale metals or complexation reactions. In this study we reacted two synthetic fracturing
fluids (SFFs), fluids with high and low organic content based on chemicals used in drilling logs
posted on fracfocus.org, with Marcellus Shale outcrop from Frankstown, Pennsylvania. The
Marcellus Shale samples were pulverized, sieved, and then reacted with the SFFs for up to 36 h in
a high pressure (85 bar), elevated temperature (80oC), stirred-tank reaction cell. The reacted fluids
were analyzed for a suite of analytes including: total organic carbon, chemical oxygen demand,
organic speciation by GC, gross alpha and beta radioactivity, pH, conductivity, total dissolved
solids, and metals.
The outcrop used for studying fluid-shale interactions was highly weathered and resulted
in dissolved metal and radioactivity concentrations significantly lower than unconventional
flowback waters. Common halite salts in flowback fluids were not detected in the shale sample.
Additionally, the concentrations and ratios of gross beta to gross alpha radioactivity in solutions
reacted with the outcrop sample were different than flowback fluids, suggesting that radioactivity
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and halite evaporites are associated with water soluble fractions of the shale that were leached
during weathering. The metals present were preferentially bound to specific phases in the Marcellus
Shale, affecting their ability to be mobilized by various fluid chemistries. Iron, aluminum,
strontium, and barium were mostly associated with oxides and organic material that were only
mobilized under low pH, oxidizing conditions. Calcium and magnesium were mostly associated
with surface exchangeable positions and carbonates that were easily mobilized from the shale
outcrop.
The chromatographic characteristics of the synthetic fracturing fluids changed after
reacting at high pressure and temperature and mobilized more metals from the shale depending on
their fluid chemistries. Low pH synthetic fracturing fluids mobilized the most metals from the
shale. The organic content of the fluids and high pressure conditions had little effect on metal
dissolution. However, the organic composition did change significantly depending on the pH, shale,
and pressure conditions. Reacting synthetic hydraulic fracturing fluids at high pressure and
temperature resulted in a 40-80% loss of gelling additives, friction reducers, and 1-octanol and dlimonene in the surfactant additive, indicating that the functionality and abundance of additives in
solution change in down-hole fracturing environments. Longer chain surfactants, such as
ethoxylated alcohols, were not affected by high pressure and temperature. A considerable portion
of the organic additives were also taken up by the shale, influencing their effective fracturing
concentrations and mobility in flowback fluids. Changes in pH also affected organic fate, with
highest additive losses occurring at a pH of 3.5 in the presence of shale. These results suggest that
characterizing transformation byproducts and organic partitioning of the additives used in hydraulic
fracturing fluids could be useful in optimizing these fluids, identifying additives with high mobility
in the environment, and determining potential toxic byproducts. Additionally, similar work
involving high pressure and temperature experiments with Marcellus Shale samples could be
important in understanding the geochemistry of shale and factors affecting metal dissolution.
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Chapter 1
Introduction
Natural gas has emerged as an energy source capable of reducing dependence on foreign
energy imports (Mohajan, 2012; Vidic et al., 2013). Although historically exploited, advances in
drilling technology over the last decade have made it economically feasible to extract natural gas
from gas reservoirs that were once inaccessible (Vidic et al., 2013). One reservoir that was once
considered to be uneconomical is the Marcellus Shale formation in Northeastern U.S (Vidic et al.,
2013).
Hydraulic fracturing and horizontal drilling are economical methods for extracting natural
gas from unconventional gas formations (Mohajan, 2012). Marcellus Shale and other shale
formations are often termed unconventional or continuous because the gas is dispersed within the
micro-pores of the rock formation rather than being confined to one conventional area or structure
(Mohajan, 2012; Rowan and Kraemer, 2012). Horizontal drilling and hydraulic fracturing increase
the shale permeability and surface area exposed to the actual gas well.
Millions of gallons of an aqueous mixture with various organic modifiers are pumped into
the shale formation at high pressure during hydraulic fracturing. After fracturing, the pressure is
released within the well and 5-60% of the initial fluid flows back to the surface where it contains a
complex fluid chemistry that has to be treated before disposal or reuse (Carter et al., 2013; Dresel
and Rose, 2010; Gregory et al., 2011; Haluszczak et al., 2013). The fluid that returns to the surface
contains high radioactivity (gross alpha 55-123,000 pCi/L), metals (e.g., iron: 0.025-574 mg/L;
barium: 0.005-13,900 mg/L), chloride (18-196,000 mg/L), and total dissolved solids (221-345,000
mg/L) (Abualfaraj et al., 2014; Haluszczak et al., 2013; Orem et al., 2014). Additionally, produced
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and flowback waters have total organic carbon (TOC) values ranging from 1.2-5,804 mg/L with an
average concentration of 346 mg/L (Orem et al., 2014).
Recent studies have expressed a need for understanding the degradation, transformation,
and mobility of organic additives used in hydraulic fracturing fluids (Aminto and Olson, 2012;
Carter et al., 2013; Kahrilas et al., 2014). Analyses of over 1,000 American Petroleum Institute
registered Marcellus Shale wells in Pennsylvania and West Virginia indicated that over 150
different organic compounds have been used in hydraulic fracturing fluids (Carter et al., 2013).
Many of the chemical additives that are pumped into shale formations never return to the surface
(Abualfaraj et al., 2014; Carter et al., 2013). There are no studies to date that attempt to fully
understand what happens to these organic additives. However, sorption, microbial degradation, and
transformation are presumed to play a major role in the composition and abundance of the organic
compounds returning to the surface in flowback and produced waters (Kahrilas et al., 2014).
There are many factors, such as pH, salt, organic content, pressure, and temperature, that
affect adsorption of additives to sediments (Cornelissen et al., 2005; Hulscher and Cornelissen,
1996). Analyzing sorption capacity of fracturing organic additives with shale at various
temperatures, pH, and pressure conditions could be important in predicting contaminants in
flowback fluids. Additionally, studying aqueous-gas (KH), organic carbon-water (Koc), soil-water
(Kd), and octanol-water (Kow) coefficients could help predict sorption and partitioning of organic
additives within the environment (Aminto and Olson, 2012).
The organic compounds in hydraulic fracturing fluids could also transform to more or less
toxic products under the high temperature and pressures associated with hydraulic fracturing.
Interconversions between alkanes, alkenes, and alcohols are known to occur and depend on
temperature and pressure conditions (Shipp et al., 2013). Similarly, transformation of hydraulic
fracturing biocides, such as glutaraldehyde, also increases with increasing temperature and pH
(Kahrilas et al., 2014). Understanding how high pressure and temperature affect organic
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constituents of fracturing fluids is important in reducing the toxicity of flowback fluids (Kahrilas
et al., 2014).
Many studies have attempted to understand where the total dissolved solids (TDS) and
metals are coming from in flowback fluids (Haluszczak et al., 2013; Phan et al., 2015; Wang et al.,
2015). Metals can be associated with soils by dissolution in the soil fluid or incorporation with the
solid phase (Roberts et al., 2005). Sequential extractions have been designed to mobilize metals
from specific phases and determine where metals are bound in solids (Lavergren et al., 2009;
Pickering, 1986). In solid phases, metals can be found in water soluble and weakly adsorbed
exchangeable fractions, carbonates, hydrous oxides, crystalline oxides, or organic matter
(Pickering, 1986). Different types of extractions have been used on black shale core and drill cutting
samples to characterize the metal association within the solid and understand the origin of
contaminants in hydraulic fracturing flowback fluids (Phan et al., 2015; Stewart et al., 2015; Wang
et al., 2015). None of these studies were able to achieve salt or metal concentrations similar to that
of flowback fluids. Therefore, mixing with deep formation brines is generally accepted as the
source of high flowback TDS instead of mineral dissolution from shale (Dresel and Rose, 2010;
Stewart et al., 2015).
There are at least five major processes that effect mobilization of trace metals from soils
and sediments: salt-level effects, acidity, changes in redox conditions, complexation, and biological
transformations (Pickering, 1986). Hydraulic fracturing fluids are known to contain a complex fluid
chemistry consisting of oxidizers, complexing agents, acids, salts, and hydrophilic and hydrophobic
organic compounds, which can impact metal dissolution from solids (Wang et al., 2015).
Hydraulic fracturing fluids with high total organic carbon (TOC) could increase metal
mobility from shale formations. It is known that metal precipitation, adsorption, and complexation
can be influenced by organic matter (Weng et al., 2002). For instance, the mobility of heavy metals,
such as Cd, Cu, Ni, Pb, and Zn, in soils is influenced by complexation with dissolved organic matter
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(Weng et al., 2002). Additionally, citric acid and EDTA, common additives in hydraulic fracturing
fluids, are known to influence metal dissolution from organic solid phases and affect metal
solubility through complexation (Mudroch et al., 1998). A fracturing fluid with high concentrations
of organic additives would be expected to have a similar impact on complexation reactions and
metal mobilization from shale.
Only a few studies have attempted to understand how common additives in hydraulic
fracturing fluids might affect metal mobility from shale at ambient conditions (Bank, 2010; Wang
et al., 2015). Bank (2010) digested shale with concentrated HCl and H2O2. Similarly, Wang et al.
(2015) studied how anoxic conditions, acid, and H2O2 affect metal leaching from shale. Both
studies generally concluded that acid had the greatest influence on metal dissolution, and further
research is required to determine how high pressure and temperature conditions as well as hydraulic
fracturing fluid chemistry will affect contaminant mobilization from shale.

1.1 Objective
The goal of this research was to study how varying conditions, such as temperature,
pressure, pH, and organic composition of hydraulic fracturing fluids, affect metal mobilization from
Marcellus Shale. We hypothesized that hydraulic fracturing fluids with high concentrations of
organic additives could increase metal mobilization from shale through complexation or dissolution
of organically bound metals. To test this hypothesis, a hydraulic fracturing fluid recipe
representative of those used in industry was developed by collaborating with hydraulic fracturing
chemical suppliers, academic colleagues, and using drilling logs reviewed on fracfocus.org. To test
the influence of organic additives on metal mobility, high and low hydrophobic organic fluids were
created by altering the concentrations of additives used in the recipe. These fluids were then reacted
with outcrop Marcellus Shale at atmospheric and high pressure and temperature conditions.
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Reacted fluids were analyzed for gross alpha and beta radioactivity, organic species, and metal
composition. In addition, sequential extractions were performed with the Marcellus Shale to
characterize where metals were bound in the shale and which metals were most likely to be
mobilized under specific fluid chemistries.
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Chapter 2
Literature Review

2.1 Marcellus Shale
The Marcellus formation, also known as the Marcellus subgroup in the Devonian age
Hamilton group, is one of the world’s largest known natural gas reservoirs, extending from Virginia
to New York, covering 95,000 square miles, and containing over 295 trillion cubic feet of
recoverable natural gas (Engelder and Lash, 2008; Harper, 2008; Vidic et al., 2013). At depths up
to 9,000 ft and thicknesses greater than 100 ft, the Marcellus Shale is between the Mahantango
shale/limestone formation and the Onondaga limestone formation (Table 2.3) (Harper, 2008).
The shale is typically located at temperatures ranging from 35 to 51oC (Orem et al., 2014).
The Marcellus Shale is characterized as carbonaceous black shale containing a high total
organic content (TOC; 1-12%) and low permeability (100 nanoDarcy) (King, 2010; Vidic et al.,
2013). Based on X-ray diffraction patterns, the mineralogy of Marcellus Shale was characterized
as being rich in clay minerals (43%), quartz (28.7%), feldspar (21.3%), pyrite (0.6%), and carbonate
minerals (6.5%) (Chalmers et al., 2012).

2.2 Horizontal Drilling
Marcellus Shale resources are often located at depths greater than 6,000 feet underground
and have a thickness of 50-200 feet. It is possible to extract the gas from shale by using vertical
wells. However, vertical wells are generally uneconomical because they require a high well density
to fully fracture the shale. Horizontal drilling allows efficient extraction from these relatively thin
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gas shale reservoirs by providing more contact between the wellbore and shale formation (Clark,
2014).
The horizontal well drilling technology has been advancing since the 1930s when the first
horizontal well was drilled in Texas (Arthur et al., 2009). Horizontal drilling is achieved by drilling
vertically downward and starting a gradual 90 degree curve around 900 feet above the target
formation (Figure 2.1) (Clark, 2014). The drill bit then follows the shale horizontally for up to
12,000 feet (Belvalkar and Oyewole, 2010). A 3 to 10 inch diameter steel pipe is installed at various
stages during drilling and cased in specific areas to prevent ground water contamination or gas
leaks (Clark, 2014). After the casing and pipe are in place, the horizontal section of the well is
systematically perforated, fractured, and plugged in stages. Beginning at the furthest end of the
wellbore, approximately 1,000 feet of wellbore is perforated and then fractured. After fracturing, a
cement plug is installed and the process is repeated until the entire horizontal section is completed.
The cement plugs help isolate each fracturing stage and are drilled out after completion (Clark,
2014). There can be over 12 stages to complete a well, with each requiring 200,000-500,000 gallons
of a complex fracturing fluid (Mohajan, 2012).
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Figure 2.1. Hydraulic fractured well and potential environmental concerns. Figure from Howarth
et al. (2011).

9
2.3 Hydraulic Fracturing
After drilling and perforating the wellbore, hydraulic fracturing is used to create fractures
throughout the low permeability formation, allowing trapped gas to escape from the shale pores.
Because full chemical disclosure is not required in many states, the chemical composition and
concentrations of many fracturing fluids is unkown. The fluids, approximated to contain 2-7 million
gallons (per well lateral) of a fluid consisting of roughly 98-99% water and a 0.5-2.0% mixture of
acids, salts, and organic compounds, are pumped into the wellbore at pressures over 6,000 psi to
hydraulically fracture the shale (Carter et al., 2013; Kargbo et al., 2010; Vidic et al., 2013). The
average fracture height of stimulated Marcellus Shale formations is 320 feet vertically from the
lateral wellbore. However, there are cases where the fractures can extend approximately 1,700 feet
(Davies et al., 2012).

2.4 Analysis of chemical additives used in fracturing fluids
Depending on the drilling company and the local formation characteristics, many sources
suggest that hundreds of different chemical additives have been utilized to fracture wells throughout
the U.S. (Clark, 2014; FracFocus, n.d.). Some common additives used and recovered in the
flowback include glycols, hydrotreated distillates, methanol, and ethoxylated compounds (Carter
et al., 2013). Gregory et al. (2011) provided a useful table illustrating a typical hydraulic fracturing
fluid recipe along with the chemical composition and function (Table 2.1); well logs and other
sources provide similar tables (Carter et al., 2013; FracFocus, n.d.). Although the percent by
volume concentrations are low (<0.1) for most additives (Table 2.1), a considerable volume of each
additive is added to achieve these low concentrations in hydraulic fracturing fluids. For instance,
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approximately 5000 gallons of biocide would be added to a 5 million gallon fracturing fluid to
achieve a 0.1 % by volume concentration.
Table 2.1. Main components of fracturing fluids with their corresponding percent composition
and purpose. Table from Gregory et al. (2011).
Additive
Composition
Example
Purpose
(% by volume)
Water and Sand

99.5

Sand/Water

Holds fractures open

Acid

0.123

HCl

Cleans wellbore

Friction Reducer

0.088

Polyacrylamide/mineral oil

Minimize friction

Surfactant

0.085

Isopropanol

Reduces surface
tension

Salt

0.06

KCl

Brine carrier fluid

Scale inhibitor

0.043

Ethylene glycol

Prevents scaling

pH-adjusting agent

0.011

Sodium carbonate

Maintains pH

Iron control

0.004

Citric acid

Prevents precipitation

Corrosion inhibitor

0.002

Dimethylformamide

Prevents pipe
corrosion

Biocide

0.001

Glutaraldehyde

Reduce bacteria
growth

2.4.1 Friction Reducers
Friction reducers decrease the surface tension between fracture fluids and the contact
surface, allowing higher downhole fracture pressures (Kaufman et al., 2008). Depending on the
fluid salt concentrations and type of friction reducer, friction reducers can decrease onsite hydraulic
horsepower by 50-75% (Houston et al., 2009; Kaufman et al., 2008). Common components in
friction reducing additives include glycols, hydrotreated light distillates, ethoxylated alcohols, and
acrylamide polymers (Carter et al., 2013). Nearly 100% of all hydraulic shale stimulations use a

11
polyacrylamide friction reducer (King, 2012). These polymers can be cationic, anionic, or nonionic
and have a thermal stability up to 200oC. The size and molecular weight, typically 20-25 million
Dalton, of the polymers gives them their friction reducing ability (Paktinat et al., 2011).
Glycols and 2-butoxyethanol, common components in hydraulic fracturing fluids as well
as other industrial and commercial products, can be analyzed by direct injection of aqueous samples
onto a gas chromatography –flame ionization detector (EPA Method 8015b). However, higher
detection sensitivity is usually observed using liquid chromatography-tandem mass spectrometry
(Hatzenbuhler and Centner, 2013). Hydrotreated light distillates and other hydrophobic additives
found in friction reducers can be analyzed by extracting aqueous samples into an organic solvent
and analyzing on a GC-FID (EPA Method 8015B; EPA Method 3510C).

2.4.2 Gelling and Crosslinking Agents
Gelling agents are added to fracturing fluids to increase fluid viscosity and suspend the
proppant for transport into fractured shale matrices (Paktinat et al., 2011). Although not as common
in slick water hydraulic fracturing, gelling compounds are typically used in hybrid fracs that use
ungelled water to fracture the shale and a gelled fluid to carry the proppant into the fractures (King,
2012). Common gelling additives are linear polymers that can be crosslinked or chemically joined
to create larger, more viscous molecules (Paktinat et al., 2011).

2.4.3 Breakers
Breakers are used in gel and friction fluids to break up polymers and reverse crosslinking.
This reduces the overall molecular weight and viscosity, enhancing fluid recoveries and preventing
polymers from getting entrapped in fractures and impeding gas flow. Encapsulated breakers or time
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release breakers are often used to prevent the polymers from degrading before carrying the proppant
into fractures. Some common inorganic oxidants such as peroxides and peroxydisulfate salts are
used as breakers in fracturing fluids (Paktinat et al., 2011).

2.4.4 Surfactants
Surfactants are used in hydraulic fracturing fluids to reduce surface tension, lower capillary
pressure, and assist in fluid recovery (Houston et al., 2009). Surfactants are important in complex
fluids containing both hydrophilic and hydrophobic organic additives, as they can ensure proper
viscosity and transport properties (Stringfellow et al., 2014). The chemical structure (i.e.
hydrophobic tail and hydrophilic head) of surfactants give them the ability to migrate to water-oil
interfaces, alter surface properties, and break or prevent emulsions (Paktinat et al., 2011). There
are many different types of surfactants used in industry that are classified according to their anionic,
non-ionic, or cationic charge (Paktinat et al., 2011). Most of the surfactants used in hydraulic
fracturing are alcohols or some derivative of anionic ethoxylated compounds (Thurman et al.,
2014). Ethoxylated alcohols are derived from a catalyzed reaction that adds 5-10 units of ethylene
oxide to each alcohol (Traverso-Soto et al., 2012).
A variety of techniques, such as liquid-liquid extractions and solid-phase extraction, can
be used to extract surfactants from solids and liquids. Liquid-liquid extractions are common in
extracting ionic and non-ionic surfactants (Traverso-Soto et al., 2012). In this method, a solvent,
such as dichloromethane and ethyl acetate, is used to extract the surfactants from aqueous solutions.
One disadvantage of liquid-liquid extractions is that the surfactants tend to form emulsion layers at
phase boundaries that affect phase separation (Traverso-Soto et al., 2012). One advantage is that
extracted organics can be concentrated in the solvent using a Rotary or Kuderna Danish evaporator,
thereby increasing their analytical detection limits.
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High performance liquid chromatography (HPLC) is the most common method for
analyzing surfactants, mainly due to its ability to separate non-volatile organics in mobile phases
such as water, acetonitrile, and/or methanol (Traverso-Soto et al., 2012). A recent study was able
to use the Kendrick mass defect and liquid chromatography/quadrupole time-of-flight spectrometry
for identifying ethoxylates used in hydraulic fracturing fluids (Thurman et al., 2014).
Although it is used less frequently than high performance liquid chromatography, gas
chromatography (GC) can also identify individual compounds in surfactant mixtures (TraversoSoto et al., 2012). One of the biggest disadvantages of GC is that non-ionic and anionic compounds
should be derivatized to increase separation and volatilization on the GC column. Compounds
containing –SH, -OH, -NH, and –COOH functional groups can form intermolecular hydrogen
bonds that affect volatility and interact with column materials (Orata, 2012). Modifying these
functional groups by derivatization with agents such as trifluoroethanol, diazomethane, and N, Obis(trimethylsilyl)trifluoro acetamide (BTSFA) reduces analyte adsorption to the GC column,
improves peaks separation, and increases volatility (Orata, 2012).

2.4.5 Biocides
Biocides, such as glutaraldehyde and dibrominated nitrilopropionamide (DBNPA), are
used in hydraulic fracturing fluids to control anaerobic slime forming and sulfate reducing bacteria
that degrade fracturing additives, corrode the well, or damage the shale formation (Carter et al.,
2013; Houston et al., 2009; King, 2012). Although their use appears to be decreasing,
glutaraldehydes were historically one of the most common biocides used in hydraulic fracturing
fluids (King, 2012). Their decline could be a result of current studies indicating that the biocide
transforms to other more or less toxic products at high pressure and temperature (Kahrilas et al.,
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2014). The biocide 2, 2-dibromo, 3-nitriloproprionamide (DBNPA) is considered to be one of the
safest and most effective biocides (Stringfellow et al., 2014).

2.4.6 Scale Inhibitors
Hydraulic fracturing dissolves and mobilizes minerals from the shale formation that can
form scale precipitates in piping, equipment, and fractured shale, ultimately reducing the well
productivity (King, 2012). Calcium sulfate, calcium carbonate, and barium sulfate scaling is
inevitable with changes in temperature, pressure, and ion concentration. Scale inhibitors are
designed to adsorb on the surface of a scale and prevent further growth (Paktinat et al., 2011).
Common scale inhibitors such as ethylene glycol, inorganic polyphosphonates, or low molecular
weight polymers are effective in preventing scale at concentrations as low as 10 mg/L (Paktinat et
al., 2011).

2.4.7 Iron Control
Iron precipitation in fracturing fluids can reduce reservoir permeability and gas
productivity. Ferric iron can also affect fluid viscosity by crosslinking with gelling agents in the
fracturing fluid (Paktinat et al., 2011). Therefore, iron control agents such as thioglycolic acid, citric
acid, acetic acid, and EDTA are added to fracture fluids to prevent iron from precipitating or
interacting with the fluid chemistry (Houston et al., 2009). The use of iron control additives is
highly dependent on the shale formation. Formations producing less mobilized iron species, such
as the Marcellus Shale, generally do not require an iron control additive (Paktinat et al., 2011).

15
2.4.8 Clay Stabilizers
Shale is known to contain an abundance of clay minerals such as illite, kaolinite, and
chlorite which can swell and reduce rock permeability by up to 90% (Stringfellow et al., 2014).
Choline chloride, tetramethyl ammonium chloride, potassium chloride (2%), and sodium chloride
are a few clay stabilizers used in hydraulic fracturing fluids to prevent swelling (Paktinat et al.,
2011). The degree of swelling is generally lower in fluids containing higher salinities. Therefore,
clay stabilizers are not used as frequently in fracturing fluids because many companies are reusing
partially treated, salty flowback fluid to stimulate wells (Paktinat et al., 2011).

2.4.9 Corrosion Inhibitors
Corrosion inhibitors are added to prevent metal corrosion by acids, salts, and corrosive
gases. Corrosion inhibitors often include acetaldehyde, acetone, ethyl methyl derivatives, formic
acid, N,N-dimethyl formamide, propargyl alcohol, pyridinium, and thiourea (Stringfellow et al.,
2014). N,N-dimethyl formamide, one of the most common additives in corrosion inhibitors, has a
low Kow (0.1) and Koc (7) suggesting the chemical is likely to remain mobile in water and flowback
fluids (Stringfellow et al., 2014). Additionally, propargyl alcohol and thiourea are designated
category 2 carcinogenic chemicals according to the globally harmonized system of classification
and labelling of chemicals (Stringfellow et al., 2014). Although both compounds are somewhat
biodegradable, current efforts are focused on developing less toxic corrosion inhibitors (Sitz et al.,
2012).
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2.5 Flowback Fluids
After hydraulic fracturing, pressure is released at the well head and fluids are allowed to
flowback to the surface. Flowback water is a term used to describe the fluids that flow up the
wellhead for approximately two weeks after fracturing the well. After two weeks, the flowback
water transitions to what is called produced water. Produced water typically flows back at much
lower flowrates and contains naturally occurring formation water, dissolved hydrocarbons, high
TDS concentrations, and inorganics/organics from the shale (Gregory et al., 2011).
Although several million gallons of liquid are pumped into the well during hydraulic
fracturing, only 5-60% of the volume returns to the surface (Carter et al., 2013; Dresel and Rose,
2010; Haluszczak et al., 2013). Hypothesized to come from in situ shale brines or metal dissolution
from the shale formation, the liquids that do return to the surface contain high radioactivity,
conductivity, and high concentrations of metals, chloride, and total dissolved solids (Table 2.2)
(Abualfaraj et al., 2014; Barbot et al., 2013; Haluszczak et al., 2013; Orem et al., 2014).
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Table 2.2. Concentrations of select constituents measured in Marcellus Shale flowback fluids.
Units
Min
Max
Mean
MCL
N=
Reference
Gross Alpha
pCi/L
55
123,000 20,600
15
14
(Abualfaraj et al., 2014)
pCi/L
37.3
9,551
1,509
15
32
(Barbot et al., 2013)
Gross Beta
pCi/L
75.2 597,600 43,415
50
32
(Barbot et al., 2013)
Uranium-234
pCi/L
0.01
25
8.01
20
14
(Abualfaraj et al., 2014)
Uranium-235
pCi/L
0.01
40
10.5
20
16
(Abualfaraj et al., 2014)
Uranium-238
pCi/L
0.08
150
19
20
16
(Abualfaraj et al., 2014)
Aluminum
mg/L
0.03
47
0.9
0.2
220
(Abualfaraj et al., 2014)
Arsenic
µg/L
1.5
151
68
10
219
(Abualfaraj et al., 2014)
Barium
mg/L
0.01
13,900
1,200
2
220
(Abualfaraj et al., 2014)
Calcium
mg/L
204
31,000
n/a
14
(Haluszczak et al., 2013)
Chloride
mg/L
18
196,000 47,000
250
141
(Abualfaraj et al., 2014)
Iron
mg/L
0.03
574
49
0.3
233
(Abualfaraj et al., 2014)
Lead
µg/L
0.5
970
61
15
212
(Abualfaraj et al., 2014)
Lithium
mg/L
4
202
14
(Haluszczak et al., 2013)
Magnesium
mg/L
22
1800
14
(Haluszczak et al., 2013)
Sodium
mg/L
1100
44,100
(Gregory et al., 2011;
Haluszczak et al., 2013)
Strontium
mg/L
46
6800
8
(Gregory et al., 2011;
Haluszczak et al., 2013)
Sulfate
mg/L
0.5
2,920
82
250
142
(Abualfaraj et al., 2014)
TDS
mg/L
221 345,000 84,000
500
141
(Abualfaraj et al., 2014)
pH
4.9
11.6
6.7
138
(Abualfaraj et al., 2014)
Conductivity
mS/cm
40
180
(Orem et al., 2014)

The total organic carbon (TOC), total dissolved solid (TDS), and metal concentrations in
flowback/produced fluids vary with time after hydraulic stimulation (Orem et al., 2014). An
analysis of TOC in flowback fluids showed that concentrations decreased rapidly from over 200
mg/L at day 0 to 55 mg/L at day 20 (Orem et al., 2014). The decrease in TOC suggests recovery of
the initial hydraulic fracturing fluid followed by the release of less organic rich formation water.
The organics that do return in Pennsylvania flowback fluids consist of aliphatic alcohols (glycols),
aromatics

(1-methoxyethyl-benzene),

phthalates,

nonaromatic

compounds

(C11-C37

alkanes/alkenes), and fatty acids (Orem et al., 2014). Organics such as 1,2- dichloroethane,
benzene, benzo(a)pyrene, and dibromochloromethane are also common with

concentrations

exceeding 10 times the maximum contaminant levels (MCLs) for drinking water (Abualfaraj et al.,
2014).
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2.5.1 Source of salt in flowback fluids
Deep saline brines are common and well documented in the Appalachian Basin formations
(Dresel and Rose, 2010). For instance, the Upper Salina Group underlies Marcellus Shale and is
known for being rich in halite (Table 2.3). The Oriskany sandstone, also known as the Ridgeley
sandstone, underlying Marcellus Shale can also have salinity concentrations exceeding 250,000
mg/L; the high salinity has been attributed to evaporated and precipitated salts in the formation
(Rowan et al., 2011). A study by Blauch et al. (2009) showed that Marcellus Shale also has
precipitated halite salts that could contribute to salinity in produced waters. However, the authors
did not provide any halite concentrations or shale solid-water contact ratios to achieve salinities
reported in industry (Blauch et al., 2009).
In addition to studying shale geochemistry, the flowback and produced water chemistry
can give indications of where the salinity is coming from during hydraulic fracturing. Total
dissolved solids and metal concentrations typically increase with time after hydraulic fracturing;
chloride and TDS concentrations increase to concentrations 5-10 times greater than seawater
(Haluszczak et al., 2013). This late stage flowback fluid with high TDS is generally accepted as a
result of mixing between injected fluids, briny formation water, and precipitated halite minerals
(Coalition and Hayes, 2009; Dresel and Rose, 2010; Haluszczak et al., 2013). Similar to TDS,
radium concentrations increase with time after hydraulic fracturing. The increase in radium is likely
a result of interactions between injected fluids and radium associated with shale minerals or mixing
with dissolved pore water (Rowan et al., 2011).

19
Table 2.3. Geology of Pennsylvania. Modified from (Blauch et al., 2009).
System
Series
Formation
Mahantango Formation
Middle

Marcellus Formation

Devonian

Onondaga Group
Ridgeley Sandstone
Lower

Helderberg Group

Silurian

Keyser Limestone
Upper

Salina Group

Middle

McKenzie Formation

Lower

Medina Group
Queenston Formation

Cambrian

Ordovician

Upper
Reedsville and Utica Shale
Middle

Trenton Limestone

Lower

Beekmantown Dolomite

Upper

Gatesburg Formation

Middle and
Lower

Warrior Formation
Potsdam Sandstone

A study of Pennsylvania conventional gas brines, which typically occur in the pore spaces
of rocks below several thousand feet in PA, showed that the fluids can have concentrations as high
as 41,600 mg/L Ca, 83,300 mg/L Na, 207,000 mg/L Cl, and 5,300 pCi/L Ra-226 (Dresel and Rose,
2010). The high radioactivity was generally associated with waters containing low SO42- and high
Ba (Dresel and Rose, 2010). Likewise, Ra in Marcellus flowback waters can be 13-1300 times
greater than the EPA maximum contaminant level (MCL) of 5 pCi/L. The similarity between in-
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situ gas brine chemistry and flowback fluids suggests that brines within shale formations likely
contribute to the high Ra and TDS concentrations observed after well stimulation (Haluszczak et
al., 2013).

2.5.2 Radium in Marcellus Shale
Analyses of flowback fluids illustrate that radium is a concern in waste from hydraulically
fracturing Marcellus Shale formations (Haluszczak et al., 2013). Radioactive elements, such as
uranium and thorium, are generally common and occur naturally (NORM-naturally occurring
radioactive material) in black shale (Kargbo et al., 2010). The Devonian-age Marcellus Shale
formation is known to contain NORM that can be technologically enhanced (TENORM) and
brought to the surface during mining processes such as hydraulic fracturing (Kargbo et al., 2010).
Radium-226 and Ra-228 are decay products from U-238 and Th-232, respectively (Figure
2.2 and Figure 2.3). Thus, shale formations that have considerable amounts of uranium and thorium
can contain radium. The divalent radium ion (Ra2+) is readily dissolvable and can remain in
solution, sorb to oxides and clay particles, or replace Ba2+, Ca2+ and Sr2+ as a cation during
precipitation. Radium can also form complexes with chloride, sulfate, and carbonate ions (Rowan
et al., 2011).
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Figure 2.2. Radioactive decay of uranium-238 (Rowan et al., 2011).

Figure 2.3. Radioactive decay of thorium-232 (Rowan et al., 2011).
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2.6 Factors affecting metal mobilization
It is important to understand the factors affecting metal mobility when considering
contaminant origin from hydraulic fracturing. Metal desorption from soils and sediments is highly
dependent on fluid pH, ionic strength, biochemical transformations, redox conditions, and
complexing ability (Pickering, 1986; Wang et al., 2015; Weng et al., 2002). Depending on the fluid
chemistry, solid-liquid interactions between hydraulic fracturing fluids and shale can increase metal
mobilization. Acid packages in hydraulic fracturing fluids can lead to dissolution of acid-soluble
metals such as iron, uranium, and aluminum (Bank, 2010; Wang et al., 2015). Additionally,
common fracturing additives such as citrate, alcohols, aromatic hydrocarbons, and aldehydes can
form complexes with sorbed or dissolved metal ions, increasing their solubility and mobility
(Boulding and Ginn, 2003; Wang et al., 2015). Hydraulic fracturing oxidants, such as ammonium
persulfate, can also change redox conditions and desorb reduced metals (Bank, 2010; Wang et al.,
2015). Therefore, the fracturing fluid chemistry could affect contaminant flowback concentrations
by desorbing metals associated with specific shale mineral phases.
Exchangeable metals loosely bound to solid surfaces by electrostatic attraction can be
displaced by alkaline metals. The exchange process can be represented as (Pickering, 1986):
𝑆𝑜𝑙𝑖𝑑 (𝑀𝑒 2+ ) + 𝑀𝑔2+ ↔ 𝑆𝑜𝑙𝑖𝑑 (𝑀𝑔2+ ) + 𝑀𝑒 2+
Lowering the solution pH can affect this ion exchange process by increasing H +(aq) that compete
for exchange and sorption sites (Pickering, 1986). The pH can also affect the mobility of acidsoluble metals and the stability of organic metal complexes (Pickering, 1986). In general, acids
promote metal desorption through ion exchange, dissolving crystalline structures, and increasing
metal solubility (Wang et al., 2015).
Complexes form when a metal ion (electron acceptor) interacts with one or multiple ligands
(electron donor):
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𝑀𝑛+ + 𝐿𝑋 → (ML𝑋 )𝑛+
where Mn+ is the central metal ion that can act as a Lewis acid (electron pair acceptor), L is the
ligand and Lewis base (electron pair donor), and (MLx)n+ is the complex compound (Sharma, 2007).
In some cases, the ligand can act as both an electron donor and acceptor (Sharma, 2007). The
coordination number of the central atom is equal to the number of sites the ligand is attached to the
central metallic atom (Sharma, 2007). Ligands are often classified as monodentate or polydentate,
depending on the number of sites one ligand molecule occupies on a central metallic atom.
Monodentate ligands occupy one site on the central metal ion whereas one polydentate ligand is
coordinated with 2-6 sites. In natural systems, these metal-ligand complexes can form with both
inorganic and organic ligands, affecting metal solubility and reactivity (Brezonik and Arnold,
2011). For instance, sparingly soluble silver chloride is readily dissolved in the presence of
ammonia (Manku, 1980):
𝐴𝑔𝐶𝑙(𝑠) ↔ 𝐴𝑔+ + 𝐶𝑙 −
𝐴𝑔+ + 𝑁𝐻3 ↔ 𝐴𝑔(𝑁𝐻3 )+
𝐴𝑔(𝑁𝐻3 )+ + 𝑁𝐻3 ↔ 𝐴𝑔(𝑁𝐻3 )2 +
In the equilibrium expression above, dissociated Ag+ ions can form complexes with ammonia,
allowing more AgCl(s) to dissolve into solution. Many natural and synthetic organic compounds
have acid, carboxylic, alcohol, or amino functional groups that can act as ligands and form
complexes with metal ions (Brezonik and Arnold, 2011; Knetsch and Groeneveld, 1973). For
instance, ethylene glycol can act as a ligand for complexing Ca, Co, Cu, Mg, Mn, Ni, and Sr
(Knetsch and Groeneveld, 1973). Therefore, there has been a lot of attention in understanding the
influence of natural or synthetic organic matter on metal complexation and mobility in various
environmental systems, as complexation can increase the solubility and transport of metals
(Knetsch and Groeneveld, 1973; Metreveli et al., 2010).
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Redox conditions can also influence dissolution by changing the valence state of a metal,
ultimately influencing the metal’s solubility and reactivity with other substances. Redox sensitive
metals, such as As, Cr, Cu, Fe, Hg, and Mn can form low solubility hydroxides and oxides under
oxidizing conditions and pH’s greater than 5.5 (Weiner, 2008). Under oxidizing conditions,
dissolved iron concentrations are limited by precipitation of insoluble Fe(OH) 3. However, under
reducing conditions with a pH less than 7 and no sulfide, iron is present as soluble ferrous iron.
There are also metals, such as Al, Ba, Cd, Pb, Ni, and Zn whose oxidation state do not change under
common environmental conditions (Weiner, 2008). The solubility of these metals is more
influenced by pH or reactions with sulfides, carbonates, phosphates, and oxides (Weiner, 2008).
Marcellus Shale contains redox sensitive metals such as uranium, arsenic, copper, carbon,
iron, and chromium that can be mobilized under specific redox or pH conditions (Spirakis, 1996).
In general, mean concentrations of uranium, chromium, and copper in flowback waters are at or
below EPA max contaminant levels (Abualfaraj et al., 2014). In contrast, the mean values for iron
and arsenic in shale produced waters are 160 and 7 times their respective EPA MCL values.
In reducing environments, uranium is commonly precipitated as uraninite (UO2) or
associated with organic matter and iron sulfides (Grenthe et al., 2006). Uranium consists of a
mixture of the three isotopes U-238, U-235, and U-234 with 99% being in the form of U-238
(Grenthe et al., 2006). The oxidized uranium species, (UO2)2+ can adsorb onto organic matter, iron
oxyhydroxides, or precipitate with various anions where the uranium can be reduced (Grenthe et
al., 2006). Most of the uranium in black shales is in the reduced and less soluble form of uraninite
(UO2) (Swanson and Swanson, 1961). Although uraninite is highly insoluble in solutions with
pH>3, it readily dissolves in a low pH (pH<3) solution containing fluoride (Langmuir, 1978). Most
studies show that additives, other than concentrated acid, in fracturing fluids will not leach
significant amounts of uranium from shale (Phan et al., 2015).
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2.7 Metal association in black shales
Metals are often associated with soils by incorporation into the solid phase, sorption to the
solid, or dissolution in the soil fluid (Roberts et al., 2005). In solid phases, metals can be found in
water soluble and weakly adsorbed exchangeable fractions, carbonates, hydrous oxides, crystalline
oxides, or organic matter (Pickering, 1986).
Chemical extractions are often used to determine where metals are bound in various solid
matrices. The idea is that a particular chemical solvent will interact with a mineral and desorb the
associated metals. For instance, water is typically used to extract most of the soluble salts from
solids whereas sodium acetate (1 M) and acetic acid (pH 5) remove metals, such as Ca2+, that are
bound to carbonates (Pickering, 1986).
Fe, Mn, and Al hydrous oxides are also good metal scavengers, specifically towards Zn,
Mn, and Cu, and are usually targeted in sequential extractions. These oxides can loosely adsorb
(exchangeable), moderately fix (amorphous oxides), or strongly bind metals (crystalline oxides).
Non crystalline, amorphous oxides dissolve in the presence of an acid solution containing a
reducing agent (Pickering, 1986). A 0.1 M solution of hydroxylamine hydrochloride in acetic or
nitric acid (pH 3) is common for mobilizing metals from Mn-oxyhydroxides; increasing the
reducing agent concentration to 1.0 M and decreasing the pH to 1 is efficient in extracting metals
from Fe-oxyhydroxides (Pickering, 1986).
Metals are also bound to organic matter in soils and sediments. A portion of the organic
matter in shale is made of kerogen, a mixture of organic compounds, such as humic and fulvic
acids, that can form crude oil or natural gas depending on subsurface temperature and pressure.
These organics can sorb or complex metals, influencing metal solubility (Hulscher and Cornelissen,
1996; Weng et al., 2002). Generally, oxidizing agents having a highly positive redox potential, such
as Eo(Cl2)=1.36 V or Eo(H2O2) = 1.77 V, and can destroy organic matter and desorb associated
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metals (Mudroch et al., 1998). Similarly, acids, such as HNO3, HClO4, HCl, or HF readily dissolve
organic bound metals and sulfides (Pickering, 1986). Metals can also be recovered from organic
matter and ligands by organic acid dissolution by alkaline solutions, complexation, or mobilization
of natural organic polymers (Mudroch et al., 1998).
The use of organic complexing agents is common in estimating metal abundance in soil
organic matter. EDTA and citrate, common additives in hydraulic fracturing fluids, form complexes
with most polyvalent cations; EDTA generally forms more stable complexes than citrate. However,
EDTA also attacks amorphous oxyhydroxides, making it unselective towards organically bound
metals. Sodium pyro-phosphate (Na4P2O7) is generally preferred over EDTA because Na4P2O7 can
remove metals bound to organic ligands without dissolving amorphous oxyhydroxides or affecting
the organic matrix (Mudroch et al., 1998; Pickering, 1986). Other chelating organic solvents, like
chloroform, surfactants, ether, gasoline, and benzene, can affect organic and metal dissolution from
soils (Mudroch et al., 1998).

2.7.1 Shale sequential extraction and metal leaching examples
Sequential extractions have been used to characterize metal association within shale
mineral matrices (Table 2.4). Sequential extractions, leaching tests, and X-ray diffraction were used
to characterize un-oxidized, weathered, and burnt aluminum black shales from Sweden (Lavergren
et al., 2009). X-ray diffraction indicated that the black shales are rich in quartz, muscovite, pyrite,
and orthoclase. When 15 grams of shale pulverized to <4 mm was agitated in 50 mL of distilled
water (300 g/L) for 2 hours, the weathered black shale produced a pH of 3.3 and non-weathered
shale produced a pH of 8.1. The pyritic content and state of weathering likely influenced the pH as
sulfide oxidation to sulfuric acid species increased acidity. The authors also stated that the acidity
production can lead to further metal release, reducing metal abundance in oxidized shales
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(Lavergren et al., 2009). Iron in the black shale was highly insoluble in water, except in cases where
acidic weathered shale reduced the pH to 3.3 (Lavergren et al., 2009). Sequential extractions with
hydroxylamine hydrochloride and concentrated hydrochloric acid (HCl) indicated that the majority
of the iron was associated with water insoluble crystalline Fe-oxides and organics. Trace elements,
such as arsenic, molybdenum, uranium, and vanadium are enriched in both weathered and nonweathered shales. The uranium is primarily associated with residual shale phases and can have
concentrations of 2 to 227 mg/kg shale (Lavergren et al., 2009).
Table 2.4. Reagents used to sequentially extract metals from shale.
Reagent
Target phase
CH3COONa
Surface positions and carbonates
Na4P2O7
Labile organic material and organic
ligands
NH2OH·HCl (0.25 mol/L)
Amorphous Fe and Mn Oxides
NH2OH·HCl (1 mol/L)
Crystalline Oxides
KClO3 + HCl
Organic material and sulfides
Ultrapure water
Soluble salts
C2H3O2NH4
Exchangeable
8% C2H4O2
Carbonate mineral
0.1 M HCl
Interlayer/partial silicate/oxides
HF+HNO3+HClO4
Total dissolution
Ultrapure water
Water solube
C2H3O2NH4 (1.0 N)
Exchangeable
C2H4O2 (1.0 N)
Carbonate
H2O2 (6.0 M)
Oxidizable fraction

Reference
(Lavergren et al., 2009)

(Stewart et al., 2015)

(Phan et al., 2015)

Another study performed sequential extractions on Marcellus Shale drill cuttings to get a
better understanding of the origin of the high TDS in flowback fluids (Stewart et al., 2015). The
authors hypothesized that the TDS could be coming from water-soluble salts, diffusion osmosis,
pore-bound water, or formation water. Sequential extractions were designed to extract watersoluble (ultrapure water), exchangeable (ammonium acetate), carbonate (acetic acid), oxides (0.1
M HCl), and residual (HF) components. The extractions showed that sodium was readily released
from shale by water, whereas magnesium, calcium, barium, and strontium were bound in carbonate
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or exchangeable phases. The reported leachate concentrations were less than those reported in
flowback fluids. However, the authors concluded that a 50:1 (w/w) rock:water ratio would be
required to reach Na levels in flowback waters reported by industry (Stewart et al., 2015).
Uranium, arsenic, and barium mobility were studied extensively by sequentially extracting
15 drill cuttings and core materials from Marcellus Shale (Phan et al., 2015). The extractions were
designed to target the water soluble (2 g of shale pulverized to <2mm diameter + 40 mL of ultrapure
water to achieve a 50 g/L shale concentration), exchangeable (residue + 80 mL of 1.0 N ammonium
acetate), carbonate (residue + 80 mL of 1.0 N acetic acid), and oxidizable fractions (residue + 50
mL of 6.0 M H2O2). After the extraction, all samples were centrifuged at 5000 rpm for 20 minutes
and filtered through a 0.45 μm membrane.
Uranium concentrations ranged from 2 to 47 mg/kg of shale. The hydrogen peroxide
extraction was intended to target the organics/sulfides and release U4+ from oxides or uraninite
bound to organics. However, uranium was primarily associated with silicates or residue not
extracted by the chemical solvents. Barium (74%) was extracted from exchangeable sites, whereas
97% of the arsenic was associated with oxidizable and residue materials.
Metal leaching tests were used to determine how different fluid chemistries affect metal
mobility from shale (Wang et al., 2015). Wang et al. (2015) studied how changing the pH, oxidation
level, and solid:water ratio impacted metal dissolution from core samples taken in the Eagle Ford
Shale formation. Experiments were performed by mixing 0.1 grams of pulverized (size 53-106 μm;
sieve size 270-140) shale with 100 mL of ultrapure water (1 g/L shale) for 96 hours at various pH
and redox conditions. The authors attempted to adjust the pH to 4 or 10 by intermittently adding
HCl or NaOH to batch experiments. However, due to the buffering capacity of the shale, the final
pH was always between 7.0 and 8.3. Although the solution pH drifted back to 7.0 to 8.3 after adding
HCl, higher release of Ca, Mg, Fe, and Ba were observed with acid additions. Arsenic and uranium
concentrations also generally increased with acid. Yet, their concentrations were still low at 0-5
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μg/L As and 0-1.1 μg/L U. The effect of oxidizing agents and redox conditions was studied by
adding 1.5-3% hydrogen peroxide to solution or reacting the shale in water purged with ultrapure
N2 containing 400 ppm CO2. The redox conditions appeared to have little effect on calcium metal
mobility; iron and barium concentrations did increase in anoxic experiments. Adding H2O2
generally decreased final pH values and increased sulfate concentrations, a result that was attributed
to pyrite oxidation. Uranium (0.1-0.4 μg/L) and arsenic (0.2-1 μg/L) concentrations were low and
below EPA maximum water contaminant levels (10 µg/L As and 30 µg/L U) for all H2O2
concentrations used. Overall, pH had the biggest influence on metal mobilization from the shale.
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Chapter 3
Materials and Methods

3.1 Marcellus Shale Outcrop
Experiments were carried out using an outcrop sample from Marcellus Shale. The outcrop
was gathered from approximately 2 miles east of Hollidaysburg, Pennsylvania and 0.5 miles South
of Route 22 on Lock Mountain Road (Figure 3.1; Figure 3.2).

Figure 3.1. Frankstown, PA New Enterprise Quarry off Lock Mountain Road. The star marks the
location of the shale outcrop (GPS coordinates: 40.433515, -78.344450). Blue lines indicate shale
outcroppings. The picture was modified from Stewart et al. (2015).
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Figure 3.2. Left: The shale outcrop and location (red arrow) of shale used for experiments. Right:
Shale outcrop sample.

3.2 Shale Characterization

3.2.1 X-Ray Diffraction
The shale outcrop mineralogy was characterized by pulverizing samples with a ceramic
mortar and pestle to sieve size less than 100 (149 μm) and then analyzing on a PANalytical
Empyrean theta-theta X-ray diffractometer. The diffractometer was equipped with a PIXcel
detector which was operated in a 1D scanning mode with all channels active. Samples were
subjected to Cu K-α radiation from 5-70 degree (2Θ) at 45 kV and 40 mA. Phase identification
was performed using Jade 2010 from Materials Data Incorporated (MDI) of Livermore, CA in
conjunction with reference files from the International Centre for Diffraction Data (ICDD) PDF4
database.
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3.2.2 Shale TOC
The total organic content of pulverized shale (100-200 mg) was determined using
catalytically aided combustion at 900oC with a Shimadzu solid state module. Glucose, which
contains 40% carbon, was used to prepare calibration curves.

3.2.3 Sequential Extractions
The Marcellus Shale outcrop was analyzed using lithium metaborate fusion (Appendix A)
and sequential extractions modified from Lavergren et al. (2009). The sample, 1 gram of shale
pulverized to sieve size 10 (2 mm) to 50 (300 μm), was sequentially extracted to displace elements
from surface positions and carbonates, labile organic material and organic ligands, amorphous Fe
oxyhydroxides and Mn-oxides, crystalline Fe- oxides, and organic material and sulfides using five
operational steps (Table 3.1).
Extract 1: The sample was mixed in 20 mL of 1M sodium acetate (CH3COONa) for 6 h
and centrifuged at 10,000 rpm for 1 h. The supernatant was decanted and the residual extracted
with another 10 mL of reagent. After centrifuging, the remaining residue was rinsed twice with 10
mL of ultrapure water. The combined extracted fluids were evaporated at 100oC in a drying oven
and brought back to a volume of 20 mL with 5% ultra-pure trace metal grade nitric acid (HNO3).
A control sample was also included by carrying out all extractions with no shale.
Extract 2: To the extract 1 residue, a volume of 40 mL of 0.1M sodium pyro-phosphate
(Na4P2O7) was added, shaken for 1 h, centrifuged, and decanted. The procedure was repeated once
with 30 mL of reagent and the residual rinsed with ultrapure water. The same evaporating procedure
described in extract 1 was carried out.

33
Extract 3: To the residue, 20 mL of 0.25 M hydroxylamine hydrochloride (NH2OH·HCl)
in 0.1 M hydrochloric acid (HCl) was added and heated in a water bath at 60oC for 2 h with periodic
vortexing. The procedure was repeated once with 30 mL of reagent. Rinsing, centrifuging, and
evaporating procedures described above were followed.
Extract 4: A volume of 20 mL of 1.0 M NH2OH·HCl in 25% CH3COOH was added to the
previous extract residue, heated in a water bath at 90oC for 3 h, periodically vortexed, and
centrifuged. The procedure was repeated once with 10 mL of reagent and heated for 1.5 h. The
rinsing procedure described above was carried out but with 25% CH3COOH in place of water.
Instead of evaporating, samples were kept at a final extract volume of 50 mL.
Extract 5: A mass of 750 mg of potassium chlorate (KClO3) and volume of 15 mL of 12M
HCl were added to the residue. After 30 min, the sample was diluted with 15 mL of ultrapure water,
centrifuged, and decanted. A volume of 10 mL of 4 M HNO3 was added to the residue, heated in a
water bath at 90oC for 20 min, centrifuged, and decanted. The sample was rinsed twice with 5 mL
of ultrapure water, centrifuged, decanted, and kept at a final volume of 50 mL.
Table 3.1. Sequential extraction steps from Lavergren et al. (2009).
Extract
number
Chemical
Target Phase
1

CH3COONa

Surface positions and carbonates

2

Na4P2O7

Labile organic material and organic ligands

3

NH2OH·HCl (0.25 M)

Amorphous Fe-Oxydroxides and Mn-oxides

4

NH2OH·HCl (1.0 M)

Crystalline Fe-Oxides

5

KClO3 + HCl (12M)

Organic material and sulfides

3.3 Synthetic Hydraulic Fracturing Fluid
High and low organic fracturing fluids were developed by analyzing 25 drilling logs from
fracfocus.org and modifying a recipe from Dr. Paula Mouser, Ohio State University. Sample
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drilling logs and chemical partition coefficients are included in Appendix B. Water, pH adjustors,
complexants (citric acid), oxidizers (ammonium persulfate), and seven other complex additives
(corrosion inhibitors, friction reducers, surfactants, clay stabilizers, gelling agents, biocides, and
cross linkers) were included in the synthetic fluid recipe (Table 3.2). Additives not readily available
for lab use were obtained from Weatherford, a chemical supply company in Canonsburg, PA.
Chemical concentrations were reported on all drilling logs as % by mass (Appendix B). Chemical
densities reported in Weatherford’s material safety data sheets were used to determine volume of
additive per total fluid volume. In order to avoid analytical and experimental interferences, sand
and acid were neglected in the final recipe formulation. When a near neutral pH was desired,
MOPS (4-Morpholinepropanesulfonic acid) was added (0.4 M) to the synthetic fluid and the pH
adjusted with KOH.
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Table 3.2. List of additives used in synthetic fracture fluid along with amounts used in low and
high organic fluid.
Additive
Composition
Low Organic High Organic
(additive
(additive
amount/L)
amount/L)
Fe Control
Corrosion Inhibitor

Friction reducer
Gelling agent
Surfactant

Clay stabilizer
Biocide
Crosslinker

Breaker
pH buffer

pH adjustor

Citric acid
Ehylene glycol
N,N-Dimethylformamide
2-Butoxyethanol
Cinnamaldehyde
Tar Bases
1-Decanol
1-Octanol
Isopropanol
Petroleum distillates,
hydrotreated light
Petroleum distillates
Alcohol, ethoxylated
Ethylene glycol
Isopropyl alcohol
D-limonene
1-Octanol
None provided
2,2-Dibromo-3Nitrilopropionanime
Glycerine
Sodium tetraborate
pentahydrate
Potassium hydroxide
Ammonium persulfate
3-(N-morpholino)propanesulfonic acid (MOPS)
added and then pH adjusted
with KOH
Potassium hydroxide (10 M)

0.014 g

0.014 g

0 mL

0.007 mL

0 mL

1.5 mL

0 mL

3.0 mL

0 mL

0.75 mL

0.44 mL

0.44 mL

0 mL

0.017 mL

0 mL

0.3 mL

0.11 g

0.11 g

41.5 grams
(0.4 M)

41.5 grams
(0.4 M)

Adjust to pH 7.2

3.4 Atmospheric vs High Pressure and Temperature Testing
The high and low fracturing fluids were reacted both at high pressure and atmospheric
conditions. For atmospheric testing, the fluids were reacted with (25 g/L shale pulverized to sieve
sizes 10-50) and without shale in glass serum bottles that were acid washed in 10% nitric acid for
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24 h, rinsed with ultrapure water, and furnace dried at 350 oC for >3h. To understand both the
sorption and metal leaching capacity of the shale, increasing amounts of shale were added to the
high organic fluid; after a 7 day reaction time, the leachate was analyzed for chemical oxygen
demand, organic speciation using gas chromatography, and metals using ICP-AES.
A T316 stainless steel 1 L Parr pressure vessel equipped with a pressure transducer,
temperature controller, and magnetic stir drive was used for high pressure and temperature testing
(Table 3.3; Figure 3.3). Due to the negative influences of halogen salts and acids on T316 stainless,
fracturing fluid additives containing these compounds, such as HCl, were excluded from the
synthetic recipe. All experiments in the vessel started with a 30 min temperature ramp to 80 oC
followed by rapid pressurization to 1,200 psi with nitrogen gas. The pressure and temperature were
held for 24 h; thereafter the reactor was allowed to cool for 12 h to room temperature. After the 36
h run cycle, the pressure was released and 250 mL of sample was centrifuged immediately at 12,000
rpm for 1.5 h in a refrigerated Sorvall Evolution RC centrifuge (4 oC). For metal and radioactivity
analyses, 100 mL of the supernatant was preserved with nitric acid to pH 2 and stored at 4 oC. The
rest of the supernatant was stored at 4 oC and measured for organic composition within 12 h.
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Table 3.3. Specifications for the high pressure Parr vessel.
Hydrothermal Pressure Limits
Part
Max Pressure (psig)
Stainless Steel Tubing
3000
Pressure Regulator-Input
3000
Pressure Regulator-Output
1500
Rupture Discs
1400
Hydrothermal Vessel
1900

Figure 3.3. High pressure Parr vessel.

3.5 Sample analysis
All sample analyses were performed on the supernatant of experimental fluids centrifuged
at 12,000 rpm for 1.5 h at 4oC. Centrifuge time was determined by measuring the COD of high
organic fracture fluids after centrifuging (10,000 rpm) at various time durations. The COD was
found to remain constant after 60 minutes (Appendix D; Supplemental Figure 2).
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3.5.1 Metals and General Chemistry
Data-logging as well as individual pH and conductivity measurements were gathered with
a Mettler Toledo Multimeter. Total suspended solids (TSS) of the synthetic fluids were measured
by drying a known volume of the centrifuged supernatant at 105oC and determining the solid mass
per volume of fluid. Metal concentrations were determined using Inductively Coupled Plasma
Emission Spectrometry (ICP-AES). Bromide and chloride concentrations were analyzed using ion
chromatography (Appendix D). However, no chromatogram peaks were observed at common
bromide and chloride elution times for operationally extracted shale solutions or synthetic fracture
fluids reacted at high pressure and temperature.

3.5.2 Gas Chromatography
Organic compounds were extracted from aqueous samples using modifications to EPA
method 3510C. The sample (100 mL) was spiked with 40 μL of 4-bromofluorobenzene (10 g/L)
and pH adjusted (pH >11 and pH<2) using 10 M sodium hydroxide or 50% sulfuric acid. After
each pH adjustment, the sample was serially extracted two times (4x total with pH adjustments)
with 60 mL of methylene chloride. Each addition of methylene chloride was followed by 2 min of
rapid mixing/venting and 10 min of still time for phase separation. The solvent layer was collected
and combined with all acid and base extracts. If the emulsion interface was more than one quarter
the size of the solvent layer, the emulsion was collected and separated using a centrifuge (3,700
rpm; 3 min).
The methylene chloride extract (~240 mL) was dried by filtering it through a glass fiber
filter containing 50 grams of anhydrous sodium sulfate and collecting it in a Kuderna-Danish (KD) concentrator. The K-D apparatus was heated in a water bath at 60 oC ± 10 oC until the final
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extract volume was 2 mL. The concentrate was cooled for >10 min and stored at <0 oC for gas
chromatography analysis.
Gas chromatography (GC) was performed using a Shimadzu GC-2010 with flame
ionization detection (FID). Organics were separated on a non-polar HP-5 column (30 m length x
0.32 mm inner diameter X 0.25 µm film) that was programmed to maintain 40 oC for 2 min after
injection, increase at 10 oC/min to 325 oC, and hold 325 oC for 10 min. Split injection was performed
with a split ratio of 100:1; the carrier gas (hydrogen) was 10 psi. The injector temperature was 250
o

C and the detector temperature 320 oC.

N-alkane (Restek corp, catalog # 31678) and 4-

bromofluorobenzene (Restek corp, catalog # 30082) standards were used to generate calibration
curves and correlate retention time to carbon chain length. Liquid-liquid extraction efficiencies
were calculated by determining the amount of the spiked 4-bromofluorobenzene recovered on the
GC (Appendix E).
To verify the GC-FID results, comprehensive two-dimensional gas chromatography
coupled with a time of flight mass spectrometer (LECO Pegasus 4D GC x GC-TOFMS) was also
used to characterize these fluids. The methylene chloride extracts used for GC-FID analyses were
diluted 1:10 and analyzed using GC x GC-TOFMS. The GC x GC-TOFMS operated with a splitless injection, 250 oC injection temperature, and 1 ml/min helium flow rate. The first dimension
column was a 5Sil-MS (60m x 0.25mm x 0.25 μm) and the second dimension column a RTX-200
(1.31m x 0.25mm x 0.25μm). The first dimension oven was programmed to maintain 40 oC for 0.2
min after injection and increase at 3 oC/min until 315 oC. The modulator temperature was offset at
15 oC and operated with a 2.5 second period. The second dimension oven was maintained at 55 oC
for 0.2 min after injection and increased at 3 oC/min until 330 oC. The mass spectrometer operated
with a 450 second acquisition delay, 200 oC ion source temperature, and -70eV ionization energy.
The collected mass range was 35-600 amu. Complete GC x GC-TOFMS instrument parameters are
reported in Appendix F.
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3.5.3 Gas Proportional Counting
Gross alpha and beta analyses are often used to analyze radioactivity in hydraulic fracturing
wastewater (Hatzenbuhler and Centner, 2013). Gross alpha and beta radioactivity of fluids were
measured using a modified version of EPA method 900. A known volume of sample supernatant
was dried to approximately 2 mL in an evaporating dish and transferred to a 2 inch stainless steel
counting planchet. The evaporating dish was rinsed 3 times with 2 mL of 5% ultra-pure trace metal
grade nitric acid; all rinse-ates were added to the planchet, dried at 105oC, and stored in a desiccator
until ready for counting. Solid density on planchets can interfere with gas proportional counting
and should not be more than 5 mg/cm2 for gross alpha and 10 mg/cm2 for gross beta. Therefore,
total solids per planchet area were considered by only evaporating sample volumes that would not
exceed these solid density specifications. Gas proportional counting on buffered synthetic fluids
was not performed due to high total suspended solids from MOPS (0.4 M).
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Chapter 4
Results

4.1 Shale Characterization
The shale outcrop mineralogy and elemental composition were studied using X-ray
diffraction (XRD) and sequential extractions. The shale was determined to be 10% organic carbon
by mass and contain quartz, pyrite, and muscovite (Figure 4.1).

Figure 4.1. X-ray diffraction indicating presence of quartz, pyrite, and muscovite in the shale
outcrop.
Sequential extractions were able to remove major (concentration > 0.5 mg/g shale) and
trace (concentrations <0.1 mg/g shale) metals from the shale (Appendix A; Supplemental Table 1).
The metal abundance also varied with the sequential extractions designed to target shale surface
positions and carbonates (extract 1), labile organic material and ligands (extract 2), amorphous
oxides (extract 3), crystalline oxides (extract 4), and organic material (extract 5) (Figure 4.2 and
4.3). Of the total extracted metals, Calcium (70%), magnesium (73%), and manganese (64%) were
mostly associated with surface positions and carbonates, Pb (75%) with organic material, Al (81%)
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with amorphous Fe-oxyhydroxides and Mn-Oxides, and Fe (53%) and Li (46%) with crystalline
Fe-oxides (Figure 4.2 and 4.3). Barium (46%), which has been shown to correlate with the presence
of radioactivity (Abualfaraj et al., 2014), was prevalent in the organic and sulfide phases (Extract
B and E; Figure 4.3). There was difficultly in determining relative sodium concentrations extracted
from the shale as the solvents designed to target surface positions, carbonates (CH3COONa), and
labile organic material (Na4P2O7) contained sodium. However, undetectable amounts of sodium
were mobilized from shale reacted with synthetic fracturing fluids.

Figure 4.2. Percent of total extracted major metals associated with specific phases in outcrop
Marcellus Shale. Extractions were designed to target surface positions and carbonates (extract 1),
labile organic material and ligands (extract 2), amorphous oxides (extract 3), crystalline oxides
(extract 4), and organic material and sulfides (extract 5).
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Figure 4.3. Percent of total extracted trace metals associated with specific phases in outcrop
Marcellus shale. Extractions were designed to target surface positions and carbonates (extract 1),
labile organic material and ligands (extract 2), amorphous oxides (extract 3), crystalline oxides
(extract 4), and organic material and sulfides (extract 5).

4.2 Kinetics of conductivity and pH equilibration between shale and water
The conductivity and pH of an ultrapure water solution containing 250 g shale/L was
monitored for 60 h (Figure 4.4). The initial respective pH and conductivity of the solution was 6.0
and 2.4 μS/cm. Within 3 hours after adding the shale, the pH dropped to 3.4, and the conductivity
stabilized at 1400 μS/cm after 20-30 hours. The pH drop and conductivity increase suggests that
there were acid producing minerals, such as pyrite, within the shale. As a comparison, Figure 4.5
is a pH-conductivity plot for a Marcellus Shale sample taken from a depth of 427-436 feet in
Pennsylvania Game lands 252, which is approximately 80 miles northeast of the Frankstown shale
outcrop. The observed maximum conductivity was less than that from the outcrop sample.
However, the conductivity was still increasing after a 250 hour reaction time.
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Figure 4.4. Conductivity and pH profile for 250 gram of shale outcrop reacted with 1 L of
ultrapure water for 60 hours. The shale was introduced to the water at 0.5 hours.

Figure 4.5. Conductivity and pH profile for 250 gram of core shale reacted with 1 L of ultrapure
water for 250 hours. The shale was introduced to the water at 8 hours. The core sample was taken
from PA Game Land 252 at a depth of 427 to 436 feet (PSU Hole No Unvi: 119-0174 and Box
41).
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4.3 Atmospheric shale sorption experiments
To test the effects of shale on dissolved metal concentrations and organic fate, unbuffered
and buffered high organic synthetic fracturing fluids (250 mL) were added to five serum bottles
along with increasing amounts of shale to achieve final concentrations of 0-666 grams shale per
liter of fluid. Unbuffered samples showed a rapid pH decrease of 8 to 3.7 with shale concentrations
as low as 25 g/L (Figure 4.6). Conductivity values increased linearly with shale mass. Metal
concentrations also increased while pH decreased with increasing amounts of shale (Figure 4.7).
To account for the drop in pH, the sorption experiments were repeated with 0.4 M MOPS (3-(Nmorpholino)-propanesulfonic acid) as a buffering agent to maintain a constant pH of 7.2.

Figure 4.6. pH and conductivity profile after unbuffered high organic fracturing fluid reacted with
varying amounts of shale for 7 days.
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Figure 4.7. pH and metal concentration after unbuffered high organic fracturing fluid reacted with
varying amounts of shale for 7 days.
Compared to unbuffered fluids, the buffered fluids produced lower total metal dissolution,
a higher conductivity, and stabile pH of 7.2 after reacting with the shale (Figure 4.8 and 4.9). With
respect to the unbuffered experiments, buffered high organic fracturing fluids showed significantly
lower iron and aluminum concentrations in solution after reacting with shale (Figure 4.9). Iron and
aluminum concentrations were both 0 to >100 mg/L for unbuffered fluids and 0 to 2 mg/L for
buffered fluids. Additionally, more calcium was mobilized in unbuffered fluids. Calcium increased
from 0 to 8 mg/L and magnesium increased from 0 to 5 mg/L over the 250 g/L shale concentration
range for buffered fluids (Figure 4.9). Over the same 250 g/L shale concentration range for
unbuffered fluids, calcium concentrations increased from 0 to approximately 12.5 mg/L and
magnesium increased from 0 to 5 mg/L (Figure 4.7). In both buffered and unbuffered fluids, sodium
concentrations attributed to dissolution from the shale were below detection limits.
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Figure 4.8. pH and conductivity profile after buffered high organic fracturing fluid reacted with
varying amounts of shale for 7 days.

Figure 4.9. pH and metal concentrations after buffered high organic fracturing fluid reacted with
varying amounts of shale for 7 days.
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4.4 High Pressure and atmospheric experiments

4.4.1 Inorganics
Buffered and unbuffered high and low organic synthetic fracturing fluids were reacted with
0 g/L or 25 g/L shale at atmospheric and high pressure and temperature conditions for 36 h. The 25
g/L shale concentration was selected based on sorption experiments that illustrated most of the
organics were removed from solution after reacting with shale concentrations greater than 25 g/L
(Figure 4.10 and 4.11). Samples reacted at atmospheric conditions or at high pressure and
temperature conditions were analyzed using GC, ICP, and Gas Proportional Counting (GPC).
Metals leached were calculated by subtracting concentrations of fluids reacted with 25 g/L shale
from the 0 g/L controls.

Figure 4.10. GC-FID analysis after buffered high organic fracturing fluid reacted with varying
amounts of shale at atmospheric conditions for 7 days.
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Figure 4.11. COD in solution after reacting the high organic fracturing fluid with increasing
amounts of shale at atmospheric conditions for 7 days.
For experiments with no buffer, the highest metal concentrations leached from the shale
were Ca, Mg, and Al (Figure 4.12). Low concentrations of Ba, Cd, Si, Sr, and Li were observed in
all treatments; Na concentrations were below detection. The maximum iron concentrations were
observed in unbuffered high P-T experiments; this iron was speculated to come from metal
corrosion of the high P-T stainless steel vessel. In general, metal concentrations were similar for
all unbuffered fluid treatments.
Buffered fluids leached fewer metals from solution than unbuffered fluids (Figure 4.12).
The buffered fluids also had a higher conductivity and pH than unbuffered fluids after reacting
under the different experimental conditions (Table 4.1). In all buffered experiments, metal leaching
also generally decreased at the high pressure and temperature conditions.
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Figure 4.12. Metal concentrations in solution from reacting unbuffered and buffered low (LoO)
and high (HiO) organic fracturing fluids with 25 g/L shale at high pressure (HPT) and
atmospheric (atm) conditions. (n=3). Green lines represent average metal concentrations expected
from dissolution of metals associated with surface positions and carbonates in 25 grams of shale.
Red lines represent average metal concentrations expected from dissolution of metals associated
surface positions, carbonates, labile organic material, and organic ligands.
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Table 4.1. Final pH and conductivity (conduct) values of buffered and unbuffered fluids after
reacting at high pressure and temperature (HPT) and atmospheric conditions (atm).
Buffered
Unbuffered
0g/Lshale
25 g/L shale
0g/Lshale
25 g/L shale
pH
Conduct
pH
Conduct
pH
Conduct
pH
Conduct
(mS/cm)
(mS/cm)
(mS/cm)
(mS/cm)
HiO (atm)
7.27
13.7
7.27
13.7
6.97
0.82
3.50
1.04
±0.06
±1.8
±0.06
±1.9
±0.15
±0.01
±0.44
±0.06
LoO (atm)
7.23
13.8
7.23
13.8
6.73
0.45
3.33
0.79
±0.12
±2.4
±0.12
±2.2
±0.21
±0.01
±0.12
±0.08
HiO (HPT)
7.23
13.2±
7.23
13.3
5.17
0.91
3.53
1.14
±0.06
0.09
±0.15
±0.28
±0.29
±0.03
±0.06
±0.03
LoO (HPT)
7.20
12.7
7.23
12.5
4.27
0.79
3.73
0.57
±0.0
±0.7
±0.06
±0.11
±0.12
±0.04
±0.15
±0.01

The radioactivity of unbuffered fluids increased when 25 g/L was added to experiments;
no radioactivity values were measured for buffered fluids due to the high total suspended solids
(Appendix E; Supplemental Table 5) from the 0.4 M MOPS (Figure 4.13). In addition, fluids
reacted with 25 g/L shale at high pressure and temperature conditions had higher alpha radioactivity
concentrations than fluids reacted at atmospheric conditions (Figure 4.13). The fluids reacted with
shale at high pressure and temperature also had an approximate 1:1 ratio of gross beta to alpha
radioactivity. No radioactivity differences were observed between the low and high organic
fracturing fluids.
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Figure 4.13. Gross alpha and beta of unbuffered fracture fluids reacted at high pressure and
temperature (HPT) and atmospheric (Atm) conditions. The figure legend is defined as follows:
No shale=0g/L shale and +shale=25g/L shale.

4.4.2 Organics
The organic composition and abundance of the high organic fracturing fluid was dependent
on the reaction conditions. Figure 4.14 is a gas chromatogram of a buffered high organic fracture
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fluid after reaction at both atmospheric and high pressure and temperature conditions. The peak
separations are similar for both chromatograms. However, specifically for peaks eluting at 10 to 20
minutes, the overall peak height and area decreased after the fluid was subjected to high pressure
and temperature. The large peak eluting at 6.3 minutes in the high pressure and temperature sample
was from 4-bromofluorobenzene that was spiked into some fluids for measuring liquid-liquid
extraction efficiencies (Appendix E); no spike was added to the fluid reacted at atmospheric
conditions. The large peaks occurring around 2 minutes were from the solvent used for organic
extractions.

Figure 4.14. Gas chromatogram of a buffered high organic fracturing fluid after reacting at
atmospheric and high pressure and temperature conditions (P-T) (1200 psi and 80 oC).
To simplify analyses of these chromatograms, the percent loss of individual fracturing
additives was calculated by comparing chromatographic peak areas of high pressure reacted
samples to control samples; buffered fluids reacted at atmospheric conditions were assumed to be
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the control or initial integrated peak area. Losses of individual fracturing additives were determined
by first locating column elution times for each additive. Elution times were identified by performing
liquid-liquid extractions and GC-FID on the individual additives used in the high organic synthetic
fluid (Figure 4.15; Table 4.2). The gelling agent and friction reducing additives were prevalent at
an elution time of 10 to 23 minutes on the GC-FID column, the surfactant between 9 to 10 minutes
and after 20 minutes, and the corrosion inhibitor at less than 6 minutes (Figure 4.15). Although
they were added to the fracturing fluid, additives such as the biocide and crosslinker were not
detected on the chromatogram (Figure 4.15). Using these elution windows (Table 4.2), changes
were observed among fracturing additives after reacting under various conditions (Figure 4.16 and
4.17).
Table 4.2. Designated GC-FID elution windows for specific additives in the synthetic fracturing
fluid.
Elution Window
Additive
I.D.
(minutes)
2 to 7.7

Less than C10

<C10

7.7 to 9.5

Octanol/D-limonene

S-A

9.5 to 14.3

Friction Reducer and
Gelling Agent

F&G

14.3 to 21.3

Gelling Agent

G

21.3 to 28.3

Surfactant (B):
ethoxylated alcohols

S-B

28.3 to 40

Surfactant (C):
ethoxylated alcohols

S-C
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Figure 4.15. Gas chromatography-FID of liquid-liquid extracted organic fracturing additives.
C10-C38 represents elution times of organic alkanes with different carbon lengths.
Percent losses of organics were determined by comparing chromatographic peak areas to
a control (a buffered high organic fluid reacted at atmospheric conditions) (Figures 4.16 and 4.17).
A sample chromatographic percent loss calculation is reported in Appendix E. Reacting buffered
fluids at high pressure and temperature (HPT-B) resulted in a 40 to 80% loss of the surfactant (SA), friction and gelling (F&G), and gelling (G) additives; no loss of longer chain surfactants were
observed (S-B; S-C) (Figure 4.16). When the buffer was removed, the pH dropped to 5.2 (Table
4.1) which corresponded to greater additive removal; specifically, surfactant B and C removal
increased from 0 to >40%. For atmospheric conditions, removing the buffer resulted in a negative
percent loss, meaning unbuffered fluids had more organics in solution relative to the buffered
control fluid (Figure 4.17).
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Figure 4.16. The percent loss in integrated chromatographic area of fracturing additives used in a
synthetic hydraulic fracturing fluid after reacting at high pressure and temperature. Pressure
reacted fluids are represented as HPT, buffered as B, no buffer as NB, and 25g/L shale as + shale
(n=3 for all measurements). S-A = surfactant (1 octanol/d-limonene), F&G=friction and gelling,
G=gelling, S-B&C= surfactants with different carbon lengths.
Adding shale to experiments had a significant effect on organic removal. At high pressure
and temperature, adding shale resulted in an additional 10 to 15% removal of S-A, F&G, and G for
buffered fluids (Figure 4.16). Similarly, at atmospheric conditions (Figure 4.17), adding shale to
buffered fluids resulted in a 10 to 20% loss of F&G, G, S-B, and S-C and a 47% loss of S-A. The
greatest removals were observed in unbuffered fluids. For these fluids, shale contributed to an
additional 10 to 15% removal of S-A, S-B, F&G, and G at high pressure and temperature and 20
to 40% removal of all additives at atmospheric conditions (Figure 4.16 and 4.17). It’s important to
note that adding shale to unbuffered fluids decreased the pH from 5.2 to 3.5 at high pressure and
temperature and from 7.0 to 3.5 for atmospheric conditions (Table 4.1).
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Figure 4.17. The percent loss in integrated chromatographic area of fracturing additives used in a
synthetic hydraulic fracturing fluid after reacting at atmospheric conditions. Atmospheric reacted
fluids are represented as Atm, buffered as B, no buffer as NB, and 25g/L shale as + shale (n=3 for
all measurements). S-A = surfactant (1 octanol/d-limonene), F&G=friction and gelling,
G=gelling, S-B&C= surfactants with different carbon lengths.
Comprehensive two-dimensional gas chromatography coupled with a time of flight mass
spectrometer (GC x GC-TOFMS) also showed similar chromatographic trends as compared to GCFID. First, individual additives were identified on the GC x GC-TOFMS chromatograms (Figure
4.18). The surfactant additive eluted at a primary retention time of 8.4 minutes and >50 minutes,
whereas the gelling and friction additives eluted at approximately 33 minutes. Mass spectrometry
showed that d-limonene and1-octanol were compounds in the surfactant additive; an ethoxylated
alcohol was also identified and likely contributed to the later eluting peaks (Appendix G). Reacting
buffered fluids at high pressure and temperature had little effect on the surfactant additives
(Compare Figure 4.19 A and Figure 4.19 B). However, high pressure and temperature conditions
did decrease the peak intensity of gelling and friction additives, suggesting that high pressure and
temperature removed some of these additives from solution (Figure 4.19 B). Adding shale to
solutions also affected organic fate. In atmospheric experiments, adding shale had the biggest
impact on removal of gelling and friction additives (Figure 4.19 C). The greatest removals were
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observed when the fluids containing shale were reacted at high pressure and temperature (Figure
4.19 D).

Figure 4.18. GC x GC-TOFMS of buffered high organic synthetic fracturing fluid with identified
additives.

Figure 4.19. GC x GC-TOFMS of buffered high organic synthetic fracturing fluids reacted under
various conditions. Reaction conditions for figures are defined as follows: A) Atmospheric (atm),
B) High Pressure and temperature (HPT), C) Atm + 25 g/L shale, D) HPT + 25 g/L shale.
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Chapter 5
Discussion
Conducting atmospheric and high pressure-temperature testing on Marcellus Shale with
synthetic hydraulic fracturing fluids is a reasonable model system for simulating downhole
interactions between shale and hydraulic fracturing fluids. The outcrop sample used in this study
was likely highly weathered as conductivity and metal values reported in industry flowback fluids
could not be achieved (Abualfaraj et al., 2014; Orem et al., 2014). However, metals were still
mobilized from the shale and the fluid chemistry changed significantly depending on the reaction
conditions. Therefore, results from this study can help further understand shale geochemistry and
effects of pressure, temperature, organic additives, and pH on metal dissolution from shale reacted
with synthetic fracturing fluids.
Current research suggests that high shale to fluid (w/w) contact ratios are needed to reach
the conductivity and TDS concentrations reported in flowback waters. A study on Marcellus Shale
pulverized (sieve size <10; 2mm) drill cuttings concluded that a 50:1 (w/w) shale to fluid ratio
would be required to reach sodium levels reported in industry flowback; the ratio was based on
leaching experiments that showed nearly all the sodium was removed from the shale by water
(Stewart et al., 2015). Similar calculations can be made for this study using the conductivity and
metal regressions in Figures 4.6 and 4.9. Using the conductivity to shale linear relationship, an
approximate 10:1 to 46:1 (w/w) ratio would be needed to reach conductivity values similar to that
reported in flowback fluids, which is consistent with Stewart et al. (2015). This ratio is likely
influenced by the weathering of the shale, as the outcrop sample had low salts and pyrite that
resulted in low solution pH. The pH had a considerable impact on metal solubility and conductivity
(Figure 4.6 and 4.7). Most flowback solutions have a near neutral pH (Abualfaraj et al., 2014).
Therefore, linear relationships for pH buffered fluids may be a better representative for shale:fluid
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contact ratios. Using the relationship for calcium concentrations in buffered fluids (Figure 4.9), a
5:1 to 880:1 pulverized shale to fluid ratio would be needed to reach the 204 to 31,000 mg/L
calcium concentrations reported in flowback fluids (Haluszczak et al., 2013). This high pulverized
(diameter 0.297 mm and density 2.4 g/mL) shale mass to fluid ratio (800:1), which corresponds to
an estimated shale surface area of 6.7x103 m2 per liter of fluid, is unlikely as modeling studies
predict fractured shale reservoir contact areas of approximately 26 m2 shale surface area per liter
of fracture fluid (Ahn et al., 2014).
Data analyses of Marcellus Shale flowback fluids show that the fluids can contain 204 to
31,000 mg/L Ca, 47,000 mg/L Cl, 22 to 1,800 mg/L Mg, 1,100 to 44,100 Na, 84,000 mg/L TDS,
and 40-to 180 mS/cm conductivity (Abualfaraj et al., 2014; Haluszczak et al., 2013; Orem et al.,
2014). Reacting 250 grams of shale outcrop in 1 liter of ultrapure water resulted in a maximum
conductivity of 1.4 mS/cm, which is significantly lower than that reported in industry flowback
fluids (Figure 4.4). Reacting subsurface Marcellus Shale, taken from a depth of 427 feet, with water
produced even lower conductivity values (Figure 4.5). These findings suggest that the subsurface
shale had fewer water dissolvable metals than the outcrop. However, it is more likely that the
differences in pH between the outcrop and subsurface shale (respective values of 3.5 and 7.7)
affected metal dissolution and conductivity. Additionally, the subsurface shale sample was taken
from a relatively shallow depth of 420 feet, which could have lower salt concentrations with respect
to deeper gas producing Marcellus shale formations.
There is considerable evidence that suggests the majority of conductivity in flowback and
produced waters does not entirely originate from dissolution of the host shale matrix (Dresel and
Rose, 2010; Haluszczak et al., 2013). Instead, in situ brines are likely the primary source of
conductivity and appear to have been weathered from the outcrop sample used in this study. Here,
weathering is described as exposure to meteoric water and oxidizing conditions that resulted in
metal dissolution from the shale outcrop. Meteoric water likely dissolved salts in the shale outcrop
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and contributed to the non-detectable concentrations of Na, Cl, and Br in solutions reacted with the
shale. Additionally, outcrop exposure to oxygen and water could have led to oxidation of reduced
iron sulfide minerals and dissolution of iron and sulfur. The combination of acidic meteoric water
and dilute sulfuric acid from the oxidation of reduced sulfides also likely dissolved carbonate
minerals (Figure 4.1). Sequential extractions of Marcellus Shale showed that magnesium, calcium,
barium, and strontium are primarily associated with carbonates and exchangeable matrices (Phan
et al., 2015; Stewart et al., 2015).Therefore, some of these metals would have also likely been
mobilized during carbonate dissolution.
There are numerous studies that show radioactivity in flowback fluids is associated with
brines in shale formations (Dresel and Rose, 2010; Haluszczak et al., 2013). Ra-226 occurs at high
concentrations in both hydraulic fracturing flowback and in situ gas brines, indicating that the high
radioactivity in flowback waters could have an origin similar to briny formation waters (Haluszczak
et al., 2013). Chloride versus bromide plots show that these in situ brines are derived from
evaporated seawater (Dresel and Rose, 2010). Therefore, the briny and radioactive flowback fluids
from hydraulic fracturing likely occur from mixing with in situ brines that contain these
contaminants. The same chloride-bromide plots could not be used to predict the origin of salts in
the shale outcrop used in this study as the shale produced undetectable levels of sodium and
chloride. These exceptionally low concentrations further support the suggestion that in situ brines
have been weathered from this outcrop material.
After reacting 25 g/L of pulverized shale outcrop with unbuffered synthetic fracturing
fluids, the ratio of gross alpha to gross beta radioactivity was different than that reported in
flowback fluids. The radioactivity increased when shale was added to experiments (Figure 4.13)
but was significantly lower than concentrations reported in flowback waters (Barbot et al., 2013).
These differences in radioactivity were attributed to dissolution of salts and radioactive elements
from the outcrop during weathering. There is little documentation of both gross alpha and beta
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radioactivity concentrations in flowback fluids; most studies report gross alpha radioactivity or
radium concentrations. Analyses of flowback fluids show that gross alpha radioactivity is correlated
to radium-226 concentrations and gross beta radioactivity to radium-228 (Rowan et al., 2011).
Gross alpha and beta radioactivity in 32 flowback water samples showed that flowback waters have
a mean gross beta radioactivity of 43,415 pCi/L and a gross alpha radioactivity of 1,509 pCi/L,
resulting in a gross beta to gross alpha ratio of 43:1 (Barbot et al., 2013). In contrast, another
analysis of 14 flowback waters reported higher average gross alpha concentrations of 20,600 pCi/L;
no gross beta concentrations were reported in that study (Abualfaraj et al., 2014). Therefore, the
gross alpha to gross beta ratio could be highly dependent on the shale formation characteristics. In
this study, average gross beta to gross alpha ratios were approximately 1:1 (Figure 4.13). In
comparison to flowback fluids, the lower radioactivity concentrations and smaller alpha to beta
radioactivity ratios observed in leachates from the weathered outcrop samples could be attributed
to dissolution of salts and radioactive elements during weathering. Total dissolved solids and salt
concentrations are correlated to radioactivity in flowback fluids (Rowan et al., 2011). No halite
salts were observed in leachates from the shale outcrop. Thus, the low radioactivity concentrations
in the shale could be explained by weathering processes that removed radioactive and halite
evaporites.
The weathering of the outcrop sample also influenced solution metal concentrations. In this
study, 7.5 μg/g Al, 3.7 μg/g Fe, 78 μg/g Mg, 360 μg/g Ca, and 6.2 μg/g Ba were removed from
extractions that targeted salts, surface positions, and carbonates (Figure 4.2 and 4.3). Similar
extractions removed significantly more metals from Marcellus Shale well cuttings from Tioga
County, New York; an average of 136 μg/g Al, 2315 μg/g Fe, 2305 μg/g Mg, 32,273 μg/g Ca, and
523 μg/g Ba were removed (Table 5.1)(Stewart et al., 2015). The extraction differences between
the weathered outcrop used in this study and the deep shale from New York suggest that weathering
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and oxidation processes likely leached metals from the outcrop shale sample, resulting in low
experimental metal concentrations. Similarly, a study on black shale from Sweden showed that
weathered shale contained 67 % less calcium in surface positions and carbonates than nonweathered black shale (Lavergren et al., 2009).
Table 5.1. Summary of Fransktown, outcrop sequential extraction results in comparision to
Marcellus Shale dry-cuttings from Tioga, NY (Stewart et al., 2015)
Average metals removed (μg/g shale)
Source
Na
Al
Fe
Mg
Ca
Ba
Salts, Surf
(Stewart et al., 2015)
136
2320 2310 3230 523
794
positions, and
carbonates
This work
7.50
3.70
78.0
360 6.20
(Stewart
et
al.,
2015)
288
1740
818
2260
111
14.8
Oxides
This work
(0.1 M HCl)
54800 960
14.7
95
27.5
-

Metal concentrations varied significantly in the outcrop sample depending on their
association with specific phases in the shale. Sodium, which is one of the most abundant chloride
complexing cations in unconventional flowback fluids, was below detection limits in samples
reacted with unbuffered low organic synthetic fracturing fluids. No sodium data was obtained for
sequential extractions designed to target surface positions, carbonates, or labile organic due to the
high pre-existing sodium concentrations in the solvents. However, previous studies showed that
sodium was highly soluble and easily mobilized from shale core samples with water extractions
(Stewart et al., 2015). Therefore, the below detection sodium concentrations in the synthetic
fracturing fluids reacted with the shale outcrop suggests that meteoric rain dissolved and removed
the salt from the shale.
Despite weathering processes that likely dissolved carbonates and mobilized its associated
metals, sequential extractions showed that the remaining calcium (70%), magnesium (73%), and
manganese (64%) in the shale outcrop were primarily associated with surface positions and
carbonates. Although it is also an alkaline earth metal, barium association within the shale was
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different than that of calcium and magnesium. Previous studies have indicated that barium, which
is known to correlate with the presence of radioactivity (Abualfaraj et al., 2014), has a strong
affinity for charged surfaces on clay minerals and is mostly associated with exchangeable sites in
Marcellus Shale core samples (Stewart et al., 2015). However, only 7% of the extracted barium
was bound to surface exchangeable sites in the outcrop sample used in this study; greater than 40%
of the barium was associated with sulfide and organic material. This finding may also provide
another explanation for the low radioactivity concentrations in fluids reacted with the shale outcrop.
Barium and radium concentrations are generally correlated in fracturing flowback fluids. Therefore,
if meteoric rain and dissolution processes led to interactions with exchangeable sites within the
shale outcrop, barium and radium could have been mobilized from the shale outcrop, contributing
to the low observed concentrations in fluids reacted with the shale.
The organic ligands, salts, carbonates, and exchangeable positions are the shale matrices
that will be most affected by hydraulic fracturing fluids. Metals associated with these matrices had
the highest concentrations in solutions reacted with the shale outcrop. Iron and aluminum were the
most abundant metals in the shale and were found primarily in oxide and silicate minerals; the shale
had over 10 times more iron and aluminum than calcium and magnesium. However, iron and
aluminum concentrations were relatively low in synthetic hydraulic fracturing fluids reacted with
the shale outcrop (Figure 4.12). This is likely a result of the primary association of aluminum and
iron with acid soluble shale matrices (Figure 4.2). Their association with these matrices could also
explain the low iron and aluminum concentrations generally observed in hydraulic fracturing
flowback fluids. Although concentrated acids, such as hydrochloric acid, used in fracturing fluids
can target silicates, oxides, and organic matrices, the high buffering capacity of shale usually results
in a near neutral pH (Abualfaraj et al., 2014) that prevents significant dissolution of these acid
soluble matrices (Wang et al., 2015).
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Calcium and magnesium were mostly associated with surface positions and carbonates in
the shale outcrop used in this study, making them susceptible to dissolution after reacting with the
synthetic hydraulic fracturing fluids. Approximately 80 to 110% of the calcium and magnesium
associated with the surface positions, carbonates, and labile organic material in the shale outcrop
(Figures 4.2 and 4.3) was mobilized after reacting with unbuffered synthetic hydraulic fracturing
fluids (Figure 4.12). Barium concentrations were low in all fluids, a result that was attributed to
barium’s primarily association with amorphous and crystalline oxides in the outcrop (Figure 4.3).
Future research should focus on metals in organic ligands, salts, carbonates, and exchangeable sites
as they are most likely to be mobilized during hydraulic fracturing.
Out of all the experimental treatments, the pH of synthetic fracturing fluids had the largest
impact on metal mobility from shale. The addition of a buffering agent to the synthetic fracturing
fluids maintained a solution pH of approximately 7.2 and resulted in significantly less metal
dissolution from the shale outcrop than unbuffered fluids (Figures 4.8, 4.9, and 4.12). Buffered
solutions (pH ~7.2) containing high and low organic content reacted at high pressure and
temperature were able to leach 8 to 9% of the total calcium expected to be associated with surface
positions and carbonates in the shale outcrop. In solutions where the buffer was removed (pH ~3.5),
100 to 120% of the surface and carbonate extractable calcium was leached; greater than 100% metal
dissolution is a result of dissolution from other matrices. The low pH and ionic strength of the
unbuffered fluids are two factors that likely increased metal dissolution from the exchangeable and
carbonate shale matrices. However, further studies need to be performed with deep shale core
samples to understand how changes in ionic strength, pH, and fluid chemistry affect metal leaching.
The pressure environment and hydrophobic organic content of the hydraulic fracturing
fluid appeared to have little effect on metal dissolution from the shale outcrop. Similar radioactivity
and metal concentrations were observed in high and low organic synthetic fracturing fluids reacted
at atmospheric and high pressure and temperature conditions (Figure 4.12 and Figure 4.13),
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suggesting that complexation and organic partitioning with hydraulic fracturing fluids do not
impact metal mobility from shale. The experiments could be repeated with shale core sample and
higher ionic strength solutions to achieve a fluid chemistry similar to flowback fluids. However,
high and low organic synthetic fracturing fluids in a high ionic strength, buffered solution still
mobilized similar metal concentrations from the shale.
The synthetic fracturing fluid was observed to undergo substantial transformation upon
exposure to elevated high P-T, shale, and variable pH conditions. Changes among fluid additives
were determined by identifying peaks on the gas chromatogram that corresponded to specific
additives used in the synthetic recipe and recording changes in peak area after various experimental
conditions. Reacting buffered fluids at high pressure and temperature resulted in a 40-80% loss of
friction reducers, gelling additives, and shorter chain surfactants (S-A) (Figure 4.16); the additives
that were referred to as shorter chain surfactants were identified as d-limonene and 1-octanol using
mass spectroscopy (Appendix G). No loss in integrated area was observed for surfactant B and C
after reacting at high pressure and temperature; surfactant B and C were identified as containing an
ethoxylated alcohol (Appendix G). Ethoxylated alcohols are synthesized under pressure and high
temperature, which may explain their stability at the high pressure and temperature conditions.
The reacted fluids were the only phase analyzed in organic analyses, and therefore, no
conclusions were made as to where the additive mass was being lost during shale and high pressure
and temperature reactions. However, after reaction, an insoluble gelatinous substance was observed
at the water-headspace interface of the pressure vessel. The substance was speculated to be an
organic polymer; however, the material was not identified. A similar substance was observed in
high pressure experiments with glutaraldehyde (Kahrilas et al., 2014). The authors stated that the
material was an organic polymer formed after reacting at the high pressure and temperature
conditions. One of the most interesting findings of their study was that the transformation of the
biocide, glutaraldehyde, increased with increasing temperature and pressure to the point where it
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was no longer effective at limiting bacterial growth (Kahrilas et al., 2014). Similarly, this study
shows that gelling, friction, and surfactants used in fracturing fluids undergo changes in abundance
at high pressure and temperature conditions, which could affect the functionality of certain
additives in the hydraulic fracturing fluid.
A considerable portion of the organics in hydraulic fracturing fluids may also be sorbed to
the shale matrix, influencing their effective fracturing concentrations and mobility in flowback
fluids. Organic matter and reactive surface area in soils are principle factors controlling sorption of
organic compounds (Cornelissen et al., 2005). The pulverized shale outcrop had a high surface area
(estimated at 6.7x103 m2 per liter of fluid) and organic fraction of 0.1(m/m) that sorbed considerable
amounts of organics. At high pressure and temperature, adding shale to buffered fluids resulted in
an additional 10 to 15% removal of short chain surfactants (S-A) and gelling and friction agents
(Figure 4.16). Similarly, at atmospheric conditions, adding shale to buffered fluids resulted in an
additional 10 to 20% loss of friction reducers, gelling agents, and long chain surfactants and a 47%
loss in shorter chain surfactants (Figure 4.17). This high shale sorption capacity for additives used
in fracturing fluids suggests that many of the additives used will not return to the surface.
Organic additive losses were also observed to increase with decreases in solution pH. The
greatest losses of organic additives were observed in unbuffered fluids where the pH ranged from
3.5 to 5.2 depending on the reaction conditions. In all cases, decreases in solution pH corresponded
to greater organic removal and had the largest impact on longer chain surfactants. For instance,
when a buffered fluid was reacted at high pressure and temperature with shale, there was 0% loss
of the longer chain surfactants (S-B). When the buffer was removed, the solution pH dropped to
3.5 which resulted in an additional 67% loss (Figure 4.16). Thus, the pH does affect the organic
fate of additives used in fracturing fluids. However, it is unclear if the observed effects are from
pH enhanced shale sorption processes or organic transformation.
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While the organic additives used in fracturing fluids may undergo transformations and
sorption processes that could affect their mobility and toxicity, the organic contaminants of concern
in flowback fluids may shift from those associated with the injected fluids to those associated with
the shale matrix over the operational lifecycle of the well. Depending on reactive transport and
retardation factors, the majority of the organics used in the hydraulic fracturing process will flow
back to the surface early after stimulating a shale formation. Characterization of unconventional
flowback shows that the total organic carbon content and conductivity are a function of time after
fracturing. The total organic carbon (TOC) content of flowback fluids from an unconventional
Marcellus Shale well in Pennsylvania decreased from over 200 mg/L at day 0 to 20 to 40 mg/L at
day 50. Likewise, the flowback conductivity was 50 mS/cm at day 1 and increased and stabilized
at 180 mS/cm after 50 days (Orem et al., 2014). The majority of the flowback TOC before day 50
was attributed to components in the initial fracturing fluid. However, residual synthetic organic
chemicals were observed in flowback waters for as long as 250 days after stimulation but had
significantly lower concentrations compared to early stage flowback. After day 50, the organic
content was mostly from shale-derived hydrocarbons. Therefore, there should be attention not only
in identifying synthetic organic compounds in flowback fluids but also organic contaminants
derived from the shale formation. Additionally, this study only looked at 36 hour reactions between
shale outcrop and synthetic fracturing fluids. Fracturing fluids can remain in shale formations for
over 50 days. Longer term kinetic studies should be performed to see how fluid chemistry changes
with time in hydraulic fracturing environments.
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Chapter 6
Conclusions

6.1 Summary
This study used sequential extractions to characterize metal association within a shale
outcrop sample from Frankstown, PA, and high pressure testing of synthetic fracturing fluids
reacted with the outcrop to understand organic fate and fluid chemistry effects on metal mobility
from the outcrop. The major findings include:
1. The shale outcrop was highly weathered and resulted in dissolved metal concentrations
significantly lower than that reported in unconventional flowback waters. Experiments
with increasing amounts of shale showed that high shale:fluid mass ratios of up 880:1
would be needed to produce calcium concentrations similar to those in flowback fluids.
This is most likely a result of weathering processes that have removed metals associated
with salts, carbonates, and exchangeable phases of the shale, as studies on the same phases
in core Marcellus shale samples have reported significantly higher concentrations of
alkaline earth metals.
2. The high radioactivity and conductivity in fracturing fluids are mostly associated with
briny fluids in the shale formation. Due to their non-detectable concentrations, Na and Cl
relationships could not be used to determine if the shale contained salts originating from
briny formation solutions. However, in comparison to flowback waters, the gross alpha:
beta radioactivity ratios and low conductivity in solutions reacted with shale outcrop
suggests that salts contribute to the majority of TDS and radioactivity in flowback waters
and were removed from the outcrop through weathering.
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3. Metals are preferentially bound to specific phases in Marcellus Shale, affecting their ability
to be mobilized in certain environments and fluid chemistry conditions. Iron, aluminum,
strontium, and barium are mostly associated with crystalline oxides and organic material
that are only mobilized under low pH, oxidizing conditions. Calcium and magnesium are
mostly associated with surface exchangeable positions and carbonates that are easily
mobilized from the shale outcrop.
4. The pH of fracturing fluids has the biggest effect on metal mobility from fractured shale
formations. Buffered synthetic fracturing fluids mobilized fewer metals from the shale than
unbuffered fluids. This could be attributed to lower metal solubility at near neutral pH or
the higher ionic strength of buffered fluids.
5. Metal mobility from shale was not affected by the hydrophobic organic content of synthetic
hydraulic fracturing fluids. Solutions with high and low hydrophobic organic content
produced similar dissolved metal concentrations after reacting with shale.
6. The additives in hydraulic fracturing fluids undergo significant changes during hydraulic
fracturing. Reacting synthetic hydraulic fracturing fluids at high pressure and temperature
resulted in a 40 to 80% loss of gelling additives, friction reducers, and short chain
surfactants. A considerable portion of the organics in hydraulic fracturing fluids may also
be sorbed onto the shale surface, influencing their effective fracturing concentrations and
mobility in flowback fluids. Changes in pH also affected organic fate, with highest
removals occurring at a pH of 3.5 in the presence of shale.

6.2 Future Work
Future work will involve characterizing the geochemistry of Marcellus Shale core samples
across Pennsylvania. There are still a lot of questions as to where the radioactivity and high TDS
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is coming from in unconventional flowback water from Marcellus Shale. Additionally, no studies
have tried to determine the shale matrices that radium is associated with. Penn State University as
well as the Bureau of Topographic and Geologic Survey have extensive core reserves.
Collaborating with these institutions to characterize shale core samples would be useful in
answering questions as to where the TDS and radium is coming from and why the concentrations
in produced waters are so high.
Additionally, more work needs to be to done to characterize organic transformation and
fate during hydraulic fracturing. This study showed that the fluids are affected by a number of
factors. However, no conclusions were made in regards to transformation byproducts and fluid
toxicity. Future studies will use biological receptor assays to determine the toxicity of fracturing
fluids before and after reacting at high pressure and temperature.

6.3 Implications
Natural gas resources are located all across the world. Inevitably, we will continue to look
for methods to extract these resources. In doing this, there will be continued concerns about water
contamination, environmental disturbance, and human health. The majority of current studies
focusing on hydraulic fracturing contaminants obtain their results by studying the fluids that
flowback out of the well. This may be the first study analyzing how complex organic fracturing
additives react in subsurface shale formations and their corresponding influence on metal mobility.
The results of this study show that the organic additives used in hydraulic fracturing fluids undergo
substantial transformations after reacting at high pressure and temperature. Characterizing
transformation byproducts and organic partitioning of the additives could be useful in redesigning
fracturing fluids, identifying additives with high mobility in the environment, and determining
potential toxic byproducts. Additionally, similar work involving high pressure and temperature
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experiments with Marcellus Shale samples could be important in understanding the geochemistry
of

shale

and

factors

affecting

metal

dissolution.
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Appendix A: Shale characterization

Lithium metaborate fusion
In addition to the sequential extractions, total elemental characterization of the shale was
determined by lithium metaborate fusion. The shale (0.1 gram) was systematically pulverized to a
sieve size less than 100, mixed with 1 gram of lithium metaborate, heated to 1000oC in an ultrapure
graphite crucible, dissolved in 5% nitric acid, and analyzed on a Perkin-Elmer Optima 5300
inductively coupled plasma emission spectrometer (ICP). Based on calibrations from rock
standards, elemental composition was reported as mass percent oxide.

Supplemental Figure 1. Oxide percentage for metals in shale outcrop. Data was collected by
lithium metaborate fusion
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Sequential Extractions
Supplemental Table 1. Metals dissolved from outcrop (top table) and core (bottom) shale with
various sequential extractions. Extractions were designed to target surface positions and
carbonates (extract 1), labile organic material and ligands (extract 2), amorphous oxides (extract
3), crystalline oxides (extract 4), and organic material (extract 5).
Metals removed (μg/g of outcrop shale) in each extraction
1
2
3
4
5
Al 7.5 ± 1.0 480 ± 7.1
5.0E3
± 750
320
± 17
370
± 35
Ba 6.2 ± 0.3 5.5
± 0.6
22
± 1.6
14
± 0.6
32
± 3.9
Ca 360 ± 28
69
± 5.8
26
± 2.6
15
± 3.0
43
± 1.5
Na
8.5E3
±
1.0E3
Cd 0.1 ± 0.0 0.4
± 0.2
0.3
± 0.0
0.0
± 0.1
0.0
±0.1
Fe 3.7 ± 2.6 160 ± 5.8
8.0E2
± 40
4.5E3 ± 140 2.9E3 ± 230
Li 0.5 ± 0.0 0.0
± 0.0
0.1
± 0.0
0.6
± 0.0
0.2
± 0.0
Mg 78 ± 8.3 6.4
± 1.5
8.3
± 0.4
3.9
± 1.6
10
± 1.6
Mn 2.5 ± 0.7 1.4
± 0.3
1.2
± 0.2
0.0
± 0.5
0
± 0.1
Pb 1.9 ± 2.5 8.4
± 3.4
0.6
± 2.3
3.8
± 6.0
11
± 3.3
Si
91 ± 51
80
± 120
150
± 75
2.0E2
± 12
217
± 18
Sr
0.3 ± 0.0 0.3
±0.0
1.1
±0.0
2.1
± 0.2
15
±2
Ti 0.0 ± 0.1 0.5
±0.2
0.4
±0.0
0.3
± 0.1
3.4
± 0.2
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Appendix B: Synthetic fracture recipe and drilling logs
Supplemental Table 2. Fracturing fluid recipe. Kiow values were reported from chemspider
Additive

Fe Control
Corrosion Inhibitor

Friction reducer
Gelling agent
Surfactant

Clay stabilizer
Biocide
Crosslinker

Breaker
pH buffer
pH adjustor

Composition

Citric acid
Ehylene glycol
N,N-Dimethylformamide
2-Butoxyethanol
Cinnamaldehyde
Tar Bases
1-Decanol
1-Octanol
Isopropanol
Petroleum distillates,
hydrotreated light
Petroleum distillates
Alcohol, ethoxylated
Ethylene glycol
Isopropyl alcohol
D-limonene
1-Octanol
None provided
2,2-Dibromo-3Nitrilopropionanime
Glycerine
Sodium tetraborate pentahydrate
Potassium hydroxide
Ammonium persulfate
4-Morpholinepropanesulfonic
acid
Potassium hydroxide (10 M)

% in
product

Density
(g/mL)

Log Kiow

Low Organic
(additive
amount/L)

High Organic
(additive
amount/L)

-

-

-

0.014 g

0.014 g

0 mL

0.007 mL

20-40%

-1.36

10-20%
5-15%
5-15%
5-15%
1-5%
1-2.5%
1-2.5%

-0.93
0.57
1.82
-2.8
-2.9
-3.48

1.05

0 mL

1.0

3.3 to 6

0 mL

1.5 mL

0 mL
5-15%
5-15%
5-15%
1-5%
1-2.5%
-

1.0

0 mL

3.0 mL

0 mL

1.5 mL

-

3.3-6
-1.36
0.05-0.28
4.6
2.8
-

0.44 mL

0.44 mL

20%

1.209

1.01

0 mL

0.017 mL

0 mL

0.3 mL

20-40%
10-20%
5-15%
-

1.0

-

-1.65
0.175
-

-

-

-

-

-

-

1.28

0.11 g
0.11 g
41.5 grams
41.5 grams
(0.4 M)
(0.4 M)
Adjust to pH 7.2
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Appendix C: Shale mass per fluid volume determination
A study by Ahn et al (2014) used a hydraulic fracture model to simulate fracture
propagation in a shale formation. Their study illustrated that the total reservoir contact area from 1
of 6 perforations in a hydraulic fracturing stage varied from 2.5-4.5 million ft2; the injected volume
was 15,900 L through 1 perforation (Ahn et al., 2014). These numbers can be used to estimate the
grams of shale needed per volume of fluid in order to achieve a shale surface to fluid volume contact
similar to that reported by Ahn et al (2014).
Assuming a reservoir contact area of 4.5 million ft2 and a 15,900 L injection volume, the
surface area per fluid volume can be calculated:
4,500,000𝑓𝑡 2
𝑓𝑡 2 𝑠ℎ𝑎𝑙𝑒
1𝑚2
𝑚2 𝑠ℎ𝑎𝑙𝑒
= 283
∗
=
26.3
15,900 𝐿
𝐿
10.76𝑓𝑡 2
𝐿
If we assume pulverized shale in this study has a diameter of 0.297 mm (sieve size 50), then we
can calculate the theoretical shale surface area of a particle.
𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑝ℎ𝑒𝑟𝑒 = 4𝜋𝑟 2 = 4𝜋 (

2
0.297𝑚𝑚 2
𝑚𝑚2
1𝑚
) = 0.277
∗(
)
2
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 1000𝑚𝑚

= 2.77 ∗ 10−7 𝑚2
The number of particles was then calculated to achieve the 26.3 m2/L
26.3𝑚2
1 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
∗
= 9.5 ∗ 107 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝐿
2.77 ∗ 10−7 𝑚2
Now we need to calculate the mass of one particle. We can do this by finding the volume of a
particle and multiplying by the shale density (2.4 g/cm3)
3

4
4
0.297 ∗ 10−3 𝑚
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑎 𝑠𝑝ℎ𝑒𝑟𝑒 = 𝜋𝑟 3 = 𝜋 (
) = 1.37 ∗ 10−11 𝑚3
3
3
2
Mass of one particle
𝑔

1𝑐𝑚3

1.37 ∗ 10−11 𝑚3 ∗ 2.4 𝑐𝑚3 ∗ 1.0∗10−6 𝑚3 = 3.29 ∗ 10−5 𝑔
Thus, the total mass of pulverized shale needed to achieve 26.3 m2 shale/L fluid is:
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= 9.5 ∗ 107 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∗

3.29 ∗ 10−5 𝑔𝑟𝑎𝑚𝑠
𝑔𝑟𝑎𝑚𝑠
= 3126
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
𝐿

This theoretical shale-fluid mass is not feasible for this study as 600 g/L of pulverized shale resulted
in a thick paste that was difficult to extract reacted fluid from for analyses. However, this simple
calculation does show that high shale mass to fluid ratios might be needed to achieve similar
conditions occurring in the subsurface shale fractured environments.
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Appendix D: Additional analytical methods

Ion Chromatography
Bromide and chloride concentrations were measured using a Dionex 1 chromatography
system. The injection volume was set at 25 μL and an eluent flow rate of 0.9 mL/min. Bromide and
chloride standard curves were created using sodium chloride and sodium bromide.

COD vs centrifuge time

Supplemental Figure 2. COD of high organic fluid after centrifuging (10,000 rpm) at various time
durations.
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Appendix E

Liquid-Liquid Extraction Efficiencies
A 4-bromofluorobenzene standard curve was created by injecting known concentrations
onto the GC column and recording the integrated peak areas (Supplemental Table 3; Supplemental
Figure 4). The standard curve was then used for efficiency calculations. A 40 μL spike of a 10g/L
of 4-bromofluorobenzene was spiked into reacted fluids before liquid-liquid extractions. The
extraction efficiencies were calculated by determining the amount of 4-bromofluorobenzene
recovered on the GC column.
Supplemental Table 3. 4-bromofluorobenzene values for standard curve calculations
Elution
time (min)
6.33
6.333
6.345
6.345
6.345
6.342
6.34
6.342
6.341
6.329
6.343
6.342

Area
620452
32601
9334
3399
954
32493
29699
7910
2089
127562
128801
121987

4-bromofluorobenzene (g/L)
10
0.5
0.1
0.05
0.01
0.5
0.5
0.1
0.01
2
2
2
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Supplemental Figure 3. 4-bromofluorobenzene standard curve
The following is an example of an efficiency calculation for a low organic fracturing that
was reacted at atmospheric conditions with 0 g/L shale:
𝐴𝑟𝑒𝑎 𝑓𝑜𝑟 4 − 𝑏𝑟𝑜𝑚𝑜𝑑𝑖𝑓𝑙𝑢𝑜𝑟𝑜𝑏𝑒𝑛𝑧𝑒𝑛𝑒 (6.351 𝑒𝑙𝑢𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒) = 15885.5
𝑔
15885.5 − 1370.1 0.234312𝑔
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ( ) =
=
𝐿
61949
𝐿
100% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =

10𝑔
1𝐿
∗ 40𝜇𝐿 ∗
= 0.0004 𝑔
𝐿
1 ∗ 106 𝜇𝐿

100% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (1 −

0.0004𝑔
𝑔
= 0.2
0.002𝐿
𝐿

0.2 − 0.23
) ∗ 100 = 110% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦
0.2
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Supplemental Table 4. Calculated liquid-liquid percent recoveries of 4-bromofluorobenzene
Sample
Efficiency
LoO buffered with 25 g/L (atm)
56%
LoO buffered with 25 g/L (atm)
85%
HiO no buffer with 25 g/L (atm)
61%
HiO no buffer with 0 g/L (atm)
81%
HiO no buffer with 0g/L (atm)
109%
LoO no buff with 0g/L (P-T)
52%
LoO buff with 25 g/L (P-T)
53%
HiO buff with 25 g/L (P-T)
77%
HiO buff with 25 g/L (P-T)
70%

Total dissolved solids (TDS) of fluids reacted with 0 g/L and 25 g/L shale
Supplemental Table 5. TSS of fluids reacted at atmospheric (atm) and high pressure and
temperature (P-T)
Buffered
Unbuffered
0g/Lshale
25 g/L shale
0g/Lshale
25 g/L shale
TSS (mg/L)
TSS (mg/L) TSS (mg/L)
TSS (mg/L)
HiO (atm)
99,990
96,440
6,715
5980
±12,927
±31,440
±1,374
±262.3
LoO (atm)
96,810
96,960
5,795
4,170
±10,010
±43,750
±2,552
±4,593
HiO (P-T)
101,500
102,600
8,067
±4,847
±3,935
±1,679
LoO (P-T)
117,300
86,070
5,267
5,400±6,834
±29,780
±40,130
±2,171

Percent integrated area difference calculation for GC
Percent loss of the friction and gelling additive (9.5 to 14.3 minute elution time) was
determined by calculating the loss in integrated area between a buffered high organic solution
reacted at atmospheric and high pressure and temperature (Supplemental Figure 8). The shaded
area shows an integrated friction and gelling peak area of 1.7 x 10 6 uV·min for a fluid reacted at
atmospheric and 3.6 x 105 uV·min for a fluid at high pressure and temperature. Thus, reacting the
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high organic fluid at high pressure and temperature resulted in a 79% loss of the friction and gelling
additives.
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑙𝑜𝑠𝑠 =

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑙𝑜𝑠𝑠 =

𝐻𝑖𝑔ℎ 𝑂𝑖 − 𝐻𝑖𝑔ℎ 𝑂𝐹
𝐻𝑖𝑔ℎ 𝑂𝑖

1.7 ∗ 106 − 3.6 ∗ 105
= 79%
1.7 ∗ 106

Supplemental Figure 4. Chromatogram of a high organic buffered synthetic fracturing fluid
reacted at atmospheric and high pressure and temperature conditions. Shaded regions represent
chromatographic integrated area of friction and gelling additives.
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Gas Chromatograms

Supplemental Figure 5. Chromatogram of a buffered high organic fluid reacted at atmospheric
and high pressure and temperature conditions with 0 g/L shale. Dates: 2-20-15 and 1-9-15

Supplemental Figure 6. Chromatogram of a buffered high organic fluid reacted at atmospheric
conditions with 0 g/L and 25 g/L shale. Dates: 2-20-15 and 2-20-15
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Supplemental Figure 7. Chromatogram of a unbuffered (pH=5.0) and buffered (pH=7.3) high
organic fluid reacted at atmospheric conditions with 0 g/L. Dates: 2-13-15 and 1-9-15

Supplemental Figure 8. Chromatogram of a buffered high organic fluid reacted at high pressure
and temperature with 0 g/L and 25 g/L shale. Dates: 1-9-15 and 1-12-15
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Supplemental Figure 9. Chromatogram of a unbuffered and buffered high organic fluid reacted at
high pressure and temperature conditions with 25 g/L shale. Dates: 1-12-15 and 2-21-15
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Supplemental Figure 10. Chromatogram of a buffered low organic fluid reacted at atmospheric
conditions with 0 g/L and 25 g/L shale. Dates: 12-17-14 and 1-26-15
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Appendix F
Supplemental Table 6. Instrument parameters for LECO Pegasus 4D GC x GC-TOFMS
Parameter
Carrier gas
helium
mode
splitless
Flow
1.00 mL/min
Septum purge flow
3.00 mL/min
Injection volume
1 μL
Injector temperature
250 °C
Transfer line temperature
300 °C
Oven equilibration time
0.5 min
First dimension oven
60m x 0.25mm x 0.25μm 5Sil-MS
Initial temperature
40 °C
Hold time
0.20 min
Rate
3.00 °C/min
Final temperature
315 °C
Modulator
Temperature offset
15 °C
Modulator period*
2.50 s
Second dimension oven
1.31m x 0.25mm x 0.25μm RTX-200
Initial temperature
55 °C
Hold time
0.20 min
Rate
3.00 °C/min
Final temperature
330 °C
*start of run - 2677.5 s: hot pulse time: 0.50 s; 2677.5 s – end of run: hot pulse time: 0.70 s
Mass spectrometer
Acquisition delay
Mass range
Acquisition rate
Detector voltage
Ionization energy
Mass defect
Ion source temperature

450 s
30–550 u
200 spectra/s
1,775 V
-70 eV
-20 mu/100 u
200 °C
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Appendix G

Supplemental Figure 11. Mass spectra showing 1 octanol is likely in the surfactant additive of the
synthetic hydraulic fracturing fluid. The similarity number represents a comparison with
structures reported in the NIST library.
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Supplemental Figure 12. Mass spectra showing d-limonene is likely in the surfactant additive of
the synthetic hydraulic fracturing fluid. The similarity number represents a comparison with
structures reported in the NIST library.
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Supplemental Figure 13. Mass spectra showing an ethoxylated alcohol is likely in the surfactant additive of the synthetic hydraulic fracturing
fluid. The similarity number represents a comparison with structures reported in the NIST library.

