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ABSTRACT

ASSESSMENT OF WATER QUALITY, TOXICITY AND TREATMENT STRATEGIES
DOWNSTREAM OF NPDES OIL AND GAS PRODUCED WATER DISCHARGES

INTENDED FOR BENEFICIAL REUSE

Produced water is the largest waste stream associated with oil and gas operations. This
complex fluid contains petroleum hydrocarbons, heavy metals, salts, naturally occurring radioactive
materials (NORMs) and any remaining chemical additives. In the United States, west of the 98th
meridian, the federal National Pollutant Discharge Elimination System (NPDES) exemption allows
release of produced water for agricultural beneficial reuse if it is of “good enough quality.” Due to the
complex and variable composition of produced water as well as the variations in permit effluent limits
and treatment approaches, the downstream impacts of NPDES produced water releases are not fully
understood.

The goal of this dissertation was to determine if the current NPDES produced water permit
effluent limits are adequate and if not, to identify additional steps that can be taken to improve water
quality. As a first step towards this goal, a detailed chemical and toxicological analysis was conducted
on a stream composed of produced water released for agricultural beneficial reuse. Over 50 geogenic
and anthropogenic organic chemicals not specified in the effluent limits were detected at the discharge
including hydrocarbons, halogenated compounds, and surfactants. Most were removed within 15 km
of the discharge due to volatilization, biodegradation, and sorption to sediment. Additionally, the
attenuation rate increased substantially in a wetland downstream of the discharge point. Tens of
inorganic species were also detected in the watershed, including many sourced from produced water.

In contrast to organic chemicals, the concentrations of most inorganic species increased downstream



due to water evaporation. This included contaminants of concern such as boron, selenium and total
dissolved solids (TDS).

An assessment of regulatory health thresholds revealed that eight of the organic species
detected at the discharge were listed by the U.S. Environmental Protection Agency (EPA) and the
International Agency for Research on Cancer (IARC) to be known, probable or possible carcinogens.
Mutagenicity of this water was assessed using a yeast mutation assay that analyzed copy number
variation (CNV) duplications, CNV deletions, forward pointmutations and reversion point mutations.
These mutations are established as having a role in human disease, including cancer. Higher rates of
mutation were observed at the discharge point and decreased with distance downstream. This
correlated with the concentrations of known carcinogens detected in the stream including benzene
and radium. Mutation rate increases were most prominent for CNV duplications and were higher than
mutation rates observed in mixtures of known composition containing all detected organic
carcinogens in the discharge. In addition, samples were evaluated for acute toxicity in Daphnia magna
and developmental toxicity in zebrafish (Danio reris). Acute toxicity was minimal, and no
developmental toxicity was observed.

Finally, in response to the observation that attenuation of organic chemicals increased in
wetlands, constructed wetlands downstream of three different NPDES produced water discharges,
including the discharge of focus in the chemical and toxicological analysis, were evaluated for their
viability to polish produced water. The results showed that wetlands are effective at attenuating
commonly used non-ionic surfactants, as well as a commonly used biocide. Attenuation was not only
due to degradation, but also accumulation in sediments. Sediment accumulation has the potential to
limit the lifetime of the wetlands or increase the frequency with which sediment must be excavated.

The results of this dissertation identified multiple improvements that can be made to NPDES

produced water regulations. Current regulations apply to the discharge site only. This dissertation



shows that downstream changes in water quality must be considered to adequately evaluate potential
impacts of produced water discharges, as exemplified by the increasing concentrations of inorganic
species downstream. Secondly, toxicological results showed that chemical analysis alone is insufficient
to assess impacts of these releases and that a thorough assessment of chronic toxicity is necessaty to
fully assess produced water for beneficial reuse. Current regulations require acute toxicity testing, but
no assessment of chronic toxicity. Finally, prior to widespread implementation of constructed
wetlands for produced water treatment, additional research is needed to assess the impact of oil and
gas chemical additives on the maintenance schedules of these systems, as well as the long-term impact
to soil health. If these waters can be reused safely and economically, many stakeholders stand to
benefit. If this practice is expanded prematurely, the quality and health of water, soil, crops and
downstream users could be negatively impacted. The research contained in this dissertation is one step

in a life-cycle analysis of the costs, impacts and benefits associated with oil and gas extraction.
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CHAPTER 1: INTRODUCTION

1.1 Natural Gas and Oil Production in the United States

Production of natural gas and oil in the United States has increased drastically over the past
decade as a result of the hydraulic fracturing “boom”, which began in the late 2000s. Hydraulic
fracturing has been used in the oil and gas industry since the 1950s; however, the surge in production
began when hydraulic fracturing was combined with horizontal (ie., directional) drilling.! By
combining these two technologies, many hydrocarbon formations that were previously too expensive
to produce became economically viable. The number of hydraulically fractured wells in the U.S.
increased from 36,000 in 2010 to more than 300,000 in 2015.> Production of natural gas increased
from 1.5 billion cubic meters (Bcm) (52 billion cubic feet (Bcf)) per day in 2005 to almost 2.3 Bem (80
Bcf) per day in 2015 (Figure 1). In 2005, 25% of this production was from hydraulically fractured wells

and by 2015, 67% of natural gas production was from hydraulically fractured wells (Figure 1).2
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Figure 1. Production of natural gas in the United States between 2000 and 2015. Natural gas production in the U.S.

begins to increase in 2006, as does the percentage of natural gas produced from hydraulially fractured wells. Adopted

from, U.S. Energy Information Administration artide “Hydraulically fractured wells provide two-thirds of U.S. natural
gas production.”?



A similar trend occurred for oil production in the U.S., which was just below 795 million liters
(5 million barrels) a day in 2008 and increased to more than 1.4 billion liters (9 million barrels) per day
in 2015 (Figure 2). In 2008, nearly 10% of oil production was from hydraulically fractured wells and
by 2015, 51% of oil production was from hydraulically fractured wells (Figure 2).> Production of
natural gas and oil from hydraulically fractured wells is expected to increase through 2050.*

Oil production in the United States (2000-2015)
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Figure 2. Production of oil in the United States between 2000 and 2015. Oil production in the U.S. begins to increase in
2009, as does the percentage of oil produced from hydraulically fractured wells. Adopted from, U.S. Energy Infomation
Administration artide “Hydraulically fracturing accounts for about half of aurrent U.S. crude oil production.”?

1.2 Produced Water
1.2.1. Composition and Volume

There are a variety of waste streams generated in oil and gas production including spent drilling
fluids, used drilling muds, drill cuttings and produced water (PW), all of which are generated during
conventional and unconventional (e.g., hydraulic fracturing) oil and gas extraction. Of these waste
streams, PW is the largest by volume, with more than three trillion liters generated each year in the

United States.”



PW is generated from the hydrocarbon-bearing formation. During the extraction process, PW
is brought to the surface simultaneously along with oil and gas. In most cases, the oil-gas-PW mixture
is sent to a three-phase separator (oil, gas, water) which uses heat, gravity, and emulsion-breaking
chemicals to separate the different fluids. PW can include both formation water, which is the water
naturally present in the oil and gas formation, and injection water, which may be added for purposes
such as hydraulic fracturing. Because of its geogenic origins, PW contains elevated levels of species
associated with the oil and gas depositional environment. The major classes of chemicals include
hydrocarbons, salts, metals and naturally occurting radioactive materials (NORMs).” It also contains
any remaining drilling, stimulation or well maintenance chemicals as well as their transformation
products.*” Additionally, PW may contain a vatiety of microorganisms.* !

The composition of PW varies by geologic formation, over time and with the type and quantity
of chemical additives used. In the U.S,, total dissolved solids (TDS) can range from as low as 100
mg/L to more than 400,000 mg/L.> '"'* In general, TDS is lower in Colorado, Wyoming and
California (e.g., Niobrara and Monterey formations) and higher in Texas, Pennsylvania and North
Dakota (e.g., Haynesville, Marcellus and Bakken formations)."! In the Marcellus shale, total radium
(*Ra + **Ra) concentrations can be as high as 670 Bq/L and 26 Bq/L in unconventional and
conventional operations, respectively.” In the Niobrara formation, however, total radium
concentrations are low compared to other parts of the U.S. (~3 Bq/L).* In addition to radium, other
commonly found NORMs include uranium, thotium and radon.”> Metals found at elevated levels in
PW include, but are not limited to, arsenic, barium, cadmium, lead and strontium. Abundance and
presence of these species also vary by location. Organic matter in PW includes petroleum-derived
hydrocarbons and natural organic matter. Total organic carbon (TOC) concentrations range as high
as 2,000 mg/L.> Total hydrocarbon concentrations have been reported between 40 mg/L to 2000

mg/L."* Finally, PW composition is impacted by the drilling, stimulation and well maintenance



chemicals in use.® " On average, 10s of different chemicals are used per well, however, there are
hundreds to choose from. As a result of variatons in chemicals additives, there are different
transformation by-products as well. Periodic fluctuations in composition occur as the result of well
maintenance and stimulation activities, which may occur every few months or years.

The volume of PW also varies by geologic formation and with the age of the well. Operators
have reported PW-to-oil ratios of less than 1:1 and as high as 1000:1." On average, 7-10 barrels (1000
— 1600 liters) of PW are generated per barrel of crude oil in the U.S.> In general, for hydraulically
fractured wells, PW and hydrocarbon generation atre highest initially and decrease over time.'s"” For
conventional wells, however, PW generation usually increases with the age of the well.® As a result of
the surge in U.S. oil and gas production, PW volumes have increased substantially and are expected
to increase in the future.’
1.2.2. Produced Water Management

Management of PW is a considerable cost for oil and gas operations. When the cost of
managing PW exceeds profits, the well is temporarily or permanently closed. In some cases, if oil
prices tise, the well may start producing again.'® Disposal into Class I and II underground injection
(UIC) wells is the most common PW management practice because it is the least expensive in many
areas.” " Re-injection for enhanced oil recovery is common throughout the U.S. and reuse for
hydraulic fracturing is also commonin some areas.” In total, neatly 85% of PW is disposed of in UIC
wells or re-injected for enhanced oil recovery. Underground injection for disposal is only possible in
locations with underground geology capable of receiving the water.” This practice is common in states

such as Colorado, Oklahoma, and Ohio, but absent in others, like Pennsylvania.'®

This practice is
limited by the fact that high rates of underground injection have been linked with earthquakes.*!

Additionally, water for disposal is generally not treated and the consequences of contamination due



to unintended releases is high."" *? In remote areas and in areas with high PW volumes, trucking costs
may make underground injection too expensive.”

Neatly 13% of PW is managed via reuse or recycling.” This includes disposal at centralized
wastewater treatment plants (CWTPs) and beneficial reuse outside of the oil and gas sector (e.g.,
agricultural uses, road spreading, etc.). As a result of limitations associated with UIC wells and water
scarcity, government agencies and oiland gas producers are increasingly looking for treatment options
and ways to reuse PW. This is exemplified by the ongoing U.S. Environmental Protection Agency
“Study of Oil and Gas Extraction Wastewater Management” which aims “to understand any potential
need for, and any concerns over, additional discharge options for onshore oil and gas wastewater” and
the U.S. Department of Energy’s Water Security Grand Challenge which aims to find a cost-effective
PW treatment approach for both agricultural and industrial reuse." * Additionally, the state of New
Mexico recently entered into a memorandum of understanding (MOU) with the U.S. EPA in 2018

related to re-use, recycling and beneficial reuse of PW in the state.”’

1.2.3. NPDES Permits for Produced Water Management

Under the Clean Water Act it is illegal to discharge pollutants from a point source into a water
of the United States unless the entity obtains a National Pollutant Discharge Elimination System
(NPDES) permit. The aim of the NPDES program is to regulate pollution from point sources to
ensure the discharge is safe for human and ecosystem health. Pollutants include any industrial,
municipal or agricultural waste that is discharged into water. NPDES permits may be required for
discharges from a variety of entities including concentrated animal feeding operations (CAFOs),
landfills, hospitals, CWTPs and oil and gas facilities.

Management and discharge of PW at CWTPs occurs primarily in Pennsylvania, Ohio and West
Virginia in the Marcellus and Utica shale regions." #® NPDES permits are required for these facilities

to discharge PW or other wastewaters. These plants are often not properly designed to remove PW



2830 These issues will be

contaminants, resulting in environmental and ecological issues downstream.
discussed in depth later in this chapter.

Beneficial reuse of PW for agricultural purposes also requires a NPDES permit if the water is
released to surface water. The Clean Water Act (CWA) states that “there shall be no discharge of waste
water pollutants into navigable waters from any source associated with production, field exploration,
drilling, well completion or well treatment (i.e., PW, drilling muds, drill cuttings, and produced sand).”
For onshore wells located west of the 98™ meridian, however, Subpart E — Agricultural and Wildlife
Water Use Subcategory regulates the discharge of PW for agricultural or wildlife propagation. This
rule requires that the PW (1) “is of good enough quality to be used for wildlife or livestock water or
other agricultural uses”, (2) “is actually put to use during period of discharge”, and (3) does not exceed
the effluent limitation of 35 mg/L oil and grease. Besides the oil and grease limitation, "of good
enough quality" is not defined through any other federal regulatory limits. State and federal regulators,
however, generally include additional effluent limits when writing NPDES O&G PW permits.

Nearly 80% of PW in the United States is generated in the arid West, where annual
precipitation rates are substantally lower than in other areas (Figure 3).° The amount of PW varies by
location and can be substantial in some areas. Discharge of oil and gas PW under the NPDES permit
agricultural and wildlife water exemption occurs primarily in Wyoming and has been occurring for
decades.! This option is currently only economically viable in areas where TDS is below a few
thousand parts per million.! PW reuse for irrigation, which occurs primarily in California, is another
management approach where there are many unknowns and where more research is needed. This
practice does not require a NPDES permit, however, because it does not involve discharge to surface

waters.! Under the NPDES exemption, however, PW released to surface water could be used for

irrigation. The studies presented in the main chapters of this dissertation focus on a well field in



Wyoming where oil and gas PW is released to surface water under the NPDES exemption for

beneficial reuse.
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Figure 3. Map of the United States showingtheloation of the 98* meridian and also the average annual predpitation.>

1.3 Impacts Downstream of NPDES Oil and Gas Produced Water Releases

To date, little research has been conducted on the impacts of oil and gas PW released for
beneficial reuse under the NPDES agricultural and wildlife exemption. A study that I contributed to
as co-author studied the field site that will be discussed in this dissertation. This study found that 3
billion Bq of radium (**Ra + **Ra) were released at this site annually and that 95% of that radium was
transported farther than 100 m from the discharge. Radium activity in sediments downstream of
NPDES PW releases was elevated as compared to control sites and increased levels of radium were

found as deep as 30 cm below ground surface (bgs). Additionally, in areas where PW was released



directly into an ephemeral stream bed, increases in TDS were observed downstream and attributed to
evaporation.”

Previous studies on coalbed methane PW discharges in Wyoming have attributed increases in
selenium and other inorganic chemicals downstream to both evaporation and increased leaching of
naturally present species in the soil and rock, as a result of the PW.*** Irrigation with coalbed methane
PW has been linked to chloride accumulation and an increased sodium adsorption ratio (SAR).>
Coalbed methane PW is generally lower in salinity and other contaminants than PW from oil and gas
so these results only serve as guidelines for oil and gas PW releases. A recent greenhouse study showed
that irrigating wheat with diluted PW (10% and 50%) resulted in decreased physiological characteristics
including grain yield, biomass, photosynthetic efficiency and reproductive growth as compared to
crops irrigated with tap water.”” Additionally, this study showed that in addition to salt, other
constituents in PW negatively impacted plant growth and health.”” Another greenhouse study irrigated
rapeseed and switchgrass plants with synthetic oil and gas PW and found that as TDS and TOC
increased, plant health and growth were negatively impacted.™

Morte research has been conducted on PW releases from CWTPs. Because this practice occurs
primarily in the Marcellus and Utica formations, the PW managed at CWTPs is generally higher in
TDS and radioactivity (by 1-2 orders of magnitude) than PW released for beneficial reuse. Treatment
at CWTPs involves skimming of residual oil off the surface of the water and removing solids via
settling ponds. Na,SOy, is added to precipitate salts and metals. Flocculation, aerobic digestion and
clarification are used to remove organic species.’” *** Due to the higher concentrations of TDS and
radioactive species, such as radium, treatment at CWTPs targets both organic and inorganic species.
This is in contrast to most treatment systems prior to beneficial reuse, which only target organic
chemicals. As aresult, the findings from studies on CWTPs are not directly applicable to PW releases

for beneficial reuse, however, they can serve as guidelines.



One study, which I served as co-author on, analyzed lake sediments downstream of five
CWTPs treating oil and gas wastewater. Contaminant signatures associated with PW were present in
lake sediment 19 km downstream and persisted in the sediment for at least 10 years. Contaminants
included NORMs, salts, metals and nonylphenol ethoxylates, an organic chemical additive used by the
oil and gas industry.® Other studies have shown increased formation of disinfection by-products
(DBPs) downstream of CWTPs treating PW and linked this increase to the high concentration of salt
in PW. DBPs are most often formed when oxidizing disinfectants, such as chlorine, ozone and
chlorine dioxide, react with natural organic matter or anthropogenic contaminants and the salts,
bromide and iodide.* Many DBPs ate neurotoxic, cytotoxic, mutagenic, genotoxic, carcinogenic and
teratogenic.” Another study analyzed Sr/Ca and ¥'St/*Sr ratios in mussels collected upstream and
downstream of CWTPs treating oil and gas PW and showed that oil and gas contaminants can
bioaccumulate in mussels, and likely other organisms, downstream of CWTPs used for treatment.”

Multiple studies have investigated accidental releases of PW to the environment. Many of these
studies have found increased estrogenic and other toxic activities in waters impacted by PW. For
example, surface and groundwater samples collected in a drilling-dense region in western Colorado
exhibited estrogenic, antiestrogenic, androgenic and antiandrogenic activities at elevated levels as
compared to background samples collected from locations with little to no drilling activity. Moderately
elevated levels of estrogenic, antiestrogenic, androgenic and antiandrogenic activities were also
observed in the much larger Colorado River, which serves as the drainage basin for the sample area.*
In another study, increased endocrine disrupting activity as compared to background sites collected
upstream was observed in surface waters collected near a PW UIC well disposal site in West Virginia.*’
Additional studies at this site found elevated concentrations of organic and inorganic contaminants
associated with PW.*> ** Increased endoctine and progesterone receptor activiies were observed in

groundwater collected from areas in Wyoming with a high frequency of oil and gas wells. No major



spills were reported at this site.”® At a site in North Dakota where 11 million liters of PW were
inadvertently released into a stream, increased levels of salts, metals and hydrocarbons were observed
more than 20 km downstream of the spill. Concentrations of NORMs, including radium, were 15
times greater at the spill site than background levels. Additionally, fish bioassays revealed substantially
decreased fish survival (from 89% upstream, to 2.5% at 7.1 km downstream). Increased estrogenic
effects were observed downstream as well.* The size of these releases varies, but for all studies, the
releases to surface water were unintentional.
1.4 Challenges Associated with Toxicological Analysis of Produced Water

There are many benefits associated with the use of bioassays for toxicological assessment.
First, the toxicological impact ofa sample can be quantified without determining the detailed chemical
composition of the sample. Additionally, a variety of toxicological endpoints can be analyzed
including, but not limited to, mutagenicity, endocrine disruption and developmental toxicity. There
are also challenges associated with toxicological analysis of PW, many of which are due to the
complexity and high TDS content of this waste stream. TDS in PW can range over multiple orders of
magnitude (~500 ppm to 400,000 ppm). Increased levels of TDS can cause osmotic stress in
organisms used in bioassays, causing acute toxicity and overwhelming bioassays that are designed to
analyze chronic effects. Additionally, while TDS is a major contributor to toxicity in many PWs, it is
not the only source of toxicity. Thus, non-saline toxicity must be considered as well.* In PW where
TDS is high, determining the toxicity of the non-saline componentis challenging. In many approaches,
such as effect-directed analysis (EDA) and the toxicity identification evaluation (TIE), complex waste
streams such as PW are often diluted or fractionated in order to determine the toxicity of different

groups of chemicals.*

The components of TDS, however, may have synergistic orantagonistic effects
on the toxicity of other chemicals within the mixture. Thus, dilution and fractionation would skew the

toxicological results. The approach outlined in Danforth et al, 2019 suggests using the toxicity
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identification evaluation (TIE) approach to fractionate and dilute PW samples into a salt and organic
fraction.* Once the toxicity of the individual mixtures is determined, the salt mixture can be titrated
into the organic mixture to further understand mixture effects.

It is also important to consider which types of organisms and which types of assays are in use.
In vitro bioassays, such as the Salmonella Ames test and reporter gene assays conducted in human cell
lines, are generally less expensive and/or less time consuming than 2 vive assays and are therefore used
in more studies. In addition to this approach, however, 7 vivo methods are necessary as well since
these assays allow for evaluation of complex endpoints that are more difficult to test without whole
organism testing.* In many cases, the results of 7 vivo tests can be verified and expanded upon by the
use of i vitro assays. Additionally, differences in organism type, assay protocol and data analysis may
result in differing results from toxicological assays.”” Relatedly, there are challenges associated with
relating the results of 7z vivo and in vitro tests conducted in organisms such as yeast, bacteria or fish to
the expected outcome in mammals, such as humans. Thus, there is a need for standard bioanalytical
tools for use in PW toxicity testing. Until that point, however, results from different studies should be
viewed with this lens.
1.5 Research Objectives

Previous studies clearly show that insufficient treatment of PW is occurring at CWTPs,
resulting in environmental and ecological issues downstream. Beneficial reuse of PW for agricultural
purposes is becoming more common in the U.S. American West; however, the impacts of this practice
are not well understood. If these waters can be reused safely and economically, many stakeholders
stand to benefit. If this practice is expanded prematurely, the quality and health of water, soil, crops
and downstream users could be negatively impacted. This would result in thousands of legacy sites
that must be remediated, and oil and gas operators may be subject to liability and clean-up costs. The

overarching objective of this study is to determine if the current NPDES permit effluent limits are
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adequate and if not, to identify additional steps that can be taken to improve water quality. This
includes additional permit effluent limits, monitoring requirements and treatment options.

In order to achieve this ambitious goal, PW intended for beneficial reuse must be characterized
so that treatment methods can be developed and propetly assessed. The first objective of this study
is to conduct a thorough chemical characterization of PW released for beneficial reuse, including an
analysis of the environmental fate and transport of chemicals downstream. The second objective of
this study is to quantify the toxicity of PW released for beneficial reuse. These two objectives are
closely related and will be addressed in Chapter 2 and Chapter 3, respectively.

The major chemical classes of PW are well known. The exact composition of PW remains
unknown, however, despite the numerous studies which aimed to characterize this fluid. Determining
the composition of PW is challenging because 1) there is a lack of analytical methods for numerous
chemicals in PW, 2) matrix effects from chemicals (e.g., salts) in this complex solution make detection
of other chemicals more challenging, 3) transformation products for many of the chemical additives
are unknown, and 4) the composition is highly variable.® " %% As a result of these unknowns and
complexities, an extensive chemical analysis of this water will likely be insufficient for determining the
environmental and health risks of this water; however, a detailed chemical characterization is necessary
to test if this is true. Firstly, the potential to induce toxic effects may not be known for some of the
detected chemicals. Secondly, many analytes - including potentially more toxic transformation
intermediates - may go undetected as their concentrations are below instrumental detection limits; yet,
these compounds may still be toxic at low concentrations.

Another aim of this dissertation was to determine if using bioassays to quantify toxicity, in
addition to chemical characterization, is amore effective method for characterizing the environmental
and ecological risks associated with PW releases. The behavior of chemicals in complex mixtures

stronely depends on their mode of toxic action. While mixtures of chemicals with a common target
gly dep g
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site and the same mode of action act according to concentration/dose additivity, antagonistic or
synergistic effects may arise if mixture components interact with each other. Thus, a more integrative
chemical and toxicological assessment of these waters is urgently needed to evaluate the risks and
impacts associated with current PW beneficial reuse treatment and regulatory practices. By combining
the results of the chemical and toxicological studies, best practices can be developed to improve the
effluent limits and optimize current treatment strategies, if necessary.

The third objective of this study is to assess the viability of constructed wetlands for PW
treatment downstream of NPDES releases, with a focus on the environmental fate, transport and
removal mechanisms of oil and gas additives. This objective will be addressed in Chapter 4 of this
dissertation. Extensive research is being conducted on treatment methods for PW. A variety of
approaches have been proposed including membrane separation, membrane distillation, forward
osmosis, electrocoagulation, advanced oxidation processes, adsorption, and biological treatment.” 3!
For many oil and gas operations, especially those in rural areas, these treatment methods remain
financially and technologically infeasible.”> Constructed wetlands are a relatively cheap and low-
maintenance treatment option that may be viable in some areas; however, more research is needed to
understand mechanisms of attenuation in these systems. A better understanding of attenuation
mechanisms will allow for improved design parameters and more complete risk assessment of these
systems. It is hypothesized that organic oil and gas chemical additives will be attenuated in wetlands
as a result of biodegradation and sorption. This hypothesis will be tested by determining the
distribution and fate of oil and gas additives in water and sediments samples. In addition, a microbial
analysis on sediment and water samples will be conducted. This analysis will aim to determine which
organisms are present and if populations change downstream of NPDES releases, with a specific focus

on locations immediately upstream, downstream and within wetlands.
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1.6 Publications

As a result of my PhD research, I expect to publish 3 first author and 8 co-author peer-
reviewed papers. Most of this dissertation workis planned for submission into peer-reviewed journals.
Chapters 2 and 3 are in preparation for the Society of Environmental Toxicity and Chemistry
(SETAC) journal Environmental Toxicity and Chemistry (ET&C). These manuscripts were submitted
for publication in August 2019. Chapter 4 will be submitted for review by the end of 2019. Parts of
this dissertation have also been presented at several national and international conferences including
the 253" and 255" American Chemical Society National Meetings in San Francisco, CA (2017) and
New Otleans, LA (2018), the University Consortium for Field-Focused Groundwater Contamination
Research Annual Progress Meeting in Guelph, ON, Canada (2018), the Remediation Technology
Summit (RemTEC) in Denver, CO (2019) and the American Geophysical Union Hydrology Days
meeting in Fort Collins, CO (2017).

In addition to the main chapters in this dissertation, I've contributed as a co-author to Oetjen,
K.; Giddings, C. G. S.; McLaughlin, M.; Nell, M.; Blotevogel, J.; Helbling, D. E.; Mueller, D.; Higgins,
C. P., Emerging analytical methods for the characterization and quantification of organic contaminants
in flowback and produced water. Trends in Environmental Analytical Chemistry 2017, 15, 12-23 which
addresses analytical methods and challenges for organic chemicals in oil and gas PW.* I also
contributed to Burgos, W. D.; Castillo-Meza, L.; Tasker, T. L.; Geeza, T. J.; Drohan, P. J.; Liu, X,;
Landis, J. D.; Blotevogel, J.; McLaughlin, M.; Borch, T.; Warner, N. R., Watershed-Scale Impacts from
Surface Water Disposal of Oil and Gas Wastewater in Western Pennsylvania. Environmental S cience &
Technology 2017, 57 (15), 8851-8860. As mentioned in an eatlier section of this Chapter, this manuscript
addresses impacts to lake sediments downstream of CWTPs treating oil and gas PW by quantifying

both organic and inorganic chemicals versus depth in sediment cores.?

14



Additionally, in conjunction with the studies presented in this dissertation, I contributed to
McDevitt, B.; McLaughlin, M.; Cravotta, C. A.; Ajemigbitse, M. A.; Van Sice, K. J.; Blotevogel, J.;
Borch, T.; Warner, N. R., Emerging investigator series: radium accumulation in carbonate river
sediments at oil and gas produced water discharges: implications for beneficial use as disposal
management. Environmental S'cience: Processes & Impacts 2019, 21, 324-338. This manuscript focused on
the field site that is the focus of this dissertation and analyzed radium accumulation downstream of
the NPDES PW discharges onsite.”” T have also contributed to McDevitt, B.; McLaughlin, M.; Geeza,
T.; Vinson, D.; Coyte, R.; Blotevogel, J; Borch, T.; Warner, N.R., Fingerprinting Salinization from
Beneficial Use of Oil and Gas Produced Water in the Western U.S., which is currently in preparation
and also focused on the site in this dissertation.

I also contributed as co-author to Akyon, B.; McLaughlin, M.; Hernandez, F.; Blotevogel, J.;
Bibby, K., Characterization and biological removal of organic compounds from hydraulic fracturing
produced water. Environmental Science: Processes & Impacts 2019, 21, 279-290 which assessed the
biological treatment of organic chemicals in PW;" Hanson, A. J.; Luek, J. L; Tummings, S. S,
McLaughlin, M. C,; Blotevogel, J.; Mouser, P. J., High total dissolved solids in shale gas wastewater
inhibit biodegradation of alkyl and nonylphenol ethoxylate surfactants. Science of The Total Environment
2019, 668, 1094-1103 which addresses the impact of TDS on the biodegradation of alkyl and
nonylphenol ethoxylate surfactants®; and, Evans, M. V.; Getzinger, G.; Luek, J. L.; Hanson, A. J;
McLaughlin, M. C.; Blotevogel, J.; Welch, S. A,; Nicora, C. D.; Purvine, S. O.; Xu, C.; Cole, D. R;
Darrah, T. H,; Hoyt, D. W.; Metz, T. O.; Lee Ferguson, P.; Lipton, M. S.; Wilkins, M. J.; Mouser, P.
J., In situ transformation of ethoxylate and glycol surfactants by shale-colonizing microorganisms
during hydraulic fracturing. The ISME Journal 2019 which assessed the transformation of surfactants
by shale-colonizing microorganisms.” Finally, I also contributed to Sharig, L.; McLaughlin, M.;

Rehberg, R.; Blotevogel, J.; Borch, T. Impacts of Hydraulic Fracturing Chemicals on Wheat Plants:
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Uptake, Morphological Impacts, and Associated Health Risks which is currently in preparation and

assesses plant uptake of organic hydraulic fracturing fluid chemicals in wheat.
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CHAPTER 2: ASSESSMENT OF WATER QUALITY DOWNSTREAM OF NPDES OILL. AND

GAS PRODUCED WATER DISCHARGE: CHEMICAL IMPACTS

2.1 Introduction

Produced water (PW) originating from hydrocarbon reservoirs is extracted concurrently with
oil and gas (O&G). This fluid contains elevated levels of chemicals naturally present in the formation,
including hydrocarbons and their derivatives, salts, metals and naturally occurring radioactive materials
(NORM).” It also contains any remaining drilling, hydraulic fracturing, or well maintenance chemicals
as well as their transformation products. Composition of this complex fluid varies with time, geologic
formation, and variations in chemical use.* '*'* > In the United States, total dissolved solids (TDS) in
PW ranges between 100 and 400,000 mg/L;"""? radium concentrations range between 3 Bq/L and 67
Bq/L;*" and total organic carbon (TOC) ranges from below detection limit to 2,000 mg/1.."?

PW is generated in both conventional and unconventional O&G operations and is the largest
upstream waste stream (by volume) associated with O&G. On average in the U.S., each well generates
seven to ten times more PW than crude oil, resulting in over three trillion liters of PW per year.”
Management practices for this waste stream vary by region. Underground injection into Class 1I
disposal wells is the most common management technique in the U.S.; however, high injection rates
have been linked to induced seismicity.”! Treatment at wastewater treatment plants (WWTPs) is
another common management approach, but has been shown to increase concentrations of salts,
disinfection by-products, and radioactivity downstream.?**

Economic viability of O&G extraction is partly driven by the high costs of PW management
practices at around one to fifteen U.S. Dollars (§) per m? of water.” This is especially true for older
wells, which can generate 50 to 1000 times more PW than o0il®* Thus, operators are increasingly

considering alternative optons, including discharging PW for agricultural beneficial reuse.”
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Municipalities are also interested in this practice because many O&G producing formations in the
U.S. are located in the arid West and in dire need of more water to meet demands from citizens,
industry, and agticulture.

Under the Clean Water Act it is illegal to discharge pollutants from a point source into a water
of the United States unless the entity obtains a National Pollutant Discharge Elimination System
(NPDES) permit. The aim of the NPDES program is to regulate pollution from point sources to
ensure the discharge is safe for human and ecosystem health. Permits contain limits on both quality
and quantity of the discharge(s), and dischargers are required to submit regular reports characterizing
the discharge. Pollutants include any type of industrial, municipal or agricultural waste that is
discharged into water. NPDES permits are typically required for discharges from a variety of entities
including  WWTPs, concentrated animal feeding operations (CAFOs), fish hatcheries, landfills,
hospitals and industrial mining and O&G facilities.

U.S. Code of Federal Regulations Title 40, Part 435, Oil and Gas Extraction Point Source
Category states that “there shall be no discharge of waste water pollutants into navigable waters from
any source associated with production, field exploration, drilling, well completion or well treatment
(ie., produced water, drilling muds, drill cuttings, and produced sand).” For onshore wells located
west of the 98" meridian, however, Subpart E — Agricultural and Wildlife Water Use Subcategory
regulates the discharge of PW for agricultural or wildlife propagation. This rule requires that the PW
(1) “is of good enough quality to be used for wildlife or livestock water or other agricultural uses”, (2)
“is actually put to use during period of discharge”, and (3) does not exceed the effluent limitation of
35 mg/L oiland grease. Besides the oil and grease limitation, "of good enough quality" is not defined
through any other federal regulatory limits. State and federal regulators, however, generally include

additional effluent limits when writing NPDES O&G PW permits.
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The lack of both legal definition and available data on the quality of PW discharged under the
NPDES program motivated us to investigate the watershed around an O&G extraction site and
NPDESPW release in Wyoming. The overarching goal of this study wasto increase ourunderstanding
of potential impacts of PW beneficial reuse on downstream users and ecosystem services. Our specific
objectives were to 1) characterize the chemical composition of the discharge that is being used for
beneficial reuse, 2) assess the environmental fate of chemicals in the discharge stream along the flow
path, and 3) conduct a systematic evaluation for potential health impacts to humans, livestock and
aquatic life based on previously established thresholds and screening levels. Various analytical
techniques were used to this end, with the goal of identifying potential contaminants of concern. The
health thresholds used in this study are from sources used by regulators when drafting NPDES permits

and by farmers when determining safety for their livestock.

2.2 Materials and Methods
2.2.1 Site Description

This study was conducted at an undisclosed well field in Wyoming where over 10 NPDES
PW discharges are located. At this site, O&G operations occur in a relatively remote location and
there are few other sources of contamination. Analysis focused on one NPDES discharge and the
surrounding watershed (Figure 4). Multiple wells contribute PW to this NPDES release, one of which
is 100 years old. The operator stated that the PW to oil ratio from this wellis 1000:1 and that operation

would be economically infeasible if beneficial reuse were not an option.
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Figure 4. Map of samplinglocations at an undisdosed well field in Wyoming. Surface water samples were collected in
October 2016 and February 2018 from the dischatge (ephemeral) stream (D) and perennial river (P). Site DO was
ollected directly from the discharge culvert before entering the stream. All other sites were collected at the indicated
distance from the discharge (e.g., D.3 was collected 0.3 km downstream). Sites prefaced with a P were collected on the
perennial river, with positive values indicating samples collected downstream of the confluence between the two water
bodies (e.g., P32.2 is collected on the perennial river, 32.2 km downstream of the discharge) and negative values
indicating samples wllected upstream of the confluence (e.g., P-2.6 is wllected on the perennial river, 2.6 km upstream
of the confluence).

After extraction from the wells, the oil-gas-PW mixture is combined and sent to the treatment
system. Treatment includes a three-phase separator (oil, gas, water) which uses heat, gravity, and
emulsion-breaking chemicals. Once separated, half of the PW is reinjected into the O&G wells for
enhanced oil recovery. The other half is sent to a series of settling ponds where additional oil is
removed via flotation and skimming. On average, 4.5 million liters per day of treated PW is released
into an ephemeral stream bed from this NPDES discharge. This volume has remained relatively steady

since 2005, ranging between 3.6 and 5.5 million liters per day. There is little precipitation in the region
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(average 230 mm/year)’” and no additional tributaties to this stream, resulting in a stream that is
composed entirely of O&G PW unless there has been a recent precipitation event. A wetland is located
about 2 km from the discharge, followed by a dam that separates the discharge into two equal streams.
One continues southeast for about 2 km before emptying into a playa lake that is used by cattle, horses,
waterfowl and other wildlife for drinking. Playa lakes are shallow, ephemeral lakes, commonly found
in the U.S. High Plains region.® The other stream continues another 30 km until connecting with a
larger perennial river. Along this 30 km stretch are a series of wetlands that contain fish and serve as
watering holes for cattle and other wildlife. The perennial river is used as the drinking water intake for
thousands of people downstream. In October 2016 the flow rate of the discharge stream and perennial
river were 0.03 m’s (at site D1.4) and 8.5 m’s’!, respectively.” The flow rate in the perennial river was

an estimated 6.7 m’s"in February 2018.%” Flow measurements wete not taken in the discharge stream

in 2018.

Table 1. NPDES permit effluent limits spedfic to the discharge in this study.

Parameter Efﬂgent Lirpitation

Daily Maximum
Specific Conductance 7500 uS/cm
Total Dissolved Solids 5,000 mg/L
Chloride 2,000 mg/L
Sulfate 2,500 mg/L
Total Radium 226 60 pCi/L*
Oil and Grease 10 mg/L °
oIl 65-90°

1 Values taken directly from the permit. 60 pCi/L = 2.22 Bq/L.

b Permit also states that thete cannot be a “visible sheen in the receiving waters or deposits on the bottom or shoreline of
the receiving waters.”

¢ pH range given. All other values are maxima.

The daily maximum effluent limits for this specific NPDES permit are shown in Table 1. In
addition to these effluent limits, the permit also states that no floating solids or visible foam can be
discharged other than in trace amounts. The discharge rate must be reported monthly and sulfide as
H,S must be reported quarterly. A toxic pollutants screen, which includes organic and inorganic
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pollutants outlined in U.S. Code of Federal Regulations Title 40, Part 122, Appendix D, must be
conducted in the first, third and fifth years of the permit. Permits typically last four to five years. In
addition to these chemical limits, acute whole effluent testing (WET) is required quarterly at the site.
This involves an acute 48-hour static-renewal toxicity test using Daphnia magna and an acute 96-hour
static-renewal toxicity test using Piwephales promelas. Corrective actions must be taken if mortality of

50% or greater is observed for either species.

2.2.2 Site Sampling

Surface water samples were collected in October 2016 and February 2018 from the discharge
stream (D) and perennial river (P). Site DO was collected directly from the discharge culvert before
entering the stream. All other sites were collected at the indicated distance from the discharge (e.g.,
D.3 was collected 0.3 km downstream, see Table 2). Sites prefaced with a P were collected on the
perennial river, with positive values indicating samples collected downstream of the confluence
between the two water bodies (e.g., P32.2 is collected on the perennial river, 32.2 km downstream of
the discharge) and negative values indicating samples collected upstream of the confluence (e.g., P-2.6
is collected on the perennial river, 2.6 km upstream of the confluence). Field and holding blanks were
also collected and processed alongside each analysis. During the 2016 sampling event, the discharge
stream and perennial river were not connected via surface water. A direct observation could not be
made in 2018 due to unsafe road conditions. The streams have been connected during previous
sampling events.

Based on the results of the 2016 sampling event, higher resolution samples were collected
between the discharge and the playa lake during the 2018 sampling event. In 2018, one of the
downstream samples (ID15) was not accessible and was not sampled. Additionally, the control site
location was different between the two sampling events. In 2016, the control site was located on the

perennial river 2.6 km upstream of the confluence between the two streams (P-2.6). Although this site
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was not influenced by surface water from the discharge stream, it was likely influenced by
anthropogenic activity from the nearby town. In 2018, a control site was selected 24.2 km upstream

of the confluence (P-24.2), in a location that is upstream of most human activity.

Table 2. Field Parameters from October 2016 and February 2018 sampling events. Negative distance values indicate
distance upstream of the confluence between the discharge stream and the perennial river. These samples (P-2.6 and P-
24.2) were used as the control sites.

Site l?istance from* Temlzerature pH Conductivity D(;S:;:;;Zd
Name Discharge (km) °O) (uS/cm) (mg/L)
October 2016
DO 0 39.4 7.87 2150 0.57
D1.4 1.4 31.0 8.14 2070 4.62
D15 15 24.6 8.62 3200 6.73
D32.1 321 e Dry--- e
P-2.6 -2.6 11.8 8.27 420 8.61
P32.2 32.2 0.8 8.09 480 9.60
P61.3 61.3 123 8.24 710 8.68
February 2018
DO 0 35.6 7.92 2180 0.83
D.3 0.3 333 8.38 2050 1.82
D.6 0.6 30.4 8.33 2050 2.69
D1.4 1.4 25.8 8.28 2060 3.44
D2.1 2.1 17.6 7.99 1500 3.58
D3.8 3.8 7.0 7.82 2090 4.99
P-24.2 -24.2 0.3 8.32 180 9.30
P34.4 34.4 0.2 8.19 500 9.00

In the discharge stream, water samples were collected in the center of the stream. In the larger
perennial river, samples were collected where the water was flowing freely. Samples were stored on
ice in the field and refrigerated at 4°C in the lab until analysis. Duplicate samples were collected from
site DO and P61.3 during the 2016 sampling event and at site D.3 during the 2018 sampling event.
The results from these samples are presented as averages in the figures. At each site, a Hanna HI98194

probe was used to measure temperature, pH, dissolved oxygen and specific conductivity of the water.
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2.2.3 Organic Analysis

Samples for organic analysis were collected in glass bottles with Teflon-lined caps. Volatile
otrganic compounds (VOCs) were analyzed by gas chromatography/mass spectrometry (GC-MS)
following EPA method 8260B. Samples for semi-volatile organic compound (SVOCs) analysis wete
first liquid-liquid extracted, following EPA method 3520C, and then analyzed by GC-MS following
method 8270D. Samples for gasoline range organics (GRO) and diesel range organics (DRO) were
acidified in the field using HCI to pH < 2. GRO samples were prepared using purge-and-trap EPA
method 5030B followed by gas chromatographic analysis according to EPA method 8021B. Samples
for DRO analysis were extracted following EPA method 3520C and analyzed using gas
chromatography with flame ionization detector (GC-FID) following EPA method 8015. Samples
collected for VOC and GRO analysis were collected without headspace. Some compounds were
analyzed via multiple methods (e.g., benzene was analyzed by EPA method 8260B and 8021B). The
results for these compounds are presented as averages in the figures.

Solid phase extraction (SPE) was used to concentrate surfactants and reduce the salt
concentrations in the samples. Glassware for surfactant analysis was pre-cleaned by washing with
deionized water (3x), Milli-QQ water (3x) and methanol (I1x) followed by baking in a muffle furnace
(400°C for 8 hours). Bottles were rinsed three times with sample water prior to collection. Water
samples were stored without headspace in amber bottles at 4°C and were extracted within a month.
Prior to extraction, high purity hydrochloric acid was added to samples to adjust to pH 3 in order to
increase extraction efficiency. Supel Select HLB cartridges (200mg/6mL, Supelco, Bellefonte, PA)
were conditioned with methanol (HPLC grade, Fisher) followed by Milli-Q water and Milli-Q water,
adjusted to pH 3 using hydrochloric acid. A volume of 1000 mL of sample wasapplied to the cartridges
(5-10 mL min-1). Cartridges were dried under vacuum for 15 minutes. Surfactants were eluted from

the cartridge using 10 mL of methanol. Samples were stored at -20°C and analyzed within 24 hours.
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Extracts were analyzed using an Agilent 1290 Infinity Series liquid chromatograph coupled
with an Agilent 6530 Quadrupole Time-of-Flight mass spectrometer (Q-ToF), using the method
described in Thurman et al. (2014) with the following exceptions.”” Mobile phases were A (0.1%
formic acid) and B (acetonitrile). A gradient elution method was developed with 0-2 minutes, 20% B;
2-15 min, 20-95% B; 15-22 min, 95% B; 22-25 min, 20% B. The flow rate was 0.6 mL/min, the
injection volume was 20 pL, and the temperature of the drying gas was 325°C. Peaks were identified
by accurate mass and potential chemical formulas, which were then verified using surfactant standards.
An exact concentration of each surfactant series could not be determined due to a lack of commercial
standards with known ethoxymer distribution. Instead, an estimated concentration was determined at
the discharge using polyethylene glycol 400, polypropylene glycol (Alfa Aesar, Haverhill, MA) and 4-
nonylphenol-polyethylene glycol standards (Sigma Aldrich, Saint Louis, MO). Relative concentrations
(C/Cp) were determined for samples downstream since all samples were stored in the same manner
and extracted and analyzed at the same time.

2.2.4 Inorganic Analysis

Samples for inorganic analysis were collected in plastic bottles. Samples for cation analysis
were filtered in the field using 0.45-pum filters and acidified to pH < 2 with HNO;. Cations were
analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES) and by inductively
coupled plasma-mass spectrometry (ICP-MS). Samples for major anions were filtered in the field (0.45
um)and analyzed by ion chromatography. Samples for ammoniaas nitrogen were acidified with H,SO,
in the field and analyzed colorimetrically, following EPA method 350.1. Alkalinity was analyzed via
titration. Radium-228 and Radium-226 were analyzed following EPA NAREL SOP 13 and 14,

respectively.
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2.3 Results and Discussion
2.3.1 Field Parameters

Field parameters for the sampling sites are shown in Table 2. The water temperature was
elevated at the discharge (39.4°C, 2016; 35.6°C, 2018), due to downhole conditions and heat added
during separation, and decreased with distance downstream. At D15, the discharge stream sample
farthest from the NPDES release and 15 km downstream, water temperature remained elevated as
compated to the perennial river (24.6°C vs. 11.8°C). In 2016, pH was 7.87 and increased slightly
downstream to 8.62 at D15. In 2018, pH was 7.92 at the discharge and increased until D1.4 (pH =
8.28) but then decreased in the wetland (D2.1, pH = 7.99) and playa lake (D3.8, pH = 7.82). All
sampling sites were within the range of the pH permitted at the effluent (pH = 6.5-9). Conductivity
was elevated at the discharge (2150 puS/cm, 2016; 2180 uS/cm, 2018) as compared to the perennial
tiver (average ~500 uS/cm) but below the permit effluent limit (7500 uS/cm) and near the minimum
value for PW in the U.S." In 2016, conductivity increased neatly 50% between the discharge and site
D15, due to water evaporaton downstream.* In 2018, conductivity remained relatively stable in the
discharge stream, except for a decrease of ~500 uS/cm at site D2.1. Dissolved oxygen (DO) was
depleted at the discharge (0.57 mg/L, 2016; 0.83 mg/L, 2018) and increased with distance
downstream, likely due to aeration in short waterfalls along the flow path, decreasing temperature, and
atmospheric equilibraton. At D15, DO remained lower than in the perennial stream (6.73 mg/L vs.
8.61 mg/L).In 2016, daytime air temperature ranged between 4.5°C and 13°C. In 2018, daytime air
temperature ranged between -12°C and -4°C.
2.3.2 Organic Chemistry of the Discharge

Gas chromatography analysis revealed numerous organic chemicals present at the discharge
(Figure 5). The majority of these chemicals were geogenic hydrocarbons (ie., benzene, DRO, etc.)

and many have previously been reported in PW.'% > ¢ In general, concentrations of individual
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otganic species were low in comparison to available health thresholds, ranging from 0.29 pug/L (methyl
acrylate, 2018) to 49.8 pg/L (acetone, 2018). DRO (Cy to Cyg alkanes; boiling point range ~170°C -
430°C) in the discharge was detected at 1,560 pg/Lin 2016 and 1,430 ng/L in 2018. GRO (Csto Cyg
alkanes; boiling point range ~ 60°C - 170°C) in the discharge was detected at 156 pg/L in 2016 and
94.2 ng/L in 2018.

Concentrations of VOCs, SVOCs, DRO and GRO at the discharge were relatively consistent
between the two sampling events. The discharge is sourced from conventional wells that have been
operating for decades and it was expected that concentration of geogenic compounds would remain
steady between sampling events. Two chemical species were only observed at one sampling event.
This includes 1,2-dichloroethane (0.56 pg/L), which was detected at the discharge in 2016 but not in
2018, and carbazole, which was detected in the discharge only during the 2018 sampling event (3.03
ug/L). Carbazole has many potential sources including crude oil and 1,2-dichloroethane was most
likely used as a solvent *. Common chemical additives including 2-butoxyethanol and acetone wete
also detected at the discharge . 2-Butoxyethanol is a product stabilizer, solvent and surfactant.
Acetone is a commonly used solvent. It is also a known transformation product of polypropylene
glycol surfactants, which were also detected, so may not have been directly used as a well maintenance

chemical .
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Figure 5. Concentrations of volatile organicchemicals (VOCs), semi-volatile organicchemicals (SVOCs), gasoline range

otganics (GRO) and diesel range organics (DRO) at the NPDES PW discharge during the October 2016 and February

2018 sampling events. VOCs and GRO are shown in red. SVOCs and DRO ate shown in blue. Naphthalene is analyzed
by both the VOC and SVOC methods and is therefore shown in purple.

Liquid chromatography analysis was conducted on all samples collected in 2018 and only on
the discharge sample in 2016. Analysis revealed the presence of polyethylene glycols (PEGs),
polypropylene glycols (PPGs) and nonylphenol ethoxylates (NPEOs). These nonionic surfactant
species were present in the discharge at an estimated concentration of 9 ug/L (2016) and 2 pg/L
(2018) PEGs; 9 ug/L (2016) and 5 pg/L (2018) PPGs, and 12 ng/L (2016) and 8 ug/L (2018) NPEOs
(Figure 6). PEGs, PPGs and NPEOs are surfactants commonly used by the oil and gas industries as

66

emulsifiers, wetting agents and corrosion inhibitors . Despite their widespread use, U.S. regulatory

limits for most of these chemical additives do not exist.
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Figure 6. Relative concentration of polyethylene glyool (PEG), polypropylene glycol (PPG) and nonylphenol ethoxylate

(NPEO) and average ethoxymer (EO) length for each spedes versus distance from the NPDES discharge (km) during

the February 2018 sampling event. PEG and NPEO were below detection limit 3.8 km downstream and therefore no

average ethoxymerlength is shown. PEG, PPG and NPEO were all below detection in the control site sample. These

spedes were also detected at the discharge in October 2016 (datanot shown). A wetland is located ~1.8 km downstream
and may be the source of surfactant removal between 1.5 km and 2.1 km.

2.3.3 Organic Contaminant Changes Downstream
2.3.3.1 Volatile Organic Compounds

Figure 7 shows that benzene, toluene, ethylbenzene and xylenes (BTEX) concentrations
decreased with increasing distance downstream. BTEX are a component of crude oil and commonly
employed as an indicator of oil and gas releases . In both 2016 and 2018, all BTEX chemicals were
detected in the discharge at concentrations of 48.0 pg/L and 31.0 ug/L, respectively. In 2018, BTEX
were also detected 0.3 km downstream, albeit at a much lower concentration (1.6 pg/L) than at the
discharge. No BTEX chemicals were detected farther than 0.3 km from the discharge or in the
perennial river. Benzene at the discharge was 2-3 times greater than the maximum contaminant level

(MCL;5 pg/L)as shown in Figure 7A. The concentrations of the remaining chemicals at the discharge
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were well below the MCLs for toluene (700 ug/L), ethylbenzene (1,000 ug/L) and xylenes (10,000
ug/L) (see Table 3 for organic chemical thresholds). At the discharge, both toluene and xylenes wete
above the thresholds for chronic impacts to aquatic species in fresh surface water (Table 3). Previous
studies have reported sublethal effects from flowback water including immobility in daphnia magna and
oxidative stress in rainbow trout.®*® Concentrations of benzene and ethylbenzene were below the
chronic aquatic threshold at the discharge but in the same order of magnitude. While these chemicals
pose a potential risk at the discharge, all were well below aquatic thresholds by 0.3 km downstream so
any impact on aquatic species would be minimal. BTEX concentrations at the discharge were at least
three orders of magnitude below risk-based screening levels (RBSLs) for cattle (Table 3). Application
of these RBSLs is limited since they have been defined for livestock in the event of an accidental
release and not for livestock who consistently drink this water, as is occurring at this site.”
Additionally, as with all health thresholds available, the RBSLs only pertain to one chemical and do
not consider potential synergistic and antagonistic toxicological effects due to mixtures. Finally, based
on Wyoming Surface Water Quality standards, the concentration of benzene at the discharge was
about 1/3 of the safe level for human consumption of fish, while the concentrations of toluene,
ethylbenzene and xylenes were at least 3 orders below this threshold.

The primary removal mechanism for BTEX chemicals from surface water is volatilization as
evidenced by the Henry’s constants (5.2-6.6 x 10 atm-m’/mol, see Table A4 for organic chemical
properties).” ™ Short (0.25-1.0 m) waterfalls have been constructed throughout the discharge stream
to increase volatilization of chemicals in the water. Aerobic biodegradationis another possible removal
mechanism; however, previous studies have shown that the rate of BTEX biodegradation is likely
insignificant as compated to the rate of volatilization (Table A4).”” Once in the atmosphere, BTEX
react readily with hydroxyl radicals and have a half-life on the order of hours to days, depending on

the concentration of hydroxyls present.” ™ Oil and gas production has previously been shown to be a
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significant source of BTEX releases in the U.S.”7 1,2 4-Trimethylbenzene was detected only at the
discharge and 0.3 km downstream (Figure 8). This chemical has a Henry’s constant within the range

of the BTEX chemicals and is likely removed from the discharge stream via volatilization.
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Figure 7. Concentrations of A) benzene, B) toluene, C) ethylbenzene and D) xylenes (BTEX) at the dischatge and up to
1.5 km downstteam. In both October 2016 and February 2018, all BTEX chemicals were detected in the discharge. The

maximum contaminant level (MCL) for benzene (5 ug/L) is shown in plot A. The MCLs for the other chemicals are
larger than the observed concentrations by multiple orders of magnitude.

Other VOCs that were detected past the discharge point include 2-butanone and acetone. 2-
butanone was highest at the discharge (11.9 pug/Lin 2016; 13.4 ug/L in 2018) and detected as far as
3.8 km downstream (1.69 ug/L, 2018) (Figure 8). 2-Butanone is geogenic and has previously been
reported in PW.% Acetone was the most dominant VOC in the discharge (36.3 ug/1.,2016;49.8 ug/1L,

2018) and one of two organic chemicals detected in both the discharge and perennial streams. As
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discussed above, acetone may be a chemical additive or a by-product of PPG or isopropanol

degradation.

In 2016, acetone concentrations were steady at all locations in the perennial river,

ranging from 0.9 to 1.09 ng/L.In 2018, acetone wasbelow detection limit at both sites in the perennial

river. Acetone is a by-product of fat metabolism in animals and is also sourced from plants, trees,

insects and forest fires.”” One or all of these are the most likely sources of acetone in the control site

samples.
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Figure 8. Concentrations of A) 2-butanone, B) arbon disulfide, C) 1,2,4-trimethylbenzene and D) acctone at the
discharge and with distance downstream. Note the different x-axis for the acetone data. The y-axes are also different
between compounds. These four panels illustrate the volatile organic compounds (VOCs) that were detected past the
discharge point that are not BTEX. None of these chemicals were present in the control site samples except acctone

(1.09 pe/1, 2016).
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Acetone and 2-butanone persisted farther downstream than BTEX. This can be explained
pattly by their Henry’s constants, which are two orders of magnitude less than BTEX (~10” atm-
m?/mol). Volatilizaion and biodegradation are the primary removal mechanisms for these species.
Previous studies have shown that acetone degradation is slower in saltwater than fresh water and it is
possible that the slightly elevated salt concentrations at the discharge contribute to a slower rate of

acetone removal.”’

Once in the atmosphere, the residence time of 2-butanone is expected to be less
than a day. Acetone has an average residence time of 45 days and therefore has the potential to be
transported farther from the NPDES release point.”” Both species were multiple orders of magnitude
below acute and chronic aquatic thresholds.

Carbon disulfide, a VOC that has been detected in PW and in air samples collected near oil

and gas activity,”®”

was not detected at the discharge during either sampling event, but was detected
downstream (Figure 8). It can be produced by reaction between methane and hydrogen sulfide, but
only at much higher temperature than at the discharge point. Thus, its detection downstream is not
due to formation in the stream. More likely, losses of this highly volatile compound occurred during
sampling at the discharge since the sample was collected directly from the discharge as the water fell
from the culvert into the streambed. In 2016, carbon disulfide was detected at a concentration of 0.54
ng/Latsite D1.4 and 0.25 pg/Latsite D15. It was not detected in the perennial river. In 2018, carbon
disulfide was first detected in D.3 at an average concentration of 50.9 pg/L, which is above the acute
threshold for aquatic life in fresh surface water. From this point, concentrations decreased with
distance downstream and were below the chronic aquatic threshold by site D1.4. No other thresholds
were available for this species. Carbon disulfide was detected at all sites on the discharge stream as
well as P34.4, but not in the control site sample. The Henry’s constant (1.22 x 10~ atm-m?/mol) of

80

carbon disulfide indicates that it will quickly partition from water to air via volatilization.™ Once in the

33



atmosphere, the half-life of carbon disulfide is 8-12 days, which is long enough for it to be transported
and potentially affect air quality in the nearby towns.™
2.3.3.2 Semi-Volatile Organic Compounds

Polycyclic aromatic hydrocarbons (PAHs) were detected in the discharge stream and have
previously been found in PW.%> PAHs detected at the discharge included naphthalene, phenanthrene,
1-methylnapthalene and 2-methylnaphthalene (Figure 9). Naphthalene was the most dominant PAH
at the discharge (11.4 pg/L,2016; 8.72 ng/1L,2018) and was detected as far as 1.4 km downstream,
making it the most persistent of the PAHs. Phenanthrene was the least concentrated among the
detected PAHs at the discharge (1.34 ng/L,2016; 1.32 ug/1.,2018) and below detection limit (1 pg/L)
by 0.6 km downstream. 1- and 2-methylnaphthalene persisted until 0.6 km and 0.3 km downstream,
respectively. Both 1-methylnaphthalene and naphthalene were above the chronic aquatic threshold
until 0.6 km and 1.4 km downstream, respectively. The drinking water risk-based screening level
(RBSL) for cattle for low molecular weight PAHs (defined as PAH with two or three rings) is two
orders of magnitude greater than the combined concentration of PAHs present at the discharge. No
other thresholds were available for these species.

Like acetone and 2-butanone, volatilization and biodegradation are the most important
removal mechanisms forlow molecular weight PAHs.*' As indicated by the atmospheric hydroxylation
rate of these compounds, the half-lives of phenanthrene and naphthalene compounds in the
atmosphere are less than 1 day. Previous studies have shown that atmospheric concentrations of PAHs
are elevated by at least one order of magnitude in areas near oil and gas operations.** These compounds
exhibit a moderate potential to sorb to sediment and a previous study found PAHs, including
naphthalene and phenanthrene, sorbed to sediment in a lake downstream of a wastewater treatment

plant processing oil and gas wastewater.”
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Figure 9. Concentrations of A) 1-methylnaphthalene, B) naphthalene, C) 2-methylnaphthalene and D) phenanthrene at
thedischarge and up to 2.1 km downstream. Note the different x-axes for each chemical. These four panels illustrate the
polygydic aromatichydrocarbons (PAHs) that were detected at the discharge during the October 2016 and February
2018 sampling events. None of these chemicals were present in the control site samples.

Phenol, 2-methylphenol, and 2,4-dimethylphenol were also detected in the discharge stream
(Figure 10). Phenol was not detected at the discharge but was detected in 2018 at site D.3 at a
concentration of 1.03 pg/L, indicating it may be an intermediate of benzene biodegradation. Both 2-
methylphenol (2.36 pg/L, 2016; 2.41 nug/L, 2018) and 24-dimethylphenol (6.57 ng/L, 2016; 6.45
ug/L, 2018) were highest at the discharge. 2,4-Dimethylphenol was present at 2 to 3 times greater
concentration than 2-methylphenol and persisted farther in the discharge stream (3.8 km vs. 1.4 km).
These species may also be biodegradation intermediates of the respective methylated parents as
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xylenes were also present at a 2 to 3 times higher concentration than toluene.” % All phenol species
were at least an order of magnitude below the aquatic chronic thresholds. Phenol concentrations were
five orders of magnitude below the criteria for the human health consumption of fish. No other

thresholds were available.
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Figure 10. Concentrations of A) 2-butoxyethanol, B) phenol, C) 2,4-dimethylphenol and D) 2-methylphenol at the
discharge and up to 4 km downstream. Note the different x-axes for each chemical. These four panels illustrate the
aloohols that were detected at the discharge during the October 2016 and February 2018 sampling events.None of these
chemicals were present in the control site samples.

The main removal mechanism for phenol and the substituted phenol compounds is
biodegradation.®* Volatilization from water will occur but at a slower rate than chemicals previously

mentioned in this manuscript as indicated by the lower Henty’s constants (10— 107 atm-m*/mol).
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The phenol compounds are also relatively mobile in soil (IK,.: 25-175) but degrade quickly in both
soils and groundwater, and thus are not expected to persist in the groundwater.* For the portion of
these compounds that volatilize, atmospheric hydroxylation occurs quickly, and removal will occur
within a day.

Two well-maintenance chemicals, 2-butoxyethanol and bis(2-ethylhexyl)phthalate, were also
detected in the discharge stream. 2-butoxyethanol is a surfactant and solvent while bis(2-
ethylhexyl)phthalate is a diverter and used in PVC piping.”” ® It is also possible that bis(2-
ethylhexyl)phthalate is a contaminant from a plastic coating used for sample collection, however, this
is unlikely since it was only found in two samples and not in the blanks. Both of these compounds
have previously been reported in O&G wastewater.” 2-Butoxyethanol has also been found in a water
well contaminated by oil and gas activity in Pennsylvania.* In 2016, 2-butoxyethanol wasonly detected
at the discharge (1.07 ng/L). In 2018, however, it was detected as far as 1.4 km downstream, ranging
between 1.07 — 1.65 ng/L over this distance (Figure 10). Few regulatory thresholds were available for
2-butoxyethanol, even though it is commonly used in industry and listed as “possibly carcinogenic to
humans” by U.S. EPA. Bis(2-ethylhexyl)phthalate was not detected at the discharge but was detected
15 km downstream in 2016 (4.99 pg/L)and 2.1 km downstream in 2018 (5.13 pg/L).In both samples,
bis(2-ethylhexyl) phthalate is above the chronic aquatic threshold and the threshold for human
consumption of fish. It is also just below the MCL (6 pug/L). The main removal mechanism for 2-
butoxyethanol from water is biodegradation. For bis(2-ethylhexyl) phthalate, the main removal
mechanism is sorption to soil, as indicated by its high soil adsorption coefficient. Volatilization of

both chemicals occurs very slowly and is not a major removal mechanism for either compound .¥*

2.3.3.3 Diesel and Gasoline Range Organics
Both gasoline range organics (GRO) and diesel range organics (DRO) were detected in the

discharge stream at a maximum concentration of 156 ug/L (GRO) and 1560 pg/L (DRO) at the
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discharge (Figure 11). DRO was detected in the perennial river in 2018 but was not analyzed in 2016.
The concentration of DRO at the control site and in the site downstream of the confluence was 37.8
ng/Land 37.3. ug/L, respectively. The perennial tiver is surrounded by agticultural production, flows
through a downstream town and passes under multiple bridges, thus, the control site DRO is likely
sourced from cars or other common uses of oil. The combined concentration of GRO and DRO was
an order of magnitude below the crude oil drinking water risk-based screening level (RBSL) for calves

and also below the effluent limit in the permit for oil and grease (10 mg/L).
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Figure 11. Concentrations of gasoline range organics (GRO) and diesel range organics (DRO) with distance from the

NPDES dischatge point (km).In October 2016, GRO and DRO were not measured in the petennial river and therefore,

control site samples. Data points to the right of the dashed line correspond to the concentration of GRO and DRO in
the February 2018 control site (CS) samples.

GRO did not persist as far as DRO. The more volatile and biodegradable compounds were
removed first, as indicated by the Henry’s constants (Ky: 0.487 to 0.151 atm-m?®/mol for GRO;0.151
to 7.36 x 107 atm-m*/mol for DRO) and the biodegradation half-lives (7-9 days for GRO; 9 to 125
days for DRO).* This agrees with the overall trend that more volatile and biodegradable chemicals
were removed first, emphasizing the importance of volatilization and biodegradation as the dominant

removal pathways for organic chemicals. DRO were likely removed by a combination of
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biodegradation, volatilization and sorption as indicated by previous studies and the physiochemical
properties listed in Table A4.”
2.3.3.4 Surfactants

Downstream samples were analyzed for surfactants only in 2018. Results showed that
concentrations of PPGs and NPEOs were highest at the discharge and decreased with distance (Figure
6). The concentration of PEGs decreased initially and then increased between 0.3 and 1.4 km
downstream, reaching a maximum normalized concentration of 1.27 (estimated 2.54 pg/L) at site
D1.4. The increase in PEGs may be a result of NPEO biodegradation. Previous studies provided
evidence for a central fission mechanism for NPEO degradation, which would result in direct
generation of PEGs and nonylphenol (NP), an endocrine disruptor.”** A shift in PEGs speciation
towards the major NPEOs homologues (EO8 - EO11) was observed (Figure A1-A3) and NPEOs
average cthoxymer length remained steady over this distance, indicating that central fission is a
potential mechanism for PEGs generation. Concentration of PEGs increased by an estimated 1.4 nM
over this distance, while NPEOs only decreased by 1.1 nM. This suggests that other mechanisms,
such as variability in discharge composition, are influencing the concentration of PEGs as well. The
well maintenance schedule is not provided in the permit for this discharge, however, permits for other
NPDES PW discharges in the area report that well-maintenance chemicals are used on a biweekly or
bimonthly basis, indicating that discharge composition would vary with time.

As shown in Figure 6, the concentration of surfactant species decreased significantly between
1.4 and 2.1 km downstream, as compared to the overall decrease upstream of this section. The first
wetland at the site is located about 1.7 km from the discharge, with site D2.1 located at the end of this
wetland. This is most apparent for NPEOs, which were present at 0.88 normalized concentration at
site D1.4, decreased to 0.28 by site D2.1 (60% removed), and were fully removed by site D3.8.

Removal of PEGs and PPGs increases in the wetland as well, but to a lesser degree than NPEOs.
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Decreases in relative concentration were accompanied by decreases in average ethoxymer
length (Figure 6). At the discharge, average PEG ethoxymer length was 11.4. This remained steady
for the first 1.4 km of the discharge stream and then decreased to an average of 10.6 at site D2.1.
Average PPG ethoxymer length at the discharge was 10.4, decreasing to 9.3 at site D2.1 and 8.8 atsite
D2.8. NPEO average ethoxymer length was 9.9 at the discharge and remained steady until site D2.1
where it dropped to an average of 9.0. These decreases in average ethoxylate number provide evidence
that the concentration decreases were due to transformation rather than dilution. All three surfactant
species are known to biodegrade via sequential ethoxylate chain shortening, which leads to changes in
homolog distribution.'” ® In addition, sorption to sediment is an important removal mechanism for

NPEOs and may also account for an appreciable portion of PPGs removal.®

A previous study
reported NPEOs sotbed to sediment downstream of an O&G wastewater treatment plant.” NPEOs
are commonly used by other industries and have been found in sediments around the world.” For
PPGs, increasing sorption to sediment with an increase in ethoxylate chain length has been reported,
which would support the decrease in average ethoxylate number observed in the water samples.®

15 5o their

Significant sorption or other abiotic removal mechanisms are not expected for PEGs,
decrease in concentration and average ethoxylate number can likely be linked to biodegradation
processes only. A previous study reported that the half-life of NPEOs was shorter than that of PEGs
under aerobic conditions in the presence of DRO.” While no health thresholds are available for these
surfactant species, NPEOs have been banned in Europe, mainly due to their potential to transform
into NP, an endoctine disruptor.”
2.3.3.5 Organic contaminants in the playa lake

Acetone, 2-butanone, 24-dimethylphenol, DRO, PPGs and PEGs all persist past the first

wetland and into the playa lake, which is the major watering hole in the area. Herds of cattle, wild

horses, birds and pronghorn have all been observed drinking from this lake. Risk-based screening
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levels are unavailable for the organic chemicals found in the playa lake except DRO. Thus, a
determination on potential health risks of this water for livestock cannot be made. In addition to
drinking the water, there could also be negative impacts from contact as bird mortality has been
observed at oil and gas wastewater evaporation ponds used for disposal. DRO, surfactants, and high
salinity were listed as the causes for 239 bird deaths in these ponds.” However, the concentrations of
chemicals in the playa lake were likely lower than what would be observed at evaporation ponds since
non-treated PW is generally added to these ponds.

2.3.4 Inorganic Chemistry of the Discharge and Changes Downstream

The TDS of the discharge was 1200 mg/I. and 870 mg/L during 2016 and 2018 (Figure 12),
respectively, which is near the minimum of TDS values observed in PWs in the U.S. ' and below the
effluent limit for this NPDES permit (5000 mg/L). Median TDS values in Wyoming O&G basins are
10,000 mg/L or below, which is an order of magnitude lower than values obsetved in most other
Western U.S. basins.'” Salinity has a major impact on the feasibility of PW treatment and reuse. The
relatively low TDS of the PW at this site is a major reason why beneficial reuse of this water is
economically viable. TDS concentrations increased downstream, reaching a maximum of 1930 mg/L
at site D15. Alkalinity was highest at the discharge (375 mg/L in 2016; 510 mg/L in 2018) and
decreased downstream (Figure 12).

Sodium, chloride and sulfate were the most concentrated ions at the discharge site (Figure 13).
Previous studies have shown that these are the dominant ions in most Wyoming PW."* At the
dischatge, concentrations of sodium were 273 mg/L in 2016 and 285 mg/L in 2018, which is an order
of magnitude lower than the median sodium concentrations for PW in the Western U.S."> Compared
to the control site, sodium concentrations were elevated by a factor of 15 to 30. This range is due to
the fact that ions were generally more concentrated in the 2016 control site sample than the 2018

control site sample. Sodium concentrations increased with distance downstream, reaching a maximum

41



of 454 mg/L at site D15. Sodium concentrations throughout the discharge wetre below the chronic
aquatic threshold, which is the only threshold available for this species (see Table 4 for inorganic

chemical health thresholds).

2000 PS A Alkalinity - 2016
A Alkalinity - 2018
- e TDS-2016
S 1500 o TDS-2018
é |
c |
2 1000 |
© |
*qc'J' [
2 500 o!
o |
0+ T T T 1 é

0 10 20 30 40 50 60 CS
Distance from Discharge (km)

Figure 12. Changes in A) total dissolved solids (TDS) and B) alkalinity versus distance in the
dischatge and perennial streams. Data points to the right of the dashed line cotrespond to the
concentration of TDS and alkalinity in the control (CS) samples.

Concentrations of chloride at the discharge were 182 mg/L in 2016 and 156 mg/L in 2018,
which is two orders of magnitude lower than median values for the Western U.S. and an order of
magnitude lower than the permit effluent limit (2000 mg/L)."* Chloride concentrations were elevated
by a factor of 30 to 40 as compared to the control site samples. Similar to sodium and TDS, chloride
concentrations increase with distance downstream, reaching a maximum of 251 mg/L at site D15
which is slightly above the MCL (250 mg/L). Sulfate concentrations were near median values for the
Western U.S. at the discharge (305 mg/L.,2016; 420 mg/1.,2018) and an order of magnitude below
the effluent limit in the permit (2500 mg/L)."* This element is elevated by a factor of 4 to 22 as

compared to the control site. Sulfate concentrations increased with distance downstream. At the
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dischatge, sulfate concentrations wete just above the MCL (250 mg/L) but reached neatly four times

greater than the MCL by 15 km downstream (939 mg/L).
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Figure 13. Concentration of A) sodium (Na), sulfate (SO4), chloride (Cl) and B) strontium (St), and barium (Ba) versus

distance downstream from the NPDES produced water discharge (km) from 2016 (dosed symbols) and 2018 (open

symbols). Data points to thetight of the dashed line cotrespond to the concentration of these spedes in the control site
(CS) samples.

Other major ions that were elevated in the discharge as compared to control site include

potassium (27.1 mg/Lin 2016; 25.7 mg/L in 2018; elevated by a factor of 15 to 25), calcium (74.3
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mg/Lin2016; 75.1 mg/L in 2018; elevated by a factor of 2 to 4) and magnesium (32.0 mg/L in 2016;
32.5 mg/Lin 2018; elevated by a factor of 2 to 4). Ammonia as N was absent from the control site
sample but present at 360 ng N/L in the discharge (only measured in 2016). These species have
previously been reported at elevated concentrations in PW.*» * There was no clear trend in calcium
concentration downstream (Figure 14). Ammonia concentrations decreased with distance dow nstream
(Figure 14). No thresholds were available for these species. Potassium and magnesium increased with
distance downstream, both reaching a maximum at site D15 (30.3 mg/L for potassium; 51.8 mg/L
for magnesium; Figure 15). These maxima were below the aquatic thresholds for these ions and are
the only available thresholds.

The discharge contained elevated concentrations of minor elements as well, including boron
(0.94 mg/L in 2016; 0.95 mg/L in 2018; elevated by a factor of 10 to 20), manganese (4.6 pg/Lin
2016; 6.0 ug/Lin 2018; elevated by a factor of 3 in 2018) and selenium (4.8 pg/Lin 2016; 1.9 pg/L
in 2018; elevated by a factor of 1.5 to 5). Concentrations of all three elements increased downstream
(Figure 16). Boron reached a maximum of 1,300 ug/L at site D15 and is present above ot near the
California State Notification Level (1000 ng/L) and above the acute and chronic aquatic thresholds
throughout the discharge stream. Manganese reached a maximum concentration of 229 ug/L in the
playa lake, which is above the MCL (50 pg/L) and the acute aquatic threshold. Selenium reached a
maximum of 12.8 ug/L at site D15, which is just below the acute aquatic threshold and above the
chronic threshold. In addition to being sourced from PW, selenium is also naturally elevated in

Wyoming soils.”
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Figure 14. Concentrations of caldum (top) and ammonia as N (bottom) in the discharge and perennial streams.
Ammonia was analyzed in October 2016 samples only. Data points to the right of the dashed line cotrespond to the
concentration of caldum and ammonia in the control site (CS) samples.
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Figure 15. Concentrations of magnesium (Mg) and potassium (K) in the discharge and perennial streams. Data points to
the right of the dashed line correspond to the concentration of magnesium and potassium in the control site (CS)

samples.
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Figure 16. Concentrations of boron (B), manganese (Mn) and selenium (Se) in the discharge and perennial streams.
Data points to theright of the dashed line correspond to the concentration of boron, manganese and selenium in the
control site (CS) samples.

Strontium, barium and total radium (**Ra + **Ra) were elevated at the discharge and

decreased downstream (Figure 13 and Figure 17). These elements have previously been reported at
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elevated levels in PW. *»* Strontium concentrations at the discharge were 4.8 mg/L and 4.7 mg/L in
2016 and 2018, respectively. Strontium is above the chronic aquatic threshold throughout the
discharge stream, but never above this level in the perennial river. Barium concentrations were 138
ug/Lin 2016 and 143 pg/L in 2018, which is above the acute and chronic aquatic thresholds. Barium
was never below the chronic aquatic threshold, even in the perennial river. Total radium (**Ra + **Ra)
concentration was 0.50 Bq/L at the discharge in 2016 which is below the permitted effluent limit of
2.22 Bq/L (60 pCi/L). Increased total radium concentrations are an indicator of PW impacts and a
study has been conducted on the fate and transport of radium at this site. This study showed that
radium, strontium and barium in the discharge stream were removed via co-precipitation with
carbonate, and to a lesser extent, sulfate minerals.”” Radium was not analyzed in 2018. Other trace

inorganic elements including arsenic were analyzed in the water samples.
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Figure 17. Total Radium concentrations measuted in water samples collected
during the October 2016 sampling event. Radium was not analyzed in water
samples in 2018. Data points to the right of the dashed line correspond to the
concentration radium in the control site (CS) sample.

Many of the elements found in the discharge, including chloride, sulfate, sodium, boron,

potassium, magnesium, and manganese and selenium, increased in concentration downstream. The
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radium study conducted at this site showed that increases in TDS, chloride and sulfate were due to
progressive evaporation downstream.” Previous studies on coalbed methane PW discharges in
Wyoming have attributed increases in selenium and other inorganic chemicals downstream to both
evaporation and increased leaching of naturally present species in the soil and rock, as a result of the
PW.234

Multiple inorganic species including barium, boron, fluoride, manganese, molybdenum,
strontium, sulfate and uranium were above at least one threshold in the playa lake, which is a major
water source for livestock and wildlife in the area. Uranium was not present at the discharge but was
present in the playa lake (DO: below limit of detection, D3.8: 2.5 ug/L). Uranium is naturally present
in the area and concentrations were similar in the discharge stream and perennial river. Fluoride, which
was only analyzed in 2018, was above drinking water risk-based screening level (RBSL) for cattle in
the playa lake. All other species listed are above acute and/or chronic aquatic thresholds and/or the
MCL. Many of these chemicals reach their maximum value at site D2.1 or D3.8 showing that while
the discharge may be safe, changes downstream could result in water that is unsuitable for beneficial

reuse.
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Table 3. Highest observed values for volatile and semi-volatile otganicchemicals detected in the discharge or perennial streams compared to human,aquaticand livestodk
health thresholds. Values in bold exceed at least one aiterion.

Chemicl Spedes Highest Conc. SIL/MCL#  Surface Water Surfa.ce Water RBSL (calves/beef Human Heglth
Observed (ug/1) (neg/1) Aaite®(ug/I) Chronicb (ug/T) attle)c (ug/1) Consumption of Fish 4 (ug/T)
1,2,4-Trimethylbenzene 6.45 56/- - - - -
1,2-Dichloroethane 0.56 0.17/5 8,800 100 - 37
1,3,5-Trimethylbenzene 1.07 60/ - - - - -
1-Methylnaphthalene 6.92 1.1/- 37 2.1 - -
2,4-Dimethylphenol 6.57 360/ - 212e 21e - 850
2-Butanone 13.4 5,600/ - 240,000 14,000 - -
2-Butoxyethanol 1.28 2,000/ - - - - -
2-Methylnaphthalene 5.96 36/- - 330 - -
2-Methylphenol 2.41 930/ - 230 13 - -
4-Methyl-2-pentanone 0.93 6,300/ - 2,200 170 - -
Acctone 49.8 14,000/ - 28,000 1,500 ; ;
Benzene 14.6 0.46/5 2,300 46 14,300/ 31,400 51
Bis(2-ethylhexyl) phthalate 5.13f 5.6/6 27¢ 0.3 - 2.2
Carbazole 3.03 -/- - - - -
Carbon disulfide 50.9¢ 810/- 17 0.92 - -
Diesel range otganics 1555 -/- - - 29.3002/114,000¢ -
Ethylbenzene 6.6 1.5/700 130 7.3 11,700/ 25,600 2,100
Gasoline range organics 155.5 -/- - - - -
Isopropylbenzene 0.63 450/ - - - - -
Methyl Acrylate 0.92 42/- - - - -
Naphthalene 114 0.17/- 190 1.1 - -
n-Propyl Benzene 0.8 660/ - - - - -
Phenanthrene 1.34 -/- 30 3.6 - -
Phenol 1.03 5,800/ - 1020 180 - 860,000
Toluene 6.49 1,000/1000 120 2 89,500/196,000 15,000
Xylenes 20.35 190/10,000 230 13 71,700/157,000 -
LMW PAH® 25.62 /- ) ) 2,010/ 4,400 ]

2Screening level (SL) for tap water and Maximum Contaminant Level (MCL) are the EPA CompTox website 8. SLs are reported with Target Hazard Quotient = 1
bData from NOAA Scareening Quick Reference Tables 97 unless noted. If multiple values available, lowest value was selected.

¢Drinking water risk-based screening levels (RBSLs) for cattle and calves from the American Petroleum Institute 70

4Obtained from State of Wyoming Surface Water Quality Standards 28

¢Data from the Baseline Ecological Risk Assessment for Non-Asbestos Contaminants

fMaximum concentration was observed at a sampling site other than the discharge.

& Value for aude oil.

h Low moleaular weight (LMW) polycydic aromatic hydrocarbons (PAHs) are defined as PAHs with three or fewer rings.
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Table 4. Highest observed values for inorganic chemicals detected in the discharge or perennial streams compared to human, aquatic and livestock health
thresholds. Values in bold exceed at least one criterion.

Chemical H1ghest. Loqmon of SL/MCL?  Surface Water Acute Surface Water hvesto.ck. Human Health
Spedes Concentration nghest' /1) b(ug/1) Chronic® (ug/T) Upper Limit CogsumpUOn of
P Observed (ug/I) Concentration (g HE e < (ug/L) Fish (ug/L)
Aluminum 1860 D21 20,000/504 750 (pH 6.5-9 only) 87 (pH 6.5-9 only) 5000 -
Ammonia as N 364.5 DO - - - - -
Antimony 0.5 D2.1 7.8/6 88 30 - 640
Atsenic 3.6 D3.8 0.052/10 340 150 200 10
Batium 140 DO 3,800/2,000 110 3.9 - -
Boron 1310 D15 4,000/ - 30 1.6 5000 -
Cadmium 0.2 D2.1 9.2/5 14 0.19¢ 50 hardness dependent
Caldum 75,700 D15 -/- - - - -
Chloride 251,000 D15 -/250,000 - - - -
Fluoride 2910 D2.1 800/2,0004 200 (hardness < 50) - 2000 -

Iron 2620 D2.1 14,000/300 d - 1,000 - -

Lead 3.2 D2.1 15/15 42¢ 1.6¢ 50 -
Magnesium 51,800 D15 -/- - 82,000 ¢ - hardness dependent
Manganese 229 D3.8 430/50 ¢ 2,300 80 - -

Molybdenum 84.9 P34.4 100/ - 16,000 34 - -
Potassium 30300 D15 -/- 373,000 53,000 ¢ - -
Selenium 12.8 D15 100/ 50 13 5 50 4,200

Silica 39,900 D2.1 -/- - - - -
Sodium 454,000 D15 -/- - 680,000 ¢ - -
Strontium 4805 DO 12,000/ - 15,000 1,500 - -
Sulfate 939,000 D15 -/250,000 ¢ - - - -
Uranium 5.2 P61.3 -/- 46 0.5 - -
Vanadium 24.3 D15 86/- 280 19 100 -

Zinc 67.3 P34.4 6,000/5000 d 85 85¢ 24000 26,000

Radium 0.50 Bq/L DO 0.19 Bq/L - - - -

2Screening level (SL) for tap water and Maximum Contaminant Level (MCL) are the EPA CompTox website 8. SLs are reported with Target Hazard Quotient = 1

bData from NOAA Sareening Quick Reference Tables 7 unless noted. If multiple values available, lowest value was selected.
¢Drinking water risk-based sareening levels for alves and attle from the Colorado State University Extension Office 100

4Secondary MCL (In MCL column).
¢Thresholds from the Baseline Eclogical Risk Assessment for Non-Asbestos Contaminants %
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2.4 Conclusions

A comprehensive chemical analysis was conducted on a stream composed of treated PW
released for agricultural beneficial reuse under U.S. EPA’s NPDES program. This study aimed to
characterize the discharge and assess potential health impacts to downstream users. PW released at
the discharge point complied with all effluent limitations, however, permit limits were only defined
for six chemical species or classes of chemicals and pH (Table 1). It should also be noted that chemical
concentrations at this discharge were near minimum values for PW in the U.S. Due to that and the
fact that PW composition varies widely throughout the U.S., these results can only be applied to this
site and are not representative of all NPDES PW discharges.

Over 20 different semi-volatile and volatile organic compounds, as well as three surfactant
series (PEGs, PPGs and NPEOs), weredetected in the discharge that were not specified in the effluent
limits. Concentrations of organic chemicals generally decreased with distance from the discharge.
Between the discharge and 1.4 km downstream, VOCs were removed at a faster rate than SVOCs and
non-volatile organic compounds (NVOCs) (Figure 18), indicating that volatilization was a major
removal mechanism for organic chemicals detected in the discharge. Between 1.4 and 2.1 km
downstream, biodegradation, and potentially sorption, became a more dominant removal mechanism,
as indicated by the increased rate of removal of SVOCs and NVOCs and the decrease in average
surfactant ethoxymer length (Figure 6). This is likely due to the wetland located 1.8 km downstream,
where notable attenuation of organics was observed, indicating that wetlands may be an effective
strategy for managing PW discharge quality. However, the long-term fate of PW constituents
regarding accumulation in sediments and infiltration to groundwater remains to be investigated.

A wide range of inorganic species were also detected in the watershed, including many from
PW and some natural contaminants in the area (ie., uranium). Concentrations of most inorganic

species increased with distance downstream. This finding has major implications because reporting
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requirements for NPDES permits pertain to the discharge site only, while downstream changes are
not considered. Consequently, our data reveal that changes in water quality downstream must be

assessed to fully understand the potential impact of these releases.
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Figure 18. Relative concentration of volatile organiccompounds (VOCs), semi-volatile organic compounds (SVOCs)
and non-volatile organic compounds (NVOCs) versus distance from the NPDES discharge (km) during the October
2016 (open symbols) and February 2018 (dosed symbols) sampling events. Between the discharge and 1.4 km
downstream, volatilization was the dominant removal mechanism and VOCs were removed more quickly than SVOCs.
A wetland is located ~1.8 km downstream. At the wetland, biodegradation became dominant and changed the relative
distributionof VOCs and SVOCs. Removal of NVOCs also began in the wetland. Only DRO was present at the control
site (P-24.2, 37.8 pg/L DRO) and thetefore data is not shown.

A complete set of health thresholds reviewed here were only available for 8 chemicals (BTEX,
arsenic, cadmium, selenium and zinc) showing that an assessment of potential toxicological impacts is
currently limited for most species in this stream. Additionally, while the threshold values cited in this
study are helpful guidelines, most of them cannot be directly applied to this site for a multitude of
reasons. First, the risk-based screening levels for livestock have not been developed for lifetime
consumption by livestock, as occurs at this site. Second, the available thresholds were developed for
individual species and do not consider mixture effects. Numerous studies have shown that chemical

species may have synergistic or antagonistic effects on the toxicity of other chemicals "2, Finally,
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there are likely additional undetected chemicals and transformation products present in the discharge
with unknown impacts on livestock and fish. The above limitations also apply to other PW discharge
sites and types of beneficial reuse, including crop irrigation, such as in Kern County, California 7.

With the highly variable nature of PW throughout the U.S., widely applicable chemical permit
effluent limits are impractical for NPDES PW releases, and standardized analytical methods for many
of these chemicals are still lacking. Thus, additional toxicity testing guidelines would add a critical line
of evidence to determine if NPDES discharges are “of good enough quality.” Currently, NPDES
permits in Wyoming only require acute toxicity testing and do not consider chronic toxicity. Many of
the chemicals detected at this discharge and in PW throughout the West are known carcinogens (e.g.,
benzene, radium), endoctine distuptors (e.g., nonylphenol ethoxylates) and developmental toxins "
', Boron and other chemicals in PW ate also toxic to plants at elevated concentrations '™. Toxicity
tests are well suited for complex waste streams with relatively low salinity, such as PW released for
beneficial reuse, since they can be used to determine the impact on organisms, even if a detailed
chemical analysis of the sample is unavailable.

This study shows that a critical amount of research regarding analytical characterization,
environmental distribution, toxicological effects and mechanisms, as well as bioaccumulation and

uptake in organisms remains to be conducted before PWs can be deemed "of good enough quality"

for environmental release.
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CHAPTER 3: ASSESSMENT OF WATER QUALITY DOWNSTREAM OF NPDES OILL. AND

GAS PRODUCED WATER DISCHARGE: TOXICOLOGICAL IMPACTS

3.1 Introduction

Produced water (PW) is one of the largest waste streams associated with oil and gas (O&G),
with trillions of liters generated each year in the United States.'” Because of its origins in the O&G
producing formation, PW contains elevated levels of hydrocarbons, salts, metals and naturally
occurting radioactive materials (NORMsS).” It also contains any remaining drilling, simulation or well-
maintenance chemicals as well as their transformation products. Nearly 80% of PW in the U.S. is
generated in the West °. In the United States, west of the 98th meridian, the federal National Pollutant
Discharge Elimination System (NPDES) exemption in 40 CFR § 435 Subpart E allows release of PW
for livestock watering, irrigation and other agricultural purposes if it is "of good enough quality." The
only federally defined effluent limit for these permits pertains to oiland grease (< 35 mg/L). All other
effluent limits are determined by U.S. Environmental Protection Agency (EPA) regulators in the
region. PW contents vary by time, location, geologic formation and variations in chemical use.® ' 18!

Treatment of these complex chemical mixtures varies based on composition and by the well operator.

As a result, the composition of NPDES O&G PW releases are poorly characterized.

5

Many of the O&G formations in the western U.S. are located in water-scarce, arid regions.
The amount of PW generated varies by location, age of the well, hydrocarbon extracted, and drilling
technique. In some areas, the volume of PW is substantial enough to serve as a water resource, given
that the PW is of adequate quality.> ' '% Additionally, due to increased water scarcity stresses and

issues associated with other PW management techniques (e.g., earthquakes),?

operators, municipalities
and the federal government are increasingly interested in beneficial reuse of PW. A few studies have

assessed environmental impacts associated with reuse of coal bed methane PW, which is usually less
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contaminated than O&G PW.* 7 Also, a recent study assessed physiological and morphological
responses in wheat crops irrigated with diluted O&G PW.” The impacts of NPDES O&G PW
releases on livestock, plant and human health, however, have not been fully assessed.

As a first step towards this goal, in Chapter 2 of this dissertation, a chemical analysis was
conducted on water samples collected from a NDPES PW release point in Wyoming, USA and
subsequent sites downstream. Chemical analysis alone, however, is not sufficient to provide an
accurate environmental risk assessment of this discharge. Firstly, toxicological information is not
known for many of the detected chemicals.* 1% Secondly, many analytes may go undetected because
they are not screened for or their concentrations are below instrumental detection limits.*® This is
especially concerning for transformation intermediates that are potentially more toxic than their parent
compounds and therefore remain toxic at low concentrations. Thirdly, the behavior of chemicals in
complex mixtures strongly depends on their mode of toxic action.!” While mixtures of chemicals with
a common target site and the same mode of action act according to concentration/dose additivity,
antagonistic or synergistic effects may atise if mixture components interact with each other.'" Thus,
an integrated chemical and toxicological assessment of these waters is needed to support a
comprehensive evaluation of the risks and impacts associated with current NPDES PW discharge
practices.

The acute Whole Effluent Toxicity (WET) test is a requirement for most NPDES PW
discharges. While acute toxicity is important, analysis of chronic toxicity is imperative as well
Numerous studies have shown that both acute and chronic toxicity (e.g., endocrine disruption,
mutagenicity, etc.) are elevated in surface water downstream of partially treated industrial discharges
and wastewater treatment plant (WWTP) effluents.!’*'" Additionally, studies have demonstrated both
acute and chronic toxicity in organisms exposed to PW and its constituents. Reporter gene assays

conducted in human cell lines and yeast revealed elevated estrogen, androgen, glucocorticoid,
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progesterone, and thyroid receptor activities.” ** 1! Reproductive and developmental toxicity was
observed in mice exposed to hydraulic fracturing chemicals, many of which ate also found in PW.""!
Increased acute toxicity, oxidative stress and endocrine disruption have also been observed in fish
exposed to flowback and PW.* & #1177 Elliot et al. evaluated available toxicological data and showed
that many PW constituents are known or suspected developmental toxins, endocrine disruptors or
carcinogens ', These studies focused on inadvertent releases of PW, PW prior to treatment or
known mixtures of PW constituents. To our knowledge, a toxicological assessment of minimally
treated PW for agricultural beneficial reuse (ie, NPDES release) has not been conducted.
Additionally, most laboratory studies have focused on hormonal impacts, with some analysis of
developmental outcomes. 4% 6% 101 114, 117118

A thorough study on increased cancer risk potential is also needed, including an analysis of
increased mutagenesis following PW exposure. The Salmonella Ames test is the most widely used assay
system to detect mutagenicity in a broad range of samples, including surface waters and complex
mixtures.'* '"? This assay detects primatrily point mutations in the DNA nucleotide sequence leading
to reversion of a selectable marker. While point mutations have long been established as having a
broad role in human disease, particularly in cancer development, studies in the last 10-15 years have
uncovered a previously underappreciated role for alterations in chromosome structure leading to gene
copy-number variation (CNV) in these same processes. CNVs are now conclusively linked to a wide
range of human diseases, including neurodevelopmental disorders (e.g., autism, schizophrenia) and

cancer.'20-121

Thus, in order to gain a broad understanding of the health risks associated with
environmental mutagenesis, itis important to integrate the use of mutagenicity assays that can detect
both nucleotide and structural genetic variation.'”

In this study we took such an integrated approach through the assessment of mutagenicity in

a strain of the Saccharomyces cerevisiae budding yeast that was built specifically to support the parallel
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measurement of four classes of mutations in a single exposure experiment. These included reversion
point mutations directly analogous to those covered by the Ames test, and also forward point
mutations, CNV deletions, and disease-relevant low-order gene duplications. The CNV duplication
assay used in this study and developed by our group is able to detect a simple doubling in copy number
of a reporter cassette, whereas most previous gene amplification assays had lower sensitivity and can

123-124

detect only high order amplification. Due to the complexity of this waste stream, it was
hypothesized that increased toxicity may be observed for some endpoints and not others. Thus, in
addition to these parallel mutagenicity assays, we also assessed the samples for acute toxicity using
Daphnia magna and developmental toxicity in Danio rerio (zebrafish). The results of these assays were
combined to assess chronic and acute toxicity of O&G PW intended for agricultural beneficial reuse.
The goal of the present study was to quantify toxicity, with a focus on mutagenic activity, of a NPDES
PW release.

3.2 Materials and Methods

3.2.1 Site Description

The field site for this study is an undisclosed well field in Wyoming (Figure 4). On average,
4.5 million liters of minimally treated PW are released from the NPDES discharge per day into an
ephemeral stream bed. There is litde precipitaton in the region (average 230 mm/year)”” and no
additional tributaries, resulting in a stream that is composed entirely of O&G PW discharge unless
there has been a recent precipitation event. About 2 km from the NPDES release, a dam separates
the discharge into two equal streams. One continues southeast for about 2 km before emptying into
a playa lake that is used by cattle, horses, waterfowland other wildlife for drinking. Playa lakes are
shallow, ephemeral lakes, commonly found in the U.S. High Plains region.”® The other stream flows
30 km until finally connecting with a larger perennial river. During the sampling events discussed in

this study, the discharge and perennial streams were not connected via surface water. As recently as
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2014, these streams were connected. Details on the treatment and NPDES effluent limits at this site
have been previously described in Chapter 2 of this dissertation.
3.3.2 Site Sampling

Surface water samples were collected in October 2016 and February 2018 from the discharge
stream (D) and perennial river (P). Site DO was collected directly from the discharge culvert before
entering the stream. All other sites were collected at the indicated distance from the discharge (e.g.,
D.3 was collected 0.3 km downstream, see Table 2). Sites prefaced with a P were collected from the
perennial river, with positive values indicating samples collected downstream of the confluence
between the discharge stream and perennial river and negative values indicating samples collected
upstream of the confluence. Analysis in 2016 revealed that many carcinogenic organic chemicals were
removed by site D1.4. As a result, higher resolution samples were collected between the discharge and
the playa lake during the 2018 sampling event. During the 2018 sampling event, one of the
downstream samples (D15) was not accessible and was not sampled. Also, the control site was
different between the two sampling events (P-2.6 in 2016 vs. P-24.2 in 2018). Both control sites were
located upstream of the confluence between the discharge stream and perennial river and were not
impacted by PW discharges. In addition to the Wyoming field site, a water sample was collected
directly from the discharge of a Fort Collins, CO WWTP for the mutagenicity assays to allow for a
comparison between two different types of discharge.

All samples were collected in glass bottles with Teflon-lined caps. Glassware was pre-cleaned
by washing with deionized water (3x), Milli-QQ water (3x) and methanol (I1x) followed by baking in a
furnace (400°C for 8 hours). Bottles were rinsed three times with sample water prior to collection. In
the PW discharge stream, water samples were collected in the center of the stream. In the larger

perennial river, samples were collected where the water was flowing freely. Samples were stored on
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ice in the field and refrigerated at 4°C in the lab until analysis. More details on sampling locations and

methods can be found in Chapter 2 of this dissertation.

3.3.3 Daphnia magna acute toxicity

Acute toxicity tests were conducted with Daphnia magna. This species is also used in the acute
WET tests which are required every 6 months at this NPDES site. L.Cs, parameters were performed
approximately to standard OECD guidelines with some slight alterations.'® All lethality assays were
static in nature. Four samples collected in both 2016 (D0, D1.4, P-2.6 and P32.2) and 2018 (D0, D1.4,
P-24.2, P34.4) were assayed for lethality using a serial dilution exposure regime of concentrations 0
(control, dechlorinated City of Edmonton tap water, moderately hard), 1, 2, 5, 10, 20, and 100 % of
raw sample in 30 mL of solution (total). A total of 5 neonate daphnia wereused per treatment dilution.
In total, 3 replicates per exposure series per sample type were employed to d etermine neonate daphnid
lethality. Daphnia survival/mortality was confirmed by observation under a Leica Zoom 2000
stereomicroscope (Leica Camera CO., GER). All ambient room conditions during exposures were
identical to conditions during Daphnia magna culturing and housing, details of which can be found in

Appendix B.

3.3.4 Yeast Strain

Saccharomyces cerevisiae haploid strain JAY2087 (MATa ade5-1 his7-2 len2-3,112 Len+ nra3-52 trp1-
289 CANT el ARSC30  sfal A:hisG - PLM2:SFAT-172081-CUPT-KIURA3-S cCURA3-5"S FAT-Bglll-
KanMX4) was engineered to measure four different types of mutations in parallel, specifically: 1) CNV
amplifications, which are measured via acquisition of resistance to copper plus formaldehyde
following amplification (primarily duplication) of the cassette containing the SFA7-172081 and CUPT
genes; 2) CNV deletions, which are measured via acquisition of resistance to 5-fluoroorotic acid (5-
FOA) through loss of the cassette containing two diverged but functional copies of the URA3 gene;

3) forward mutations, measured via acquisition of resistance to canavanine through inactivation of the
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CANT gene through point mutation or rarely deletion; and 4) reversion point mutations, measured
via acquisition of tryptophan prototrophy through reversion of a non-sense mutation present in the
trp1-289 allele, or via acquisition of a non-sense suppressor in a tRNA gene also through point
mutation %%, The #p7-289 reversion assay is analogous to the lysine prototrophy reversion point
mutations detected using the Ames Salnmonella assay. Figure 19 shows a schematic representation of

the three chromosomes where the reporters for these assays are present.

Selection for amplification: Selection for deletion:
resistance to Copper + Formaldehyde resistance to 5-FOA
— - | — |
Le) ™ ™ ~ o ~t
TR 3 E : Iz S
%] <C <C O ) S W) <C =
EoB B : ; £ 4 g
N R S N
IS} %
Pt Pt
o (e} o o
Kol Ko} 0 el
o o o o
H m D o
SIS Ao
— p—
HR substrate HR substrate with
intervening sequences
()}
[ve)
a
-
g
~
=
(G}

Figure19.Schematic ofa portion of the chromosomal regions from the haploid yeast strain JAY2087.1n the top line, a
view of the region from chromosome IV where CNV reporters were inserted. The HR substrates represent direct
repeats that an mediate homologous recombination leading to amplifiction and /ot deletion of the region containing
the copy number reporter genes SIA7, CUPT, K/IURA3 and S¢URA3. The intervening sequence present in the HR
substrate on the right side is very small (6 bp Bg/Il site), therefore is not expected to significantly influence
recombination between the two substrates. This strain also contained the #7p7-289 mutation, also on chromosome IV,
which can revert to a functional Trp+ allele of the TRP7 gene, and was wild type for the CANT gene on chtomosome
V, whidh following a forward inactivating mutation can lead to resistance to canavanine.
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3.3.5 Yeast acute toxicity assays

As a first step in the mutation assays, acute toxicity assays were conducted to determine the
lowest concentration of water sample, if any, that inhibited yeast growth. Sterile techniques were used
throughout the study. Water samples and YPD (yeast-peptone-dextrose media) were filter sterilized
using a 0.22 um polyethersulfone (PES) filter (sterilized, low protein binding, Corning Incorporated,
Corning, NY). All other media and materials were purchased stetile and/or autoclaved. Recipes and
chemical supplier information for liquid media and agar plates are provided in the Supporting
Information. JAY2087 stock was stably maintained long term at -80°C in 30% glycerol. A patch plate
was made by streaking frozen JAY2087 cells onto a YPD plate using a sterile toothpick. The plate was
incubated at 30°C for 24 hours, at which point yeast from the patch plate was inoculated in 5 mL
YPD liquid media and placed on a rotating drum, spinning at 39 rpm, at 30°C for 24 hours to reach
saturation. Thirty (30) puL of 102 dilution of the overnight yeast culture was used to inoculate the
cultures for this assay. For each water sample, four different concentrations were initially analyzed
(10%, 20%, 40% and 80%) in addition to a control (0%). Duplicate 5 mL solutions were made for
each concentration in culture tubes. Cultures contained equal concentrations of YPD. Cultures were
placed on the rotating drum at 30°C for 24 hours. After 24 hours, a 10 puL aliquot of four different
dilutions of each culture (107, 10% 107 and 10 were plated on YPD. This plate was incubated for
48 hours at 30°C. Visual observations were used to determine which concentration inhibited yeast
growth, if any. If necessary, additional rounds of this assay were completed at lower concentrations to
determine the threshold. An example of this assay is shown in the Supporting Information (Figure
S1). Yeast mutation assays were conducted with water samples at the highest concentration that did
not visibly inhibit yeast growth. In most cases, a second and lower concentration was also used. For
2016 samples, two concentrations were selected for all 2016 samples (50% and 25%). This included

the highest concentration that did not visibly inhibit yeast growth (50%) and a lower concentration
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(25%). For the 2018 samples, growth inhibition was observed in the discharge sample (DO0) at
concentrations above 10%. As a result, all 2018 assays were conducted with 10% sample. In

downstream samples where growth was not visibly inhibited at any concentration, assays wete

conducted with 80%.

3.3.6 Copy number variation and point mutation assays

For the yeast mutation assays, a patch JAY2087 YPD plate was made as described in the acute
toxicity assays and allowed to incubate for 1-2 days. Yeast was streaked from the patch plate to single
colonies on a YPD plate and incubated at 30°C for 18 hrs. Following the incubation period, single
colonies from the YPD plate were inoculated into 4 mL liquid YPD cultures with two different
concentrations of each water sample, if possible. The culture tubes were placed on a rotating drum at
30°C, until saturation was reached (~22 hours). Once the cultures reached saturation, a 1 mL aliquot
was removed from each culture and washed twice with sterile double-distilled water. Aliquots of the
washed yeast were then plated on non-selective (YPD) and each of selective plates required for the
individual mutation assays using autoclaved glass beads at the volumes and dilutions shown in Table
5. Plates were incubated at 30°C for the time listed in Table 5. In total, there were 11 independent
culture replicates of each sample at each concentration. Negative control (YPD and double-distilled
water) and positive control cultures (YPD, double-distilled water and 10 mg/L methyl
methanesulfonate (MMS)) were also included. The concentration of MMS (10 mg/ L) was determined
following the yeast acute toxicity assay procedure.

In addition to samples collected from the field site, a municipal wastewater treatment plant
(WWTP) effluent sample from Fort Collins, CO was also analyzed. This sample was included because
WWTP effluent is a discharge that people are more familiar with and therefore will help put these
findings in perspective. Additionally, similar to NPDES PW discharges, the exact composition of the

WWTP effluent is unknown. Previous studies have shown that treatment methods are often
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ineffective at removing emerging contaminants from these discharges (e.g., pharmaceuticals) and
WWTP effluents have been linked with increased mutagenicity downstream, along with other chronic
toxicity endpoints.'* ** Mutation assays are commonly used to assess chronic toxicity in WWTP and

therefore are a reasonable way to compare these two effluents.

Table 5. Volume, dilution and incubation time for non-selective (YPD) and selective plates used in yeast mutation
bioassay.

Plate Volume Plated (ul) Dilution Incubation Time (d)
YPD 150 107 2
Copper Formaldehyde 150 10" 5
5-FOA 150 10 3
Canavanine 200 undiluted 3
Tryptophan Drop Out 600 undiluted 4

3.3.6.1 Mixtures of known composition

Mixtures of known composition were analyzed with the yeast mutation assay to investigate
the specific source of any mutation rate changes at the NPDES discharge. Chemical mixtures included
a benzene, toluene, ethylbenzene and xylenes (BTEX) mixture; a mixture that contained all organic
chemicals defined by International Agency for Research on Cancer (IARC) and U.S. EPA to be
known, probable and possible carcinogens (Table 7); and a salt control. These mixtures were chosen
because negative health effects associated with PW have been attributed to both the organic fraction

and salts 14110

. Chemical concentrations were equivalent to concentrations measured at the NPDES
discharge in 2016. Chemical analysis of the water samples was conducted in Chapter 2 of this
dissertation. The BTEX mixture contained 15.5 pg/L benzene, 6.3 pg/L toluene, 6.6 ng/L
ethylbenzene, 8.4 ug/L mp-xylene, and 8.2 pug/L o-xylene. The organic carcinogen mixture contained
0.56 pg/L 1,2-dichloroethane, 2.4 ng/L 2-methylphenol, 0.93 pg/L 4-methyl-2-pentanone, 15.5 pg/L
benzene, 6.6 pg/L ethylbenzene, 0.63 pg/L isopropylbenzene, and 11.4 pg/L naphthalene. At the

time of analysis, methyl acrylate waslisted by the IARC as “not classifiable as to its carcinogenicity to
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humans” and was not included in the mixture. It has since been designated “possibly carcinogenic to
humans.” The salt control was made by mixing a 2016 NPDES discharge sample with 5 g/L activated
carbon overnight. Benzene, toluene, ethylbenzene, -xylene, o-xylene, p-xylene, 1,2-dichloroethane
and 2-methylphenol were purchased from Fisher Scientific. Isopropylbenzene and 2-methyl-2-
pentanone were purchased from Sigma Aldrich. All chemicals were greater than 98% purity. Assays
were conducted in cultures containing 25% and 50% concentration of these mixtures to reflect 2016
assay procedures.
3.3.6.2 Estimation of mutation rates

An Interscience Scan 300 was used for automated colony counting to ensure consistency
between plates. The total number of viable cells (N,) in each culture was calculated from the number
of colonies that grew on the nutrient rich, permissive YPD plates, with a correction for plating volume
and dilution (Table 5). The number of mutant cells (r) was calculated from the number of colonies
on each of the four different selective plates, with appropriate correction for the respective plating
volume and dilution foreach mutation (Table 5). Median mutation rates and 95% confidence intervals
were calculated using the Lea-Coulson (LC) method of the median, with minor modifications detailed
in Hall etal. (2009) '*"'%. The 95% confidence intervals around the median are displayed in the figures
to indicate the width of the distribution of mutation rates for all cultures for each condition, but not for
determination of statistical significance between samples and concentrations (see below). Mutation
assays are inherently variable because of the stochastic nature of mutation accumulation in cultures
over time, therefore for the same treatment, some cultures typically experience few mutations while
others experience many. This is normal and explains why the median rate is used to represent the
overall results. It is routine and expected to have relatively wide 95% confidence intervals for these
types of measurements. Finally, a relative mutation rate was calculated for each mutation type at each

site. by dividing the median mutation rate (M) at each site by the median mutation rate for the
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respective negative control (e.g., (relative median mutation rate for CNV duplications at site D0) =
(median mutation rate for CNV duplications at site D0)/ (median mutation rate for CNV duplications
in the negative controls)). Relative mutation rate analyses permit convenient comparison between
concentrations and sampling distances for each the four types of mutation classes measured. The
absolute rates vary by orders of magnitude between assays. The mutation rate changes are only
comparable within assays, not between.

Statistical analysis for mutation rates was conducted using the Kruskal-Wallis test, a non-
parametric test, with the Benjamini-Hochberg adjustment for multiple comparisons. All data for each
sampling event were analyzed at once (2016: sampling sites, negative control, mixtures and WWTP;
2018: sampling sites). With the Benjamini-Hochberg adjustment, samples with p < 0.025 are
considered statistically different. Results of the statistical analysis are presented in the figures as letters
above each bar. In these figures, samples with different letters are statistically different from each
other. When comparing the mutation rates associated with two different treatments, the statistical call
is made based on the differences in the distribution of all measurements (Kruskal-Wallis test), not
based on overlap between 95% confidence intervals. It is entirely possible (and typical for mild
mutagenic stimulations of 2-3 fold, like those found here) to conclude that there is a significant
difference in mutation induction between treatments, even though the 95% CI distributions may
overlap.

3.3.7 Zebrafish Developmental Assays

A zebrafish developmental assay was used to evaluate the four samples collected in 2016 (DO,
D15, P-2.6 and P32.2) to assess potential adverse neuro-behavioral impacts of the water samples.'*’
Analyses included mortality and morphology (from 6 to 120 hours post fertilization; hpf), a 24 hpf
embryo photometer response behavior (EPR), 120 hpf larval photometer response behavior (LPR)

and responses.” ! Detailed methods for these analyses can be found in Appendix B.
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3.3 Results and Discussion
3.3.1 Daphnia magna acute toxicity studies

The NPDES permit requires acute WET tests to be conducted with Daphnia magna and
Pimephales promelas every 6 months at this site. Four of the samples collected in 2016 (D0, D1.4, P-2.6,
P32.2) and 2018 (DO, D1.4, P-24.2, P34.4) were assayed for lethality using Daphnia magna and a serial
dilution exposure regime of concentrations 0, 1, 2, 5, 10, 20, and 100 % of each water sample in 30
mL of solution (total). In the analyses conducted with samples from 2016, all daphnia were alive after
the 48 hour exposure and no lethality could be determined. For the samples collected in 2018, lethality
was low and calculations of a LCs, for each individual field-collected sample were unable to be
performed. Sample D1.4 (1.4 km downstream of the NPDES discharge, located on the discharge
stream) had on average 60% mortality in undiluted conditions, while variable, low -level toxicity was
observed across dilutions in sample P34.4 (34.4 km downstream of the NPDES discharge, located on
the perennial stream) (Table 6). In general, however, undiluted samples had negligible effects. These
results also agree with acute WET tests conducted by the operators, which reported no violations
during these sampling events. Previous studies have shown that acute exposure of PW to aquatic
organisms, such as rainbow trout and zebrafish, can result in chronic toxicity (e.g., oxidative stress and
gill morphology) in organisms where lethality is not observed.® ' Thus, the low lethality observed in
this assay does not rule out that Daphnia magna may have experienced chronic impacts from PW

CXp osure.
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Table 6. Daphnia magnaneonate lethality resultsin 2018 discharge stream (D) and perennialriver (P) samples following 48
hr exposures.

Site DO D1.4 P-24.2 P34.4

Exposure | X Mortality © | X Mortality © | X Mortality © | X Mortality ©
Dilution (o) (7o) | (%) () | (%) (7o) | (%) (%0)
0% 0 0 0 0 0 0 0 0

1% 0 0 0 0 0 0 0.66 11.55
2% 0 0 0 0 0 0 0 0

5% 0 0 0 0 0 0 0.66 11.55
10% 0 0 0 0 0 0 0 0
20% 0 0 0 0 0 0 0.66 11.55
100% 0 0 60 0 0 0 0.66 11.55

3.3.2 Yeast copy number variation and point mutation assays

3.3.2.1 October 2016 samples

Mutagenicity assays were conducted in yeast cells exposed to samples collected at the NPDES
discharge and downstream. For samples collected in October 2016, growth inhibition was observed
in cultures containing greater than 50% concentration of the discharge sample (D0). Mutation assays
for all sites were conducted with both 50% and 25% sample concentration and the results of the assays
conducted with 50% water samples are presented (Figure 20). Additional data for the 25% cultures
are presented in Appendix B. Similar trends were observed in experiments conducted with 25%
sample (Figure B2). Mutation rates and differences between sites were generally lower in 25% cultures,

most likely due to lower chemical concentrations.
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Figure 20. Relative median mutation rate for Copy Number Variation (CNV) duplications, CNV deletions, forward
point mutations, and reversion pointmutations in 2016 dischatge stream (D), perennial river (P) samples and wastewater
treatment plant (WWTP) sample. Experiments were conducted with 50% water sample. Median mutation rates are
displayed relative to the negative control (NC) set as a 1x reference. Error bars show 95% confidence intervals. Letters
show the statistical groupings. Samples that do not share letters are significantly different (p < 0.025) from the Kruskal-
Wallis test.

The results of the CNV duplication, CNV deletion assay, forward point mutation and
reversion point mutation assays conducted at 50% sample concentration are shown in Figure 20. In

assays conducted with sample from the NPDES discharge, a robust increase in CNV duplication rate
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was observed, which was significantly increased as compared to the negative control (NC) (5.6-fold,
p < 0.0000). Mutation rate decreased with distance downstream but remained elevated in samples
D1.4 and D15 as compared to the negative control (3.4- and 2.0-fold; p = 0.0001 and 0.0162,
respectively). CNV duplication rate for the positive control (10 mg/L MMS) was 3.3-fold increase as
compared to the NC (data not shown).

In the remaining three assays (CNV deletions, forward point mutation and reversion point
mutation), a significant increase in mutation rate was observed at the discharge, however, this increase
was more modest (CNV deletion: 2.3-fold, p = 0.0015; forward point mutation: 1.3-fold, p = 0.0102;
reversion point mutations: 2.4-fold, p = 0.0024). For all three assays, statistical analysis and median
mutation rates suggest a trend of mutation rate decreasing with distance from the discharge point.
However, we are more cautious about interpretation of results at D1.4 and D15 for these assays since
the range of mutagenicity stimulation between D0 and NC was small. For the positive control (10
mg/LMMS), CNV deletion rate was 1.8-fold, forward point mutation rate was 2.1-fold and, reversion
point mutation rate was 2.3-fold increase as compared to the NC (data not shown). Preliminary tests
were also conducted using the Salmonella Ames test, which is analogous to the #7p7-289 reversion point
mutation yeast assay conducted in this study. A minimal increase in mutation rate was observed at the
discharge point (D0: 1.2-fold increase), agreeing with the results of the yeast assay.

In all four mutation assays, no significant difference in mutation rate was observed between
the upstream (control site) and downstream sites on the perennial river (P-2.6 and P32.2). This was
expected since the two streams were not connected via surface water at the time of sampling and
suggests that the discharge stream did not significantly impact mutation rate in the perennial river. It
was important to assess, however, since the two streams connect during times of increased discharge
and decreased evaporation. Chemicals found in the discharge can sorb to sediments (e.g., nonylphenol

ethoxylates), which may increase toxicity even when flow rates are lower.”
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Mutation rates generally followed the trend observed for organic chemicals in the discharge
stream. As shown in Chapter 2 of this dissertation, concentrations of organic chemicals were highest
at the NPDES discharge and decreased with distance downstream. Table 7 lists organic chemicals
detected in the discharge stream, including 8 that have been determined by the U.S. EPA and IARC
to be known, probable or possible carcinogens. Since most mutagens are likely carcinogens, it is
reasonable to compare mutation rate trends over distance to the environmental fate of carcinogens
detected at the discharge. Of the 8 carcinogens in Table 7, 6 were present at the NPDES discharge in
2016 but below detection limit by site D 1.4, including 1,2-dichloroethane, 4-methyl-2-pentanone,
benzene, ethylbenzene, isopropylbenzene and methyl acrylate. Both 2-methylphenol and naphthalene
were present at site D1.4 but below detection limit by site D15. At the discharge (DO0), four of the
carcinogenic organic chemicals were present above the maximum contaminant level (MCL) and/or
screening level for tap water including 1,2-dichloroethane, benzene, ethylbenzene and naphthalene.

Five of the inorganic chemicals detected in the NPDES discharge are IARC or EPA known,
probable or possible carcinogens including arsenic, cadmium, lead, silica (inhalation route) and radium
(Table 8). Only radium concentrations decreased with distance downstream, thereby following the
trend observed in mutation rates. Radium wasalso present abovethe MCL at the discharge *. Arsenic,
cadmium and lead were not detected at the NPDES discharge but were detected downstream,
suggesting that these species were already present in the soil or were concentrated due to evaporation
downstream.

In an effort to put the PW discharge results into perspective, a WWTP effluent sample from
Fort Collins, CO was analyzed. In all four mutation assays, the rate of mutation in the WWTP sample
was not significantly increased as compared to the NC. This contrasts with the PW discharge, which

showed a significant increase in all four mutation rates as compared to the NC.
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Table 7. Toxiomlogical data for organic chemicals detected in the discharge stream.

Highest Conc . Cardnogenic Evaluation
Chemical Spedes (g)(i;e/r]\i;:d S(I;L{g l>/ILC)bL (mgl/{g day) Evidence for Toxidtyd IARC: EPAf CCle
1,2,4-Trimethylbenzene 6.45 56/- 0.01 RT, CT, SCT, DT, AT - - 1,2
1,2-Dichloroethane 0.56 0.17/5 0.006 RT, CT, SCT, AT, NT 2B B2 -
1,3,5-Ttimethylbenzene 1.07 60/- 0.01 RT, CT, SCT, DT, AT, NT - - -
1-Methylnaphthalene 6.92 1.1/- 0.07 RT, CT, SCT, AT, NT - - -
2,4-Dimethylphenol 6.57 360/ - 0.02 RT, CT, SCT, AT - - -
2-Butanone 13.4 5600/ - 0.6 RT, CT, SCT, AT - - -
2-Butoxyethanol 1.28 2000/ - 0.1 RT, CT, SCT, DT, AT, SAT 3 - -
2-Methylnaphthalene 5.96 36/- 0.004 RT, CT, SCT, AT, NT - - -
2-Methylphenol 2.41 930/ - 0.05 RT, CT, SCT, DT, AT - C 1,2
4-Methyl-2-pentanone 0.93 6300/ - - RT, CT, SCT, AT 2B - -
Acetone 49.8 14000/ - 0.9 RT, CT, SCT, AT - - -
Benzene 14.6 0.46/5 0.004 RT, CT, SCT, AT 1 A -
Bis(2-ethylhexyl) 5.13a 5.6/6 0.02 RT, CT, SCT, DT, AT, SAT 2B B2 -
phthalate
Carbazole 3.03 -/- - CT, SCT, AT 2B - -
Carbon disulfide 50.9a 810/- 0.1 RT, CT, SCT, AT - - -
Diesel range otganics 1555 -/- - - - - -
Ethylbenzene 6.6 1.5/700 0.1 RT, CT, SCT, AT, SAT, NT 2B D -
Isopropylbenzene 0.63 450/ - 0.1 CT, SCT, DT, AT 2B D -
Methyl Acrylate 0.92 42/- - CT, SCT, AT 2B D -
Naphthalene 11.4 0.17/- 0.02 RT, CT, SCT, DT, AT, SAT 2B C 1
n-Propyl Benzene 0.8 660/ - 0.1 CT,SCT, AT, NT - - 34
Phenanthrene 1.34 -/- - RT, CT, SCT, AT 3 D -
Phenol 1.03 5800/ - 0.3 RT, CT, SCT, DT, AT, NT 3 -
Toluene 6.49 1100/1000 0.08 RT, CT, SCT, AT, NT 3 -
TPH as Gasoline 155.5 -/- - - - - -
Xylenes 20.35 190/10,000 0.2 RT, CT, SCT, AT 3 - -

Notes: (Maximum concentration was observed at a sampling site other than the discharge. ® Screening level (SL) for tap water and Maximum Contaminant Level (MCL)
are from comptox.epagov. SLs are reported with Target Hazard Quotient (THQ) = 1. ‘RfDo = Reference Dose for Oral Exposure obtained from EPA Comptox
Website and EPA Integrated Risk Information System (IRIS) Reports. dEvidence for toxidty obtained from EPA CompTox, (RT = Reproductive Toxiclogy, CT' =
ChronicToxiomlogy; SCT = SubdhronicToxicology; DT = Developmental Toxicology; AT = Aaute Toxicology; SAT = Subaaute Toxicology; N'T = neurotoxicology).
<JARC = International Agency for Research on Cancer (1=Cardnogenicto humans; 2A = Probably cardnogenic to humans; 2B = Possibly cardnogenic to humans; 3
= Not dassifiable as to its cardnogenidty to humans; 4 = Probably not cardnogenic to humans); fFEPA (A = Cardnogenic to humans; B = Probably cardnogenic to
humans; C = Possibly cardnogenicto humans; D = Not dassifiable as to human cardnogenidty; E = Evidence of non-cardnogenidty); sCCL = Contaminant Candidate
List.
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Table 8. Toxiomlogical data for inorganic chemicals detected in the discharge stream.

Highest Conc : : :
Chemical Spedes Obs%rved (ng/L) MCLF RFD: Evidence for Toxidty® Cardnogenic Evaluation CCILh
(loation): (ug/L)  (mg/kg-day) TARC' EPA:
Aluminum 1860 (D2.1) 50¢ 1 RT, CT, SCT, AT - - 1,2
Ammoniaas N 364.5 - - RT, CT, SCT, AT - - -
Antimony 0.5 (D2.1) 6 0.0004 CT, SCT, AT - - -
Atsenic 3.6 (D3.8) 10 0.0003 RT, CT, SCT, AT 1 A -
Barium 140 2000 0.2 CT, SCT, AT - D, E -
Boron 1310 (D15) - 0.2 RT, CT, SCT, AT, SAT - - 1,2
Cadmium 0.2 (D2.1) 5 0.0005 RT, CT, SCT, AT 1 B1 -
Caldum 75,700 (D15) - - CT, SCT, AT - - -
Chloride 251,000 (D15) 250,000 ¢ - CT, SCT, AT - - -
Fluoride 2910 (D2.1) 2000« 0.04 CT, SCT, AT 3 - -
Iron 2620 (D2.1) 300¢ 0.7 CT, SCT, AT - - -
Lead 3.2 (D2.1) 15 - RT, CT, SCT, AT 2B, 2A B2 -
Magnesium 51,800 (D15) - - CT, SCT, AT - - -
Manganese 229 (D3.8) 50¢ 0.14 RT, CT, SCT, AT - D 1,4
Molybdenum 84.9 (P34.4) - 0.005 CT, SCT, AT - - 34
Potassium 30300 (D15) - - CT, SCT, AT - - -
Selenium 12.8 (D15) 50 0.005 CT, SCT, AT 3 D -
Silica 39,900 (D2.1) - - RT,CT, SCT,DT, AT, SAT 1,3 - -
Sodium 454,000 (D15) - - RT, CT, SCT, AT - - 1
Strontium 4805 - 0.6 CT, SCT, AT - - 3
Sulfate 939,000 (D15) 250,000 ¢ - CT, SCT, AT - - 1
Total Dissolved Solids 500,000 - - - -
Uranium 5.2 (P61.3) 30 - CT, SCT, AT - - -
Vanadium 24.3 (D15) - 0.005 CT, SCT, AT - - 1,2,3,4
Zinc 67.3 (P34.4) 5000 ¢ 0.3 RT, CT, SCT, AT - - -
Radium-226 & Radium- 0.503 Bq/L 0.185Bq/L CT 1 - -
228

Notes: ®Loation if other than discharge. "Maximum Contaminant Level (MCL) is from com ptox.epa.gov. National Secondary Drinking Water Regulation. From EPA.
dRfDo = Reference Dose for Oral Exposure obtained from EPA Comptox Website and EPA Integrated Risk Information System (IRIS) Reports. <Evidence for toxidty
obtained from EPA CompTox, (RT = Reproductive Toximlogy; CT = ChronicToxicmlogy; SCT = SubchronicToxicology; DT = Developmental Toxicology, AT =
Aaute Toxicology; SAT = Subaaute Toxicology; NT = neurotoxicology). TARC = International Agency for Research on Cancer (1=Cardnogenicto humans; 2A =
Probably cardnogenic to humans; 2B = Possibly cardnogenic to humans; 3 = Not dassifiable as to its cardnogenidty to humans; 4 = Probably not cardnogenic to

humans); eEPA (A = Cardnogenic to humans; B = Probably cardnogenic to humans; C = Possibly carcinogenic to humans;D = Not classifiable as to human carcinogenicity; E
= Evidence of non-carcinogenicity); "CCL = Contaminant Candidate List.
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3.3.2.2 Mixtures of known composition
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Figure 21. Relative mutation rate for copy number variation (CNV) duplications, CNV deletions, forward point mutations,
and reversion point mutations of discharge sam ple (D0), BTEX mixture, cardnogen mixture (Carc) and salt control relative
to the negative control (NC). Experiments were conducted with 50% water sam ple. Bar height representmedian mutation
rates and error bars represent 95% confidence intervals. Letters show the statistical groupings for the bioassays. Samples
that do not share letters are significantly different.

Assays were conducted with mixtures of known composition to investigate the specific
compounds responsible for the detected increase in mutation rates, focusing particularly on the CNV
duplications, due to the robustincrease in this mutation in the discharge samples. Results for the other
three assays were also collected in parallel given the design of this yeast strain. The three know
mixtures tested included a BTEX mixture; IARC and U.S. EPA organic carcinogens (Table 7); and a

salt control. The discussion below focuses on assays conducted with chemical concentrations equal to
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50% of that detected at the discharge in 2016. Experiments were also conducted at 25% concentration
(Figure B4) and showed similar trends.

The rates of CNV duplication in cells exposed to the known mixtures were not significantly
altered relative to the negative control, while mutation rate in the discharge sample was elevated by
5.6-fold (Figure 21). These results suggested that either the chemical(s) responsible for the increase
CNYV duplication rate was absent in the mixtures, or that these chemical groups must act through a
synergistic mechanism. Similar to the results from the CNV assays, mutation rates in the mixtures
were low and generally showed no significant difference as compared to the NC.

The toxicity of many organic chemicals in PW are unknown and therefore, it is possible that
some of the chemicals detected at the discharge are mutagens but were not included in the carcinogen
mixture. Additionally, due to the complex nature of PW, mutagenic chemicals may be present in the
water, but not identified during analysis. This includes chemicals that are below detection limit due to
low concentration or matrix effects in the fluid.* It also includes chemical additives that are not
disclosed in the permits and therefore are more challenging to identify. These issues are further
compounded by mixture effects. Studies have shown synergistic toxic effects in mixtures of PW
chemicals."”" Synergistic toxicity has also been observed in mixtures containing more than two PAHs,

132

which is true for the discharge sample.” It is also possible that a mixture containing the carcinogens

and salts would have resulted in higher mutation rates.
3.3.2.3 February 2018 samples

Yeast mutation assays were conducted with samples collected in 2018 to determine if toxicity
changed over time (Figure B3). In 2018, growth inhibition at the NPDES discharge (D0) wasobserved
at concentrations above 10%. As a result, all studies were conducted with 10% water sample in each
yeast culture. In all four assays, there were no major trends in mutation rate over distance. For some

sites, mutation rate was significantly increased as compared to the negative control only, however,
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even in these instances the mutation rate increases were mild. Due to a lack of trend in the mutation
data, there is no clear relationship that can be made to the chemical data.

Increases in mutation rate were lower in 2018 than in the 2016 samples conducted at 50% and
25% concentration. This was expected since a lower concentration of sample (10%) was used in the
2018 yeast cultures. For example, in the CNV duplication assays conducted with 10% sample,
mutation rate increases ranged between 1.6-fold (D0) and 2.7-fold (D1.4) as compared to the negative
control. This is lower than what was observed at the NPDES discharge in assays conducted with 50%
sample (5.6-fold increase) and 25% sample (4.5-fold increase) in 2016. It is possible that similar trends
and rates of mutation would have been observed in the 2018 samples if acute growth inhibition did
not prevent assays from being conducted at higher concentrations. It also suggests that growth
inhibition and mutagenicity are likely caused by different agents in the complex mixtures.

No major differences in chemical composition were observed that could explain this
difference in acute toxicity (see Chapter 2). It is possible that the differences are seasonal and therefore
temperature dependent. Daytime air temperatures in October 2016 ranged from 4.5°C to 13°C, while
daytime air temperatures in February 2018 ranged between -12°C to -4°C. Solubility of hydrogen
sulfide and other gases increases at lower temperatures. Although it was not quantified, H,S was
detected in the air by meters worn during sampling. Due to the lower temperatures, it was likely
present at higher concentrations in the 2018 water samples. H,S is a known yeast growth inhibitor,
but has not been defined as a carcinogen by either EPA or IARC '3, Therefore, it is possible that
in order to dilute the H,S below acute toxicity levels, the chronic toxins were no longer present at
concentrations high enough to result in significant increases in mutation rate. Another explanation for
this result is that the holding time for the 2016 samples was longer than for the 2018 samples (6
months vs. 1.5 months). All chemical analyses were conducted within standard EPA holding times,

so it is possible that concentrations of chemicals, many of which can exhibit acute toxicity (Table 7
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and Table 8), were lower in the 2016 samples at the time of analysis. This is true for H,S as well as
other volatile organic compounds. Finally, it is possible that the standard chemical analysis does not
reveal all toxic chemicals present at the discharge. No conclusions can be made on how consistent
concentrations of undetected chemicals were over time. Overall, however, this shows that acute
toxicity of the NPDES discharge and stream can change with time.
3.3.3 Zebrafish developmental toxicity assays

Zebrafish assays were conducted on these water samples to assess developmental toxicity.
These assays analyzed for early stage developmental toxicity by quantifying a 24-hour post fertilization
(hpf) Embryo Photomotor Response (EPR) behavior and 120 hpf Larval Photomotor Response
(LPR) behavior as well as mortality and morphology responses. No significant impacts were observed
in the developmental studies. Additionally, there were no significant incidences of mortality or
malformation observed in any of the water samples (Figure B5 and Table B3). Holding time before
this analysis was 10 months. Due to the extended holding time, it is likely that concentrations of
organic chemicals decreased during this time. Previous studies have observed significant changes in
LPR when zebrafish are exposed to polycyclic aromatic hydrocarbons (PAHs), including carbazole,
naphthalene, 1-methylnaphthalene and 2-methylnaphthalene, which were present in PW discharge.””
Thus, it is possible that different results would have been observed if holding time was decreased.
3.4 Conclusions

A toxicological analysis was conducted on a NPDES PW discharge and stream released for
agricultural beneficial reuse. In addition to permit effluent limits based on chemical concentrations,
NPDES PW releases in Wyoming require acute toxicity testing once every 6 months, but no chronic
toxicity testing. In this study, acute toxicity was assessed using Daphnia magna. Lethality was low in all
samples, however, it appeared higher in 2018 versus 2016 samples. A yeast-based mutation assay was

used to analyze four different types of mutation — CNV duplications, CNV deletions, forward point
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mutations and reversion point mutations. In all mutation assays, higher rates of mutation were
observed at the discharge (D0) and decreased with distance downstream. This was most prominent
for CNV duplications. A similar trend wasobserved for the concentrations of IARC and EPA known,
probable and possible carcinogens detected in the stream (e.g., benzene, naphthalene, radium).
Mixture studies showed that untested chemical(s) or chemical mixtures were responsible for increased
rates of CN'V duplication; thus, the best treatment strategy to decrease this toxicity remains unknown.
Finally, zebrafish assays revealed no increase in developmental toxicity in the water samples.

This study is the first attempt to evaluate the toxicity of NPDES PW releases for beneficial
reuse. It is important to note that most chemicals at this site were present at relatively low
concentrations compared to other PW in the western U.S. Therefore, the results of this study cannot
be applied to all NPDES PW discharges. NPDES PW releases in other geologic formations need to
be analyzed to understand toxicological differences. During preparation of this manuscript, access was
granted to two additional NPDES PW discharges in the area. One of these sites has failed the acute
WET test multiple times in the past 3 years. Preliminary chemical analysis at the site reveals that
volatile organic compounds (VOCs) are present at concentrations 2 orders of magnitude higher than
at the focus discharge in this study. It is expected that increased concentrations of VOCs would
increase both acute and chronic toxicity.

Federal agencies, including the U.S. Department of Energy, are interested in developing
treatment strategies to increase beneficial reuse. To assess the efficacy of these treatment strategies,
however, the composition and downstream impacts of PW must be better understood. This study lays
out a framework for what is needed to properly characterize NPDES PW releases. Chemical analysis
alone is insufficient, and a thorough assessment of chronic toxicity is necessary. The state of Colorado
requires chronic toxicity testing of NPDES PW releases and Wyoming, as well as other states, should

follow suit. Furthermore, a range of toxicological endpoints must be assayed including some, such as
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endocrine distuption, that remain to be analyzed at this site.'” This could be achieved with a high-
throughput assay that assesses a range of toxicological endpoints.* Many PW treatment studies have
focused on a “treat for use” approach. As such, assay trigger values should be defined for different
downstream users.'?

Bioassays are just a first step. Additional research at this site should focus on the health of
livestock, aquatic species, crops and humans who consume these products. If these waters can be
reused safely and economically, many stakeholders stand to benefit. If this practice is expanded
prematurely, the quality and health of water, soil, crops and downstream users could be negatively
impacted. This would result in thousands of legacy sites that must be remediated, and oil and gas

operators may be subject to liability and clean-up costs
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CHAPTER 4: VIABILITY OF CONSTRUCTED WETLANDS FOR PRODUCED WATER

POLISHING DOWNSTREAM OF NPDES RELEASES

4.1 Introduction

Due to increasing demand for water and issues associated with other produced water (PW)
management strategies (e.g., earthquakes), operators and governments are increasingly interested in
finding ways to reuse PW, either in the oilfield or outside. Prior to reuse for any of these purposes,
however, PW must be treated. Many approaches for PW treatment have been studied including
membrane separation and distillation, forward osmosis, electrocoagulation, advanced oxidation
processes, adsorption, and biological treatment.” *' Treatment cost can range from a few cents to
multiple dollars per barrel depending on treatment type, location, quality of the inlet water and more.?
Treatment faciliies often require skilled staff, high start-up and maintenance costs and external
power.”® These factors can make treatment and reuse financially infeasible, especially in rural areas.

Chemical analysis in Chapter 2 indicated that attenuation of oil and gas chemical additives (i.e.,
surfactants) increased within a constructed wetland (CW) downstream of a NPDES PW discharge.
CWs have been used for decades to treat domestic, agricultural and industrial wastewaters. More
recently, CWs have been used to polish PW, generally after treatment with separators and/or chemical
additives.”> P17 Guetrra et al. 2011 suggested that CWs are not effective for PW treatment because
they are not effective at reducing salinity and have even been shown to increase salinity of this brackish

waste stream.> 1%

In areas where salinity is relatively low for PW, however, CWs are likely more
appropriate. Additionally, CWs may be the only economically viable option for treatment in remote
areas. The composition of PW is unique to other wastewaters that have been managed by CWs due

to the unique mixture of chemicals and the addition of oil and gas chemical additives. Thus, further

investigation into the viability of CWs for PW management is warranted.
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Wetlands are currently used for PW polishing in both Wyoming and California, USA.
Operators at these remote sites have selected CWs as a treatment approach because they are less
expensive and require less maintenance than other available methods. Additionally, in both Wyoming
and California, the local communities are interested in reusing the water foragricultural purposes (e.g.,
irrigation) and to provide water sources for livestock, migratory birds, and other wildlife.*> " Despite
the fact that these CWs have been in operation for decades (some since the 1980s or earlier), minimal
analysis has been conducted on PW treated at these sites.

Previous studies, many of which were conducted in the lab, have shown CWs are effective at
reducing a range of bulk contaminant parameters including chemical oxygen demand (COD),
biological oxygen demand (BOD), oil, trace organics, and in some cases, total dissolved solids
(TDS).1 9141 Additional studies have reported attenuation of metals in PW treated via CWs and
specifically analyzed cadmium, copper, nickel and zinc."*'* Finally, one study showed decreased acute
toxicity in Daphnia magna after treatment of PW with reverse osmosis followed by CWs.'”’ To date, no
studies on CWs used for complex PW treatment have addressed the fate of organic chemical additives.
Many oil and gas chemical additives are biodegradable and readily sorb to sediment (e.g., nonylphenol
ethoxylates) and therefore are likely ideal for treatment in CWs.” The impact of sorption of these
chemicals on the lifetime and maintenance schedule of CWs, however, is unknown. Additionally,
biocides are a commonly used class of chemical in oil and gas well-maintenance. These chemicals are
designed to suppress microbial activity. Biodegradation, along with sorption, plant uptake and
photodegradation, are the major attenuation mechanisms in CWs. Thus, the addition of biocides may
negatively impact biodegradation rates in CWs.

The goals of this study are to 1) assess the viability of CWs for PW polishing, 2) determine the
environmental fate and transport of oil and gas organic chemical additives, and 3) assess if microbial

communities are impacted by PW discharges. To achieve these goals, this study will focus on three
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surface flow CW systems in Wyoming used to polish PW downstream of three different NPDES
releases.  Surface flow wetlands are generally less expensive than subsurface flow wetlands and can
more easily be built in remote locations."” ** Salt concentrations at these discharges are low (TDS:
1000 - 3,500 mg/L) compared to most PWs in the U.S. and therefore organics are the main focus for
removal. By determining major mechanisms of attenuation in PW, this study will provide valuable

information for the design of additional CWs for PW treatment.

4.2 Materials and Methods
4.2.1 Site description

This study was conducted atan undisclosed field site in Wyoming where over 10 NPDES PW
discharges are located. At this site, O&G operations occur in a relatively remote location and there
are few other sources of contamination. Analysis focused on three NPDES PW discharges and the
wetland(s) used to polish the PW downstream (Figure 22). For the remainder of this study, these sites
will be referred to as Discharge A (DA), Discharge B (DB), and Discharge C (DC). Previous studies
conducted in Chapter 2 and 3 of this dissertation analyzed the chemistry and toxicity of water samples
collected from DC and the surrounding watershed.

Treatment at all three sites is relatively similar. After extraction from the wells, the oil-gas-PW
mixture is combined and sent to the treatment system. Treatment includes a three-phase separator
(oil, gas, water) which uses heat, gravity, and emulsion-breaking chemicals. Once separated, a portion
of the PW is reinjected underground either for enhanced oil recovery or for disposal in cases where
TDS exceeds effluent limits. At DA only, sulfide is removed via oxidation and biological methods.
Permits for DB provided detailed information on well maintenance chemicals used onsite including

scale inhibitors, corrosion inhibitors, and a water clarifier (Table C1). Additionally, the permit stated

81



that hydraulic fracturing occurs every other year at this site. Details regarding well maintenance

chemicals and stimulation schedule were not available for the other two discharges.

N
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Figure 22. Map of samplinglocations at three undisdosed NPDES produced water discharges in Wyoming, Discharge A
(DA), Discharge B (DB) and Discharge C (DC). Surface water and sediment grab samples were collected in November
2018. Sites DA-D, DB-D and DC-D were collected directly from the discharge culvert. All other sites were collected
upstream (US), downstream (DS) or within the wetlands. The first wetland on each discharge is indicated by W1 and the
second by W2. When large enough, wetlands are indicated on the map in dark blue. In someinstances (DB-W1and DC-
W1) the wetlands are smaller and hidden beneath the samplingsite indicators. Site DC-100m was collected 100 m
downstream of DC-D.

At DA, discharge rates average 1.5 million liters per day and range between 0.4 and 6.5 million
liters per day. This discharge is released directly into a large (~40,000 m? wetland. Water then flows
approximately 0.3 km into a ~200,000 m*wetland that is less vegetated than the first. After leaving
the second wetland, water flows nearly 15 km and passes through additional CWs before it connects
with a much larger perennial stream that is used as a drinking water intake downstream. There is little

precipitation in the region (average 230 mm/year)”” and no additional tributaries to the wetlands and
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stteams discussed at these sites. As a result, the wetlands and streams downstream of all three
discharges are composed entirely of O&G PW unless there has been a recent precipitation event.

At DB, PW from 13 wells is combined, treated and released, resulting in a PW to oil ratio
exceeding 20:1. On average, DB releases 4.0 million liters per day directly into an ephemeral stream
bed. The stream bed contains some vegetation, including many reeds. A 350 m* wetland is located 0.8
km downstream of DA and the reeds are more concentrated in this area. Water exits the wetland
through a culvert and flows another 0.3 km to a pond, which was dry during the sampling event. At
the time of sampling, multiple wells at this site were not operating due to low oil prices. This resulted
in a lower than average discharge rate.

DC was the focus of an extensive chemical and toxicological evaluation presented in Chapters
2 and 3 of this dissertation. At DC, an average of 4.5 million liters of PW are released per day into an
ephemeral stream bed. A 450 m? CW is located 1.8 km from the discharge, followed by a dam that
separates the discharge into two equal streams. One continues southeast for about 2 km before
emptying into a playa lake which is a shallow, ephemeral lake, commonly found in the U.S. High Plains
region.”® The other stream continues another 30 km untl connecting with a larger perennial river that
is used as the drinking water intake for thousands of people downstream. Along this 30 km stretch
are a series of CWs, the first of which is located 5.2 km downstream of the discharge. This wetland is
approximately 2500 m? Similarly to DB, a portion of the wells at this site were not in operation during
sampling due to low oil prices.

Daily maximum effluent limits for these NPDES discharges are provided in Table 9. Effluent
limits are the same between all permits except DA has effluent limits forsulfide (as H,S) and selenium,
while the other two discharges do not. In addition to these effluent limits, the permit also states that

no floating solids or visible foam can be discharged other than in trace amounts. Discharge rate must

be reported monthly for DA and DC and every six months for DB. For DB and DC, sulfide as H,S
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must be reported quarterly. A toxic pollutants screen, which includes organic and inorganic pollutants
outlined in U.S. Code of Federal Regulations Title 40, Part 122, Appendix D, must be conducted in
the first, third and fifth years of the permit. Permits typically last four to five years. In addition to these
chemical limits, acute whole effluent testing (WET) is required quarterly at the site. This involves an
acute 48-hour static-renewal toxicity test using Daphnia magna and an acute 96-hour static-renewal
toxicity test using Pimephales promelas. Over the past three years, violations to these permits have been
identified at both DA and DB. At DA, the oil and grease effluent limits were exceeded. Violations at
DB included failed acute toxicity tests and exceedances for sulfate. No violations were reported at DC
in this time period.

Table 9. NPDES permit effluent limit daily maximums spedfic to the discharges in this study. If no limit listed, that
parameter was not spedfied for that discharge.

Parameter Discharge A Discharge B Discharge C
Specific Conductance 7500 uS/cm 7500 uS/cm 7500 uS/cm
Total Dissolved Solids 5,000 mg/L 5,000 mg/L 5,000 mg/L
Chloride 2,000 mg/L. 2,000 mg/L 2,000 mg/L
Sulfate 2,500 mg/L 2,500 mg/L 2,500 mg/L
Total Radium 226 60 pCi/L 60 pCi/L* 60 pCi/L *
Oil and Grease 10 mg/L ° 10 mg/L ° 10 mg/L °
pH 65-9.0¢ 65-90c¢ 65-9.0¢
Sulfide (as H2S) 200 mg/L - -
Selenium 5.0 png/L - -

1 Values taken directly from the permit. 60 pCi/L = 2.22 Bq/L.

b Permitalso states that there cannot be a “visible sheen in the receiving waters or deposits onthe bottom or shoreline of

the receiving waters.”

¢ pH range given. All other values are maxima.

4.2.2 Site Sampling

Surface water and sediment grab samples were collected at all three field sites in November
2018. Samples DA-D, DB-D and DC-D were collected directly from the NPDES discharge point (D),
immediately before the water entered the streams. All other sampling sites were located immediately
upstream, downstream or within a wetland. The naming conventions for these sites indicates their
location. For example, DC-USW1 is located upstream (US) of the first wetlands (W1). DC-W1 is
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located within the first wetland (W1) and DC-DSW1 is located downstream (DS) of the first wetland
(W1). Exceptions to these rules include DC-100m, which is located 100 m downstream of DC-D, and
DC-PLAYA, which is located near the inlet to the playa lake downstream of DC-D. In addition, a
control site wetland (CSW) that was unimpacted by PW releases was also sampled. A complete list of

site names, site descriptions and distances from the discharge are provided in Table 10.

Table 10. Sampling site names, desaiptions and distance from discharge point.

Site Name Distance from Discharge (km) Site Description

CSW - Control Site Wetland
Discharge A (DA)

DA-D 0.00 NPDES Discharge Point

DA-W1 0.33 Wetland 1

DA-DW1 0.53 Downstream of Wetland 1

DA-W2 1.41 Wetland 2

DA-DW2 2.06 Downstream of Wetland 2
Discharge B (DB)

DB-D 0.00 NPDES Discharge Point

DB-USW1 0.79 Upstream of Wetland 1

DB-W1 0.82 Wetland 1

DB-DSW1 0.84 Downstream of Wetland 1
Discharge C (DC)

DC-D 0.00 NPDES Discharge Point

DC-100m 0.10 100 m downstream of discharge

DC-USW1 1.79 Upstream of Wetland 1

DC-W1 1.85 Wetland 1

DC-DSW1 1.90 Downstream of Wetland 1

DC-USW2 5.24 Upstream of Wetland 2

DC-W2 5.40 Wetland 2

DC-DSW2 6.00 Downstream of Wetland 2

DC-PLAYA 4.10 Playa Lake Inlet

Water samples were collected in the center of the streams and as close to the center of the
wetlands as possible. Water samples for microbial analysis were collected using Sterivex filters (0.22
um, polyethersulfone, Millipore). Sediment samples in the streams were collected near the shore in an
area of sediment accumulation. In the wetlands, sediment samples were collected as close to the water

sample as possible, also in an area of sediment accumulation. With the exception of water samples for
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NPOC analysis, samples for organic analysis were collected in glass bottles with Teflon-lined caps.
Water samples for NPOC analysis were collected in plastic bottles and acidified in the field. Prior to
collection, all glassware was cleaned with Milli-Q water and methanol and baked in a muffle furnace
for 6 hours at 450°C. Samples for microbial analysis were collected in sterile plastic bags. Field and
lab blanks were also collected and processed alongside each analysis. At each site, a Hanna HI98194

probe was used to measure temperature, pH, and specific conductance of the water.

4.2.3 Non-purgeable Organic Catbon and Total Nitrogen Analyses of Water

Water samples for non-purgeable organic carbon (NPOC) and total nitrogen (ITN) were
collected in plastic bottles, acidified using HCI (pH < 2) in the field and immediately placed on ice.
Samples were stored at -20°C in the lab and analyzed within 4 weeks of collection. NPOC and TN of
water samples was determined using a Shimadzu TOC-L equipped with a platinum catalyst. Triplicate
injections were performed at 720°C. Standardization was based on a 6-point calibration cutrve using
aqueous potassium hydrogen phthalate (KHP) and potassium nitrate (KINOj) stock standards.
Dilutions were performed in the instrument and the limit of detection was approximately 0.2 mg/L.
Each sample was analyzed three times to ensure data repeatability. Check standards were run every 10

samples.

4.2.4 Total Organic and Inorganic Carbon of Sediments

Sediments for total carbon and total nitrogen were collected in glass bottles, stored on ice in
the field and then stored at -20°C in the lab until analysis. Analysis was conducted using a LECO
TruSpec CN. Wet sediments were dried in glass containers in the muffle furnace at 105°C, ground
using a mortar and pestle and then sieved through 2 mm sieve. Samples ranging from 0.05 g to 0.2 g
were weighed into tin sampling cups and placed in the autosampler for analysis. A Sidney High soil

standard was used for calibration. A blank and check standard were run every ten samples. Blanks
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consisted of empty tin cups for TC and TN. Results are reported as percent of sediment mass on a
dry weight basis.

Inorganic carbon (ie., carbonate) content of soils was analyzed using a calcimeter, pressure
transducer and voltage meter following methods in Sherrod, 2002.17. Samples ranging from 0.25 to
1.0 g were weighed into amber glass vials, depending on expected inorganic carbon concentration.
Next, 2 mL of a 6N HCI + 3% ferrous chloride solution was added to a 0.5 dram (1.84 mL) vial,
which was carefully placed into each amber vial to avoid spilling. Vials were then capped using a rubber
stopper and aluminum seal. Capped vials were shaken vigorously for one minute to ensure that the
HCI solution had wet the entire sample. Vials were then allowed to rest for two hours while the
reaction continued. After two hours, the voltage from each vial was measured using a voltage meter.
A needle attached to the voltage meter was quickly inserted into the septa of each vial and the voltage
was recorded. This needle was rinsed after each sample. Concentrations were determined using a 7-
point CaCO3 standard curve. Blanks consisted of empty headspace vials containing 2 mI of a 6N
HCI + 3% ferrous chloride solution. Organic carbon concentrations for sediments were determined

by subtracting the inorganic carbon value from the total organic carbon value.

4.2.5 Volatile Organic Compounds Analysis

Samples for volatile organic compound (VOC) analysis were collected without headspace,
stored onice in the field and stored at 4°C until analysis. Water samples were prepared following EPA
Method 5021A using a Tekmar 7000 Headspace Autosampler and analyzed for volatile organics
following EPA Method 8015 using an Agilent 6890N Network Gas Chromatography (GC) System
with a Flame Ionization Detector (FID). Analysis parameters for the headspace analyzer are shown in
Table 11. For GC-FID analysis, a Rtx-5 column (30 m length, 0.32 mm internal diameter, 0.25 um
film thickness, Restek) and the following temperature program wereused: 40 °C (held for2 min), then

increased at 12°C min™ to 150°C, then increased at 30°C min™ to 250°C (held for 3 min). Ultra-high
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purity helium was used as a catrier gas ata constant flow rate of 3 mL/min. Sample injection volumes
were 1 mL. Compound identification was achieved using retention times of analytical standards,
including Gasoline Range Organics (Restek, Bellefonte, PA) and naphthalene (Alfa Aesar, Ward Hill,

MA).

Table 11. Headspace analyzer parameters.

Variable Value
Platen/Sample Temp 75°C
Valve Oven Temp 150°C
Transfer Line Temp 150°C
Standby Flow Rate
Sample Equilibration Time 15 min.
Pressurize 10 psig
Pressurize Time 1 min.
Pressurize Equilibration Time 0.2 min.
Loop Fill Time 0.2 min.
Inject Time 1 min.
Mixer ON
Mixing Time 2 min,
Mixer Level 3
Mixer Stabilize Time 0.1 min.
Constant Heat Time ON

4.2.6 Semi-Volatile Organic Compound Analysis

Both water and sediment samples analyzed for semi-volatile organic compounds were stored
on ice in the field and keptat -20°C in the lab until analysis. Water samples were filtered through glass
microfiber filters (Whatman, Grade 934-AH; cleaned in the muffle furnace) and then extracted.
Samples (500 mL) were adjusted to pH = 11 using 6M sodium hydroxide and then extracted 3 times
with dichloromethane (DCM) (60 mL) using an Erlenmeyer flask. Each DCM portion was collected
into a glass flask. After 3 washes, the water sample was then adjusted to pH 2 and three additional
extractions were performed with 60 mL of DCM each. The DCM portions were collected in the same
flask as the pH 11 extracts. The DCM extract was then filtered through 30 g 0of NaSO, (pre-combusted
at 450°C for 4 hours) to remove any remaining water in the DCM. Subsequently, DCM was evaporated
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using a rotary evaporator at 35°C, 130 rpm until ~5 mL of the sample remained. Extracts were then
transferred to pre-weighed glass sample vials and evaporated under a gentle stream of N, gas until ~1
mL of extract remained. At this point, the vials were weighed again and the internal standard (Restek,
SV Internal Standard Mix) was added. Extracts were stored at -20°C until analysis.

Sediments for SVOC analysis were freeze-dried in glass containers, ground using a mortar and
pestle and sieved through 2 mm sieve. For each site, 5 g of sediment was combined with 5-11 mL of
DCM, depending on sample density. Vials were shaken by hand for 60 seconds, allowed to vent and
then placed on a vibration shaker table for 60 minutes. After settling for 1 hour, a 1 mL aliquot of
DCM was removed from each vial. The internal standard (Restek, SV Internal Standard Mix) was
added and extracts were stored at -20°C until analysis.

DCM extracts for water and sediment samples were analyzed for (semi-)volatile organics by
an Agilent 6890 gas chromatograph equipped with an Agilent 5973N Mass Selective Detector using a
VE-5MS column (30 m length, 0.25 mm internal diameter, 0.25 pm film thickness, Agilent) and the
following oven temperature program: 50°C (held for 2 min), then increased at 7°C min' to 215°C,
then increased 15°C min-1 to 315 and held for 5 min. Ultra-high purity helium was used as a carrier
gas at a constant flow rate of 1 mL/min. Sample injections were 2 uL. Injector temperature was set at
285°C. The GC-MS transfer line temperature was maintained at 320°C and the ion source temperature
was held at 230°C. The mass spectrometer was operated in electron ionization mode (70 eV). Mass
spectra wete recorded in full scan mode (7/ 3 45-600). Compound identification was achieved using
mass spectra and retention time of analytical standards, including Gasoline Range Organics, Diesel
Range Organics (Restek, Bellefonte, PA), EPA 625 Semivolatiles Calibration Mix (Supelco, Bellefonte,

PA), 1-methylnapthalene , and 2-butoxyethanol (Sigma Aldrich, Saint Louis, MO).
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4.2.7 Non-Volatile Organic Compound Analysis

Both water and sediment samples were analyzed for non-volatile organic compounds. Water
samples were collected without headspace, stored on ice in the field and stored at 4°C in the lab until
analysis. Sediment samples were stored on ice in the field and at -20°C in the lab. Water samples wete
filtered through glass microfiber filters (Whatman, Grade 934-AH) and then extracted. Solid phase
extraction (SPE) wasused to concentrate surfactants and reduce the salt concentrations in the samples.
Glassware for surfactant analysis was pre-cleaned by washing with deionized water (3x), Milli-Q water
(3x) and methanol (1x) followed by baking in a muffle furnace (400°C for 8 hours). Bottles were rinsed
three times with sample water prior to collection. Prior to extraction, high purity hydrochloric acid
was added to water samples to adjust to pH 3 in order to increase extraction efficiency. Supel
Select HLB cartridges (200mg/6mL, Supelco, Bellefonte, PA) wetre conditioned with methanol
(HPLC grade, Fisher) followed by Milli-QQ water and Milli-QQ water, adjusted to pH 3 using
hydrochloric acid. A volume of 1000 mL of sample was applied to the cartridges (5-10 mL min™).
Cartridges were washed with 50 mL of 5% methanol solution and then dried under vacuum for 15

minutes. Surfactants were eluted from the cartridge using 10 mL of methanol. Samples were stored at

-20°C and analyzed within 24 hours.

Sediment extracts were prepared following methods described in Lara-Martin et al., 2011'%,
Sediment was freeze-dried, milled and sieved following the procedures described for SVOCs.
Extraction was performed using three 30-minute cycles in a sonicator bath at 50°C. Methanol was
used as the solvent. After each sonicator cycle, samples were centrifuged for 5 minutes at 8,000 rpm
and the solvent was decanted. All three extracts were combined and then filtered through a glass
microfiber filter (Whatman, Grade 934-AH). Samples were evaporated to 2 mL using a gentle stream

of nitrogen and then reconstituted to 100 mL using Milli-QQ water. Samples were extracted using the

SPE method described for the water samples, with the wash volume reduced to 10 mL, and then
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evaporated down to 1 mL using a gentle stream of nitrogen. For both water and sediment extracts,
octaethylene glycol monodecylether (Sigma Aldrich, Saint Louis, MO) was added as an internal
standard.

Water and sediment methanol extracts were analyzed for NVOCs using a Quadrupole Time-
of-Flight mass spectrometer (Q-ToI-MS). Extracts wereanalyzed using an Agilent 1290 Infinity Series
liquid chromatograph coupled with an Agilent 6530 Quadrupole Time-of-Flight mass spectrometer
(Q-ToF), using the method described in Thurman et al. (2014)'* with the following exceptions.
Mobile phases were A (0.1% formic acid) and B (acetonitrile). A gradient elution method was
developed with 0-2 minutes, 20% B; 2-15 min, 20-95% B; 15-22 min, 95% B; 22-25 min, 20% B. The
flow rate was 0.6 mL/min, the injection volume was 20 pL, and the temperature of the drying gas was
325°C. Peaks were identified by accurate mass and potential chemical formulas, which were then
verified using surfactant standards. An exact concentration of each surfactant series could not be
determined due to a lack of commercial standards with known ethoxymer distribution. Instead, an
estimated concentration was determined at the discharge using polyethylene glycol 400, polypropylene
glycol (Alfa Aesar, Haverhill MA), and 4-nonylphenol-polyethylene glycol (Sigma Aldrich, Saint
Louis, MO) standards. For alkyldimethylbenzylammonium chloride (ADBAC), three different alkyl
lengths (C10, C12, C14) were detected and a dodecyldimethyl-7-benzylammonium chloride (Alfa
Aesar, Haverhill, MA) standard was used to estimate concentration. Relative concentrations (C/C)
were determined for samples downstream since all samples were stored in the same manner and
extracted and analyzed at the same time.

4.2.8 Microbial Analysis (16S rRNA gene Sequence Analysis)

Sterivex filters and sediments for microbial analysis were stored in sterile plastic bags on dry

ice in the field and at -70°C in the lab until analysis. Total nucleic acids were extracted from 0.4 g of

sediment using the DNeasy PowerSoil Ki (Qiagen) and eluted with 10 uL. of elution buffer, then stored
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at -20°C. Extracted DNA purity and quantity were measured on a Qubit Fluorometer (Thermofisher
Scientific). DNA was sequenced at the Colorado State University next-generation sequencing
facility. Bacterial 16s tRNA gene libraries were prepared according to the two-step PCR workflow in
the I/umina 165 Metagenomic Sequencing Library Preparation Protocol (Part 15044223 Revision B). Round
one primers were modified to include n=0 to n=3 base pair heterogeneity spacers according to Galan
et al,, 2018. Round two primers included two eight base pair barcodes for sample multiplexing (Frank
et al,, 2009). HiFi HotStart ReadyMix (Roche Ltd.) was used to amplify libraries. Individual libraries
were pooled at approximately equimolar ratios and library QC included visualization on
with Tapestation HS D1000 reagents (Agilent, Inc.) and qPCR using Library Quantification Master
Mix and Standards (Roche Ltd.). The pooled libraries were sequenced at 10pM on
the MiSeq instrument (Ilumina Inc.) using the 500 cycle (2 x 250 base pair) V2 Reagent Kit with
15% PhiX spike-in to increase base-call heterogeneity during the run.

Data processing was conducted with QIIME2 following the protocol of Borton et al. 2017.'%
Samples with less than 5000 reads were discarded due to low data quality. Statistical analysis was
performed primarily using the R statistical package “vegan”. Alpha diversity was calculated with the
diversity function to investigated both richness and Shannon’s diversity. Beta diversity was
calculated by analyzing Bray-Curtis dissimilarities using the relative abundance of samples, and then
plotting these values with non-parametric multi-dimensional scaling (NMDS) plots in R. Both a multi
response permutation procedure and mean dissimilarity matrix (mrpp) function and an analysis of
similarities (anosim) function were calculated to determine the significance of differences between

sample groups.
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4.3 Results and Discussion
4.3.1 Field Parameters

Field parameters for the sampling sites are shown in Table 12. For all three discharges,
temperature was highest at the discharge point (DA-D: 35.4°C; DB-D: 10.6°C; DC-D: 40.4°C) and
decreased with distance downstream. Temperature decrease was more rapid in DA and DB than in
DC. At DA and DB, pH was lowest at the discharge (DA-D:7.07; DB-D: 7.40) and trended upward
in the wetlands and with distance downstream. At DC,pH was 7.90 at the discharge, increased slightly
through the first wetland and then decreased through the second wetland. Previous studies have
observed increases in pH downstream of both oil and gas and coalbed methane (CBM) PW discharges
in Wyoming and attributed the increases to evaporation and carbonate precipitation.’> ' All sampling
sites were within the range of the pH permitted at the effluent (pH 6.5-9).

In both DA and DB, specific conductance waslowest at the discharge (DA-D: 6,400 uS/cmy
DB-D: 5,080 uS/cm) and increased with distance downstream. This is likely due to evaporation. In
Discharge A, specific conductance was above the permit effluent limits (7,500 uS/cm) at site DA-W2
(7,830 uS/cm) and DA-DSW2 (11,400 uS/cm). Specific conductance at DC was lower than in DA
and DB and remained relatively steady at all sampling sites, ranging between 1910 and 2290 pS/cm.
In the control site wetland (CSW), temperature was 4.9°C, pH wasslightly higher than in the impacted
wetlands (8.80), and specific conductance was substantially lower than in the impacted wetlands (900

uS/cm).
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Table 12. Field parameters for all sites during November 2018 sampling event.
Temperature Specific Conductance

Site Name C) pH (uS/cm)
CSW 4.9 8.80 900
Discharge A
DA-D 35.4 7.07 6400
DA-W1 1.9 8.41 5790
DA-DW1 3.6 8.05 6330
DA-W2 2.1 8.30 7830
DA-DW?2 24 8.56 11400
Discharge B
DB-D 10.6 7.40 5080
DB-USW1 - Water too low for sampling----------
DB-W1 1.0 7.62 6420
DB-DSW1 1.9 7.77 6430
Discharge C
DC-D 40.4 7.90 2270
DC-100m 411 8.11 2290
DC-USW1 29.8 8.40 2090
DC-W1 271 8.50 2080
DC-DSW1 24.4 8.36 2010
DC-USW2 16.5 7.73 2000
DC-W2 15.7 7.76 1910
DC-DSW2 24 7.81 1990
DC-PLAYA 11.8 7.72 2090

4.3.2 Total Organic Carbon and Total Nitrogen in Water

Non-purgeable organic carbon (NPOC) and total nitrogen (TN) were analyzed in water
samples to understand changes in bulk contaminant parameters due to treatment with CWs. NPOC
ranged from 2.4 to 8.7 mg/L in water samples. In both Discharge B and C, NPOC concentrations
generally decreased with distance downstream and rates of removal increased in the wetlands (Figure
23). In contrast to the other two discharges, NPOC in Discharge A increased steadily with distance
and the rate of attenuation was not altered in the wetlands. NPOC in the unimpacted wetland was
6.25 mg/L. TN in water samples ranged from 0.0 to 3.0 mg/L in all sites. In all three discharges, TN

concentrations trended downward with distance downstream. Previous studies have reported that
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CWs ate effective at reducing NPOC and TN in PW, as well as other wastewaters.””> '’ The increase

in NPOC in DA was unexpected and the cause is currently unknown.
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Figure 23. Non-purgeable organic carbon (NPOC) and total nitrogen (TN) in water samples collected at the three
dischatges. Wetlands are represented by grey boxes.

4.3.3 Total Carbon, Organic Carbon, Inorganic Carbon and Total Nitrogen in Sediment
Total carbon, organic carbon, inorganic carbon and total nitrogen were analyzed in the
sediment samples because it was hypothesized that these sediment characteristics may impact
attenuation rates and sorption of well maintenance chemicals. Sediments in the three discharges
ranged from 0.5 to 12.9 % (dry wt.) total carbon (TC). In general, TC trended downward withdistance
from the discharge (Figure 24). In both Discharge A and Discharge C, however, TC waslower at the
discharge site (DA-D, DC-D) than at the site immediately downstream. Additionally, TC increased
slightly within the first wetland on Discharge B (DB-W1) and within the second wetland on Discharge

C (DC-W2).
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Figure 24. Total Carbon (TC), total inorganicarbon (TIC) and total organiccartbon (TOC) concentrations (% dry wt.)
versus distance downstream (km) from each of the discharges. Grey areas indicate locations of wetlands.

For all three discharges, total inorganic carbon (TIC) was the dominant form of carbon
through the first wetland and therefore followed the same trend as TC. In sediments collected from
the second wetland in Discharge A and Discharge C, organic carbon (OC) was the dominant form of
carbon, as shown by the increasing TOC:TIC ratios downstream (Figure C1). An increase in organic
carbon content was observed in most of the wetlands including DA-W2, DB-W1, DC-W1 and DC-
W2. This is likely due to decomposition from plants. In the control site wetland, total carbon was
5.5%, TIC was 2.0%, TOC was 3.5% and the TOC to TIC ratio was 1.8. Finally, in all three discharges,

the carbon to nitrogen ratio of sediments generally decreased with distance from the discharge (Figure

C2).
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4.3.4 Volatile Organic Compounds Analysis

Volatle organic compounds (VOCs) detected at the discharge included 1,24-
trimethylbenzene, benzene, toluene, ethylbenzene, xylenes (BTEX) and acetone (Figure 25). VOC
concentrations were highest at DB-D, with benzene (848 pg/L)and toluene (1,070 pg/L) being the
most prominent. Total BTEX released at this site was 2,640 pg/L. Concentrations of VOCs wete
lower at DA-D (BTEX: 880 pg/L), by as much as an order of magnitude, and were lowest at DC-D
by another order of magnitude (BTEX: 70.0 pg/L). Both benzene and toluene were detected
downstream in DA and DB, but below the limit of quantification (LOQ). All other VOCs were below
the detection limit in downstream samples. As a result, changes in VOC chemical concentration
cannot be used to assess the efficacy of these wetlands for PW polishing. Previous studies have shown,
however, that benzene removal in both wetlands and streams is dominated by volatilization.'” This
was also observed and discussed in Chapter 2 of this dissertation.

The VOCs detected at these discharges are geogenic chemicals and therefore naturally present
in PW. Many are also components of well maintenance chemicals identified in the NPDES permits
(1,2,4-trimethylbenzene, toluene, xylenes and ethylbenzene; Table C1). Additionally, acetone is a
commonly used solvent and a known by-product of polypropylene glycol (PPG) biodegradation,
another well-maintenance chemical detected at these sites.® Permit effluent limits are not defined for
these species, however, benzene, toluene and ethylbenzene are monitored as part of the toxic pollutant

screening (DA: every three months; DB and DC: every two years).
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Figure 25. Volatile organic compound (VOC) concentrations detected at each of the discharges.

In January 2019, Discharge B failed both the Daphnia magna and Pimephales promelas acute
toxicity tests. As a result of this failure, the operators are required to test the toxicity again and conduct
a toxicity identification evaluation if the issue isn’t resolved. The permit does not indicate if discharge
could be halted due to continued noncompliance on this test. Toluene, ethylbenzene and xylene
concentrations at DB-D all exceeded the surface water acute toxicity values for aquatic species
(Toluene: 120 pg/L; Ethylbenzene: 130 pg/L; Xylenes: 230 pg/L) and likely contributed to the failed
toxicity assays (Table 3). It should also be noted that benzene is a known carcinogen and was released
at concentrations 170 times greater than the maximum contaminant level (MCL) for drinking water
(Table 7).

At DA-D, toluene and xylenes were also above the acute toxicity threshold for aquatic species;
however, no violations of the acute toxicity test have been reported at this site. This may be due to
the WET testing methods which state that “aeration may be used to bring the [dissolved oxygen| and
other gases into equilibrium with ait” and would therefore reduce VOC concentrations.

Concentrations of VOCs at DC-D were not above acute aquatic toxicity thresholds. At all discharge
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points, BTEX were above chronic toxicity thresholds for aquatic species (Table 3). Thus, chronic
impacts to downstream users (e.g., fish, livestock, waterfowl) are possible including endocrine
disruption, and increased potential for cancer, etc.
4.3.5 Non-Volatile Organic Compounds: Water Analyses

Water samples were analyzed for non-volatile organic compounds (NVOCs) using liquid
chromatography. Analysis revealed the presence of polyethylene glycols (PEGs), polypropylene
glycols (PPGs), nonylphenol ethoxylates (NPEOs), and alkyldimethylbenzylammonium chlorides
(ADBACsS) in all three discharges and in many samples downstream (Figure 26, Figure 27, Figure C3).
Concentrations of all four surfactants were below detection limit in the control site wetland (CSW).
PEGs, PPGs and NPEOs are non-ionic surfactants commonly used by the oil and gas industries as

emulsifiers, wetting agents and corrosion inhibitors.®

These surfactants are not listed as components
of the well maintenance chemicals reported at DB; however, ethylene glycol and propylene glycol, the
monomer of PEGs and PPGs, respectively, are bothlisted (Table C1). These chemicals are more likely
to be used in hydraulic fracturing at the sites, which occurs every other year at DB and possibly ona
similar schedule at the other two discharges. ADBACs are a cationic surfactant and quaternary

ammonium compound mixture commonlyused as a biocide in the oil and gas industry.* This chemical

is also listed as a component of the well maintenance chemicals used at DB (Benzyl-Dimethyl-

Dodecyl-Ammonium Chloride; Table C1).

4.3.5.1 Discharge A

In DA-D, ADBACs were the most prominent surfactant and were detected ata concentration
two orders of magnitude greater than the other three surfactants (PEGs: 4.4 ug/L; PPGs: 2.1 pg/1;
NPEOs: 2.7 ug/L; ADBACs: 347 ng/L). Concentrations of all surfactants decreased with distance
downstream in Discharge A (Figure 26). After the first wetland, 9% of PEGs, 66% of PPGs, 16% of

NPEOs and <0.1% of ADBACs remained. After the second wetland, 5% of PEGs and 6% of PPGs
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remained and both NPEOs and ADBACs were below detection limit. Wetlands are indicated by the
grey boxes in Figure 26. The rate of attenuation was fastest for ADBACs, which were almost
completely removed in the first wetlind. ADBACs were likely attenuated faster than the other
surfactants due to the fact that it is positively charged and therefore strongly attracted to sediments,
which are largely negatively charged.' Sorption also occurs due to the large hydrophobic moieties on
ADBACSs and interactions with soil organic matter.*” '’ Three different alkyl lengths of ADBAC wete
detected including C10, C12 and C14 (decyl, dodecyl and tetradecyl) and it is expected that preferential
sorption due to hydrophobic interactions would increase with increasing chain length.'” The starting
composition of the ADBAC mixture is unknown, however, so this hypothesis cannot be tested.
Additionally, concentration of ADBACs were below the minimum inhibitory concentration, which
have been reported on the order of 100 mg/L.""** Aqueous biodegradation of ADBACs have been
reported in some instances; however, due to its high soil sorption coefficient (log K, = 5.5-7), it is
expected that sorption is the dominant attenuation mechanism for this species.*> 1% 1>

PEGs, PPGs and NPEOs all persisted past the first wetland in Discharge A. Within the first
wetland, PEGs and NPEOs attenuation rates were greater than observed for PPGs. Within the second
wetland PPGs attenuation rates remained steady, however, rates of attenuation for PEGs and NPEOs
decreased. Previous soil microcosm studies have shown that PPGs are more recalcitrant than PEGs
and NPEOs, which agrees with observations in the first wetland.® ** The reason for different
attenuation rates in the second wetland in unknown; however, there were some clear differences

between the wetlands that are likely to impact attenuation rates. Most importantly, the second wetland

is less vegetated and more saline than the first.
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Figure 26. Relative concentration of polyethylene glycol (PEG), polypropylene glycol (PPG) and nonylphenol
ethoxylate (NPEO) and average ethoxymer (EO) length for each spedes versus distance from the NPDES discharge
(km) at Discharge A. PEG, PPG and NPEO were all below detection in the control wetland. Grey ateas indicate

loaations of wetlands.

Additionally, changes in average ethoxymer length were observed for all three non-ionic
surfactant species with distance downstream (Figure 26), providing another line of evidence that
concentrations of these species decreased due to transformation and not dilution. Within the first
wetland, average PEGs ethoxymer length increased slightly (11.5 to 11.6), average PPGs ethoxymer
length increased (8.3 to 9.5) and average NPEOs ethoxymer length decreased (11.1 to 9.9). In the
second wetland, average ethoxymer length for all three non-ionic surfactants decreased (PEGs: 10.3;
PPGs: 8.9; NPEOs: 8.5). All three surfactant species are known to biodegrade via sequential ethoxylate
chain shortening, which leads to changes in homolog distribution depending on preferences in
ethoxymer chain length.'>  This is most clear for average ethoxymer length of NPEOs, which
decrease steadily throughout both wetlands. A decrease in NPEOs average ethoxymer length,

however, is also indicative of hydrophilic interactions between NPEOs and mineral components in
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sediment.” These interactions are relatively weak, and consequently biodegradation is likely the
dominant mechanism." A similar attenuation mechanism is likely for PEGs and PPGs in the second
wetland due to the combined decrease in concentration and average ethoxymer length. The increase
in PEGs and PPGs average ethoxymer length within the first wetland may be due to preferential

biodegradation of shorter ethoxymer lengths, which has been observed previously for PEGs."

4.3.5.2 Discharge B

In DB-D, ADBACs were once again the most prominent surfactant and was detected at a
concentration one order of magnitude greater than the other three surfactants (PEGs: 7.0 ug/L; PPGs:
4.2 pg/1L;NPEOs: 1.7 ng/L; ADBACs: 62 ng/L). The total concentration of detected surfactants was
one order of magnitude lower than that in DA-D (75 pg/Lin DB-D vs. 356 pug/Lin DA-D) as a
result of the lower ADBACSs concentration at this site. All non-ionic surfactants were within the same
order of magnitude as detected at DA-D. All four surfactants detected at DB-D were below detection
limit in the first wetland (DB-W1), which was the first sample collected downstream. Due to low water
levels and ice in this system, a water sample could not be collected upstream of the first wetland. As
mentioned previously, PW discharge rate was below average at this site due to decreased oil prices at
the time of sampling. Asa result of increased interaction between the sediment and water, lower water
volumes would likely increase sorption rates, which is a major mechanism of surfactant attenuation.
Biodegradation could also be increased due to increased interaction with microbial soil communities. '

1% Thus, surfactants may persist farther downstream when discharge rates are increased.

4.3.5.3 Discharge C

In DC-D, all non-ionic surfactants were present at concentrations one order of magnitude
greater than ADBACs (PEGs: 2.5 png/L; PPGs: 6.5 pg/L; NPEOs: 3.8 ng/L; ADBACs: 0.1 ug/L).
The total concentration of surfactants detected in DC-D (12.9 ng/L) was lower than in DA-D and

DB-D. Additionally, DC-D was the only discharge where ADBACs were not the most prominent
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chemical additive. Concentrations of PPGs, NPEOs and ADBACs decreased with distance
downstream. After the first wetland, 81% of PPGs and 65% of NPEOs remained and ADBACs wete
below detection limit. After the second wetland, 4% of PPGs remained and NPEOs were below
detection limit. As shown in Figure 27, attenuation rates for PPGs and NPEOs increased within the
wetlands (indicated by grey boxes) as compared to the streams.

A slightly different trend wasobserved for the concentration of PEGs in Discharge C. Initially,
the concentration of PEGs decreased with distance and 96% remained upstream of the first wetland.
Within the first wetland, however, relative concentration of PEGs increased to 102%. An increase in
surfactant concentration wasnot observed for any other surfactant or at any other discharge, however,
analysis conducted in February 2018 showed an increase in concentration of PEGs upstream of this
wetland (see Chapter 2). This increase may be due to NPEO biodegradation. Previous studies have
provided evidence for a central fission mechanism for NPEO degradation, which would generate
PEGs and nonylphenol (NP).”! This is supported by the fact that a shift towards the major NPEO
homologues EO8-EO11 was observed in PEGs (Figure C5 and Figure C9) and that reduction of
NPEOs (1.0 nM) was greater than generation of PEGs (0.3 nM). Other mechanisms, including
variability in discharge composition, are also possible. Downstream of the first wetland, concentration
of PEGs decreased and were below detection limit downstream of the second wetland. Similar to
PPGs and NPEOs, attenuation rate for PEGs increased within the second wetland as compared to

the streams.
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Figure 27. Relative concentration of polyethylene glycol (PEG), polypropylene glycol (PPG) and nonylphenol
ethoxylate (NPEO) and average ethoxymer (EO) length for each spedes versus distance from the NPDES discharge
(km) at Discharge C. PEG and NPEO were below detection limit at DC-W2 (6 km) and at DC-PLAYA (4.1 km). Grey

areas indiate locations of wetlands.

Similar to Discharge A, decreases in surfactant concentration were accompanied by changes
in average ethoxymer length. In general, average ethoxymer length decreased with distance, with the
exception of PPGs between the upstream and downstream site on the second wetland (DC-USW?2 vs.
DC-DSW2) (Figure 27). PEGs and NPEOs were below detection limit downstream of the second
wetland (DC-DSW?2) so an average ethoxymer length could not be calculated for those species at that
site. Similar to attenuation rates, the rate of ethoxymer decrease was generally higher within the
wetlands than within the stream. As mentioned previously, this decrease in ethoxymer length is
indicative of sequential ethoxylate chain shortening, which is a well-known biodegradation mechanism
for PEGs, PPGs and NPEOs. Thus, the increased rate of ethoxymer decrease combined with
increased attenuation rates suggests that biodegradation of surfactants is increased within the wetlands.

As discussed in Discharge A, sorption is another important attenuation mechanism for these
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surfactants. Previous studies have shown that sorption of NPEOs is greater than PEGs and PPGs

and therefore this is likely why NPEOs were attenuated faster than the other non-ionic surfactants.®

4.3.6 Non-volatile Organic Compound: Sediment Analyses

Sediment sample extracts were also analyzed for non-volatile organic compounds (NVOCs)
using liquid chromatography. PEGs, PPGs, NPEOs and ADBACs were detected at all sites
downstream of the three discharges (Table 13), indicating that these species sorbed to sediments.
Surfactants were below detection limit in many of the water samples, suggesting that these species
accumulated over time in the sediment and/or that the chemicals were previously used at higher
concentrations. PEGs and PPGs were also detected in the control site wetland (CSW: PEGs: 6.9
ug/kg; PPGs: 2.0 ug/kg) at concentrations lower than in the PW impacted samples. NPEOs and

ADBACs were below detection limit in the control site wetland (CSW).

4.3.6.1 Discharge A

At DA-D, ADBACs were the most prominent surfactant and were present two orders of
magnitude higher than any of the other surfactants (PEGs: 15.5 ng/kg; PPGs: 19.2 pug/kg; NPEOs:
30.9 ng/kg; ADBACs: 1430 ng/kg). Concentrations of all surfactants increased in the first wetland
(DA-W1). This was most apparent for ADBACs which increased by two orders of magnitude to
455,000 pg/kg, thereby accounting for 99.9% of the mass of identified surfactant species at DA-W1.
This increase is likely due to a variety of factors most importantly electrostatic sorption of ADBACs
to the negatively charged sediment. The cationic portion of ADBAC sorbs to negatively charged clay
and can exceed the cationic exchange capacity (CEC) if the alkyl chain length is large enough to
sufficiently increase hydrophobic effects.*” ¥ ADBAC with alkyl lengths of 10-14 carbons were
detected at these sites and a previous study has observed that ADBAC with more than 8 carbons in
the alkyl chain can sotb beyond the CEC.'" Studies have also shown that this can lead to extensive

clay aggregation, which has the potential to impact the lifetime of the wetland. Sorption above the
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CEC may decrease surface area of the clays and reduce the ability to attenuate contaminants; however,
additional studies are needed to further elucidate the impact of this process. Additionally,
concentration of ADBACs may be elevated at this site because it is less biodegradable than the other

surfactants, although some studies have shown that degradation rates of ADBACs, NPEOsand PEGs

in sediments are similar.!®”

Table 13. Concentration of polyethylene glyools (PEGs), polypropylene glywls (PPGs), nonylphenol ethoxylates
(NPEOs) and alkyldimethylbenzylammonium chlorides (ADBACs) in sediment grab samples collected from the three
discharges and the control site wetland (CSW).

NPEOs ADBAC:S

Site Name PEGs (ug/kg)  PPGs (ug/kg) (ue/ke) e/ ke)
CSW 6.9 2.0 Below LOD Below LOD

Discharge A
DA-D 15.5 19.2 30.9 1430
DA-W1 196 22.8 70.0 455000
DA-DSW1 202 10.2 29.2 154
DA-W2 85.1 7.8 431 45.0
DA-DSW2 15.7 54 23.6 5.7

Discharge B
DB-D 66.8 1150 132 6110
DB-USW1 33.9 16.1 11.6 1.4
DB-W1 24.8 28.3 44.5 1.8
DB-DSW1 50.0 38.0 28.0 2.8

Discharge C
DC-D 59.3 76.5 122 83.5
DC-100m 447 38.7 11.6 11.3
DC-USW1 25.8 35.7 138 6.4
DC-W1 18.9 11.8 233 35
DC-DSW1 14.0 7.3 14.6 1.4
DC-USW2 47.8 184 167 3.7
DC-W2 444 382 194 0.7
DC-DSW2 28.6 34 11.0 39
DC-PLAYA 17.7 76.9 136 1.9

Surfactant concentrations may also be elevated at this site as a result of ADBACs suppressing
microbial activity, resulting in increased surfactant accumulation in the sediments. Quaternary

ammonium compounds may retain their biocidal properties when sorbed.” Biodegradation is a
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dominant removal mechanisms for all four surfactants in sediment and subsequently removal rates
would be influenced by a decrease in microbial activity.”” At downstream sampling locations, ADBAC
concentrations decreased substantially (DA-DSW1: 154 ug/kg) and concentrations of all non-ionic
surfactants trended downward. Decreased accumulation is likely due to the fact that these sediments
are exposed to lower concentrations of surfactants and potentially because total carbon decreases
downstream as well.
4.3.6.2 Discharge B

At DB-D, ADBACs were the most prominent surfactant, accounting for 81.9% of the mass
of sediments detected at the site (PEGs: 66.8 ng/kg; PPGs: 1150 pg/kg; NPEOs: 132 ug/kg;
ADBACs: 6110 ug/kg). In downstream samples, concentrations of surfactants were lower than
detected at DB-D. Over the distance of the wetland, total concentration of surfactants increased
slightly downstream (DA-USW1: 63.0 pg/kg; DA-W1: 99.3 pg/kg; DA-DSW1: 119 nug/ke).
Concentrations of NPEOs increased within the wetland (DB-USW1: 11.6 ng/g; DB-W1: 44.5 ng/g),
which also corresponded with a 2-fold increase in both inorganic and organic carbon. A previous
study found that sorption of NPEOs increased by an order of magnitude when sediment organic
carbon increased 3-fold." Additionally, in samples downstream of the discharge, ADBACs were the
least prominent surfactant as compared to the other surfactants detected in those samples, indicating
that this surfactant was relatively immobile as compared to the other surfactants detected.
4.3.6.3 Discharge C

At DC-D,NPEOs were the most prominent surfactant, although all surfactants were present
within a similar range (PEGs: 59.3 ng/kg; PPGs: 76.5 ng/kg; NPEOs: 122 pg/kg; ADBACs: 83.5
ug/kg). Concentrations of ADBACs generally decreased with distance downstream. Sediment

concentrations of the non-ionic surfactants generally decreased with distance, until the site upstream

of the second wetland (DC-USW?2) where all three increased. The highest total concentration of
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surfactants was observed within the second wetland (621 ng/kg)and then decreased downstream. The
TOC concentration is also highest at this site, suggesting that sorption of PPGs and NPEOs increases
with increased organic carbon. Sorption of NPEOs increases with increasing organic carbon, however,

a similar study on sorpton of PPGs is not available."

4.3.7 Microbial Community Analysis

A microbial community analysis was conducted with 16S rRNA gene sequences of the water
and sediment samples to determine which organisms were present and if microbial communities
changed with distance downstream of the PW discharges. Figure 28 shows the relative abundance of
microorganisms present in each water sample at the class taxonomic rank and Figure 29 shows relative
abundance for sediment samples. Samples are arranged by discharge and presented versus distance,
with the most upstream sample on the left. To simplify presentation, classes are only shown if they
account for at least 3% relative abundance in at least one sample. All taxa below this threshold are
reported as “Other.” Samples with less than 5000 reads were not included in this analysis. Thus, some
samples are not shown in these results including DA-D, water; DA-D, sediment; DC-W1, sediment;
and DC-DSW1, sediment. Both DA-D (water) and DC-W1 (sediment) are currently being rerun and
will be included in additional analyses if reads are high enough.

In water samples, there were some clear trends in microbial community composition based on
relative abundance of 16S rRNA gene sequences versus distance in each discharge. In general, it was
clear that the microbial community wasinfluenced by PW closer to the discharge and that as the water
became more polished (with distance downstream), the communities became more similar to the
communities within the CSW. In the CSW water sample, the microbial community was dominated by
Actinobacteria (21%), Bacteroidia (21%), Gammaproteobacteria (16%) and Oxyphotobacteria (11%).
In general, Bacteroidia was less prominent closer to the PW discharges than it was in the CSW and

increased with distance downstream. Gammaproteobacteria was generally more prominent closer to
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the PW discharges than it was in the CSW, and decreased with distance downstream. Additionally, the
relative abundance of Actinobacteria was less than 2% in all water samples collected from the NPDES
PW discharges, which is an order of magnitude less than that observed in the CSW. Similatly,
Oxyphotobacteria were always less dominant in the samples collected downstream of the NPDES

PW discharges than in the CSW.
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Figure 28. Micobial community composition (based on relative abundance of 16S rRNA gene sequences) for water
extracts by dass for A) Discharge A, B) Discharge B, C) Discharge C and D) Control Site Wetland. Sites are arranged
from dosest to the discharge (left) to farthest from the discharge (right). The water extract for DA-D is currently being
re-run due to evaporation issues during the first round of analysis.
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The results from the abundance plots are further supported by the beta diversity results from
the NMDS analysis (Figure 30) conducted on the water samples. NMDS analysis showed that the
control site wetland microbial community was significantly different from the microbial communities
in the impacted wetlands (p<<0.0000). The difference between the CSW and the discharges was also
significantly different (p = 0.0001). There was no significant difference between the impacted wetlands
and discharge samples, likely because the two discharge samples were very different from each other.

Differences in microbial community were not as prominent in the sediment samples as they
were in the water samples, however, in both Discharge A and Discharge C differences were observed
versus distance downstream. In the sediment collected from the CSW, the most dominant taxa wete
Bacteroidia (18%), Deltaproteobacteria (14%), Gammaproteobacteria (14%), Anaerolineae (11%) and
Other (20%). In Discharge A, the microbial community in the most upstream sediment sample (DA-
W1), was different from that observed at the CSW. While Deltaproteobacteria (13%) and Other (24%)
were dominant at this site, similar to CSW, Phycisphaerae (16%) and Unassigned Bacteria (8%) were
also prominent. In samples downstream, however, the microbial community became more similar to
the CSW, with Bacteroidia, Deltaproteobacteria, Gammaproteobacteria, Anaerolineae, and Other
being the most dominant taxa in the three sediment samples collected downstream. Thus, it appears
that the most upstream sample (DA-W1) was impacted by the PW discharge.

In Discharge B, an impact of the PW on the microbial community was not observed and the
microbial communities at all sites were dominated by Bacteroidia, Deltaproteobacteria,
Gammaproteobacteria, Anaerolineae, and Other, similar to at the CSW. In Discharge C, the PW
appeared to impact the microbial community at the most upstream samples (DC-D,DC-100m). In
both DC-D and DC-100m, Chloroflexia is the most dominant taxa (DC-D: 18%; DC-100m: 35%).
In samples downstream of these sites, however, the microbial community is similar to that observed

at the CSW. Chloroflexia are known to grow well at high temperatures and are likely present at DC-
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D and DC-100m due to the fact that temperatures are elevated at these sites (DC-D: 40.4°C; DC-
100m: 41.1°C). NMDS analysis was conducted on the sediment samples as well, however, no
significant groupings or trends were observed in that analysis. This suggests that microbial

communities in the sediment may be more resistant to changes from PW than the water.
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Figure 29. Relative abundance plots for 16S rRNA gene sequendng sediment extracts by dass for A) Discharge A, B)
Discdharge B, C) Discharge Cand D) Control Site Wetland. Sitesare arranged from dosest to the discharge (left) to farthest
from the discharge (right). Due to low amplification, some samples could not be induded in this analysis.
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Figure 30. NMDS analysis of microbial community in water samples collected from the control site wetland, impaded

wetlands and the produced water discharge sites. The impacted wetlands indude any wetland downstream of the Discharge
A, Discharge B or Discharge C NPDES produced water discharges.

4.4 Conclusions

In this study, a chemical analysis was conducted on the distribution and fate of organic
chemicals in CWs downstream of three different NPDES PW discharges, with a focus on four oil and
gas chemical additives. Additionally, an exploratory microbial community analysis was conducted on
water and sediment samples collected at these sites.

Organic chemicals detected at these sites included the non-ionic surfactants polyethylene
glycols (PEGs), polypropylene glycols (PPGs) and nonylphenol ethoxylates (NPEOs), as well as the
cationic surfactant and biocide, alkyldimethylbenzylammonium chloride (ADBAC). Results show that
the wetlands at all three discharges are effective at reducing concentrations of PEGs, PPGs, NPEOs

and ADBACs in PW discharges. As shownin Discharge C, attenuation rates for non-ionic surfactants

112



are increased in wetlands as compared to streams. In regards to ADBAC, attenuation is achieved over
similar distances in both Discharge A and Discharge B, which are discharged into a wetland and
stream, respectively. Thus, there is no quantifiable advantage of a wetland over a stream for attenuating
this chemical. For all four chemicals, biodegradation and sorption were determined to be the most
important attenuation mechanisms within the CWs.

Sediment analyses revealed that all four surfactants accumulated in sediments over time and
were detected at ug/kglevels even at sites where water concentrations were below detection limit.
This was most prominent for ADBAC, which was present at concentrations exceeding 450 mg/kg in
the wetland downstream of one of the NPDES PW discharges (Discharge A). This concentration is
two orders of magnitude higher than ADBAC concentrations reported in sediments collected
downstream of the Jamaica Bay Sewage Treatment Plant, a site heavily sewage-impacted site near New
York City that is impacted by significantly larger volumes of wastewater.'™ Concentrations of other
quaternary ammonium compounds detected at Jamaica Bay are slightly higher, but all are at least an
order of magnitude lower than the highest ADBAC concentration observed in this study. Quaternary
ammonium compounds (QACs), such as ADBAC, have been shown to retain their biocidal activity
after sorption and therefore may adversely impact the biodegradation mechanisms of the wetland.
Additionally, ADBAC has the potential to sorb beyond the cation exchange capacity of a sediment
and could therefore impact sorption capacity for additional contaminants. Treatment of PW with CWs
is critical at these remote sites and their performance in contaminant removal should be regularly
checked. If deteriorating, the sediment may have to be dredged and removed.

Additionally, it is important to understand the toxicity of these sediment to benthic organisms.
Microbial community analysis revealed that microbial communities in both water and sediment

samples were influenced by the PW discharges and that as the water was polished with CWs, the
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microbial communities became more similar to microbial communities at the control site wetland,
which was not impacted by PW.

Wetlands are a low-cost solution for treatment of low-saline PW. Prior to mass
implementation, however, more information is needed on mechanisms of attenuation within these

systems. Results of this study can be used to determine best practices for CW's designed to polish PW.
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CHAPTER 5: SUMMARY

The research performed in this dissertation was designed to determine if the current NPDES
PW beneficial reuse permit effluent limits are adequate and if not, identify additional steps that can be
taken to improve water quality and environmental health dow nstream of these discharges. To achieve
this goal, three different studies have been completed at a field site in a remote location in Wyoming,
where beneficial reuse of PW has been occurring for decades. The studies detailed here aimed to 1)
characterize the chemical composition of PW released from a NPDES PW discharge and analyze the
environmental fate and transport of chemicals downstream (Chapter 2), 2) quantify the toxicological
impacts downstream (Chapter 3) and 3) assess constructed wetlands as an onsite treatment and
polishing option for NPDES PW discharges (Chapter 4).

Based on the results of this study, it is clear that current NPDES PW effluent limits for the
watersheds investigated here are inadequate and that general improvements are needed in the
regulatory approach. Specifically, the results of the chemical characterizations in Chapters 2 and 4
showed that chemical changes downstream must be considered to adequately assess the impact of
NPDES PW discharges. At the NPDES PW discharge which was the focus of Chapter 2, the
concentration of most inorganic species increased with distance downstream as a result of
evaporation. This included four of the six chemicals or classes of chemicals with defined permit
effluent limits at this site including TDS, specific conductance, sulfate and chloride (Table 1).
Currently, effluent limits for NPDES PW permits pertain to the discharge site only. Changes in water
quality or toxicity downstream are not regulated. Downstream of the NPDES PW discharge in
Chapter 2, all regulated chemicals remained below the permit effluent limits throughout the discharge
stream, however, that may not be the case at all NPDES PW discharges and was not the case for one

of the discharges studied in Chapter 4. Chapter 4 showed that, downstream of Discharge A, specific
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conductance increased to above the permissible discharge limit. Additionally, downstream of the
NPDES PW discharge in Chapter 2, boron, sodium, potassium, magnesium, manganese, and selenium
also increased in concentration. Increased concentrations of boron are of particular concern in PW
released for agricultural purposes since boron can negatively impact both crop and livestock health.”
Individual inorganic species in water samples collected for Chapter 4 will be analyzed in the future by
our collaborators as Penn State, Bonnie McDevitt and Nathanial Warnet.

In addition to increased concentrations of inorganic species, increased concentrations of
carbon disulfide were also observed downstream of the discharge studied in Chapter 2. During both
the October 2016 and February 2018 sampling events, carbon disulfide was below detection limit in
samples collected at the discharge but detected in samples collected downstream. In February 2018,
carbon disulfide was detected above the surface water acute toxicity threshold for aquatic species 0.3
km downstream of the discharge. This NPDES discharge consistently passes acute whole effluent
toxicity (WET) tests, which are conducted with water collected from the discharge. The reason for
increased carbon disulfide concentration downstream is unknown. This result, however, provides
another line of evidence for why additional analysis downstream is necessary to determine impacts
associated with these releases and adequately determine permit effluent limits.

In Chapter 1 of this dissertation, it was hypothesized that an extensive chemical analysis of
PW would be insufficient for determining the environmental and health risks of this water. As one
way to test this hypothesis, I conducted a systematic evaluation for potential health impacts to humans,
livestock and aquatic life based on previously established thresholds and screening levels. A complete
set of health thresholds reviewed were only available for 8 chemicals (BTEX, arsenic, cadmium,
selenium and zinc) showing that an assessment of potential toxicological impacts is currently limited
for most species in this stream. In addition, the available thresholds are limited by the fact that they

have not been developed for complex mixtures, such as PW. Additionally, this approach is limited by
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the fact that there were likely numerous chemicals present in the PW discharge that were not detected
with chemical analysis and therefore cannot be compared to available thresholds. Thus, based on the
current health thresholds available for chemicals detected in the PW discharge, chemical analysis alone
is not sufficient for determining the environmental and health risks associated with this water.

Due to the lack of regulatory thresholds and the determination that a complete chemical
characterization of PW was infeasible, a toxicological analysis was conducted on the water samples. It
was hypothesized that a combined chemical and toxicological assessment would be more effective to
characterize environmental and health impacts associated with PW releases. Chapter 3 showed that
mutation rates were elevated at the discharge and decreased with distance downstream. Mutation rate
increases in the discharge stream were most prominent for CNV mutations, as compared to the other
three mutations that were analyzed. In order to assess which chemical groups were responsible for
this increase, mutation assays were conducted with mixtures of known composition and regulatory
importance including a BTEX mixture, a mixture of organic carcinogens and a salt control. This
analysis revealed that the chemicals contained in the mixtures were insufficient to increase CNV
mutation rates to levels observed at the discharge. This result showed that even with a detailed
chemical analysis, unidentified chemicals were resulting in increased toxicity; thus, chemical analysis
alone is insufficient for determining health impacts. This result also confirmed the hypothesis that a
combined chemical and toxicological assessment is a more effective approach for characterizing
environmental and health impacts associated with PW releases.

Chapter 3 also showed that that a thorough assessment of toxicity (acute and chronic) is
necessary to understand impacts associated with PW releases. Currently, acute whole effluent toxicity
(WET) testing is required quarterly at the sites discussed in this dissertation. In addition to the
mutagenicity assays conducted in Chapter 3, samples were evaluated foracute toxicity in Daphnia magna

and developmental toxicity in zebrafish. Acute toxicity was minimal, and no developmental toxicity
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was observed. It should be noted that these analyses were only conducted at one discharge (Discharge
C; the focus of Chapter 2 and 3) and that different results may have been observed for the other two
discharges sampled in Chapter 4 (Discharges A and B). The results from Chapter 3 not only showed
that assessment of chronic toxicity is important but also that assessing a range of toxicological
endpoints is necessary because increased toxicity may only be observed for some endpoints but not
others. In this study, developmental toxicity was not observed, however absence of developmental
toxicity does not rule out the possibility of other chronic effects, such as mutagenicity, which was
observed at elevated rates. Additionally, it should be noted that one of the discharges discussed in
Chapter 4 failed WET tests twice in 2018, yet continued to discharge PW.

Results from Chapter 4 showed that constructed wetlands are effective at attenuating
commonly used non-ionic surfactants, as well as a commonly used biocide. It was hypothesized that
biodegradation and sorption would be the main attenuation mechanisms in these wetlands and that
was proven correct. All four chemicals accumulated in sediments and were even observed in sediments
at sites where water concentrations were below detection limit. At upstream = sites,
alkyldimethylbenzylammonium chloride (ADBAC) was the most prominent species detected, with
concentrations as high as 455 mg/kg in one sample. Quaternary ammonium compounds (QACs),
such as ADBAC, are commonly used as oil and gas additives. Studies have shown that they can sorb
beyond the cation exchange capacity of soil and lead to extensive clay aggregation, both of which
could impact soil structure and therefore impact sorption capacity of the wetland. Additionally, QACs
may retain their biocidal activity when sorbed and therefore could limit biodegradation in sediments.
Biodegradation and microbial community health are important aspects of attenuation in constructed
wetlands. Thus, moreresearch is needed to determine the impact of sorption to sediments and wetland

viability in order to determine optimum design parameters and maintenance schedules (e.g., sediment
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excavation) for constructed wetlands treating PW. Additionally, since these biocides are inherently
toxic, it is important to understand the toxicity of these sediment to benthic organisms.

Opverall, it is clear that more research is needed to improve regulations and permit effluent
limits for NPDES PW released under the agricultural and wildlife exemption. This is especially
important right now since multiple government agencies (U.S. EPA and DOE) are interested in
expanding reuse of PW in the western U.S. and since many states and communities are exploring this
option as well?*” Currently, the impact of these releases on downstream users (soil, water, crops,
livestock, fish and humans) are poorly understood. Previous PW management strategies have failed
because practices wereimplemented without properlyunderstanding the impacts first. In Pennsylvania
for instance, PW “evaporation ponds” resulted in increased salt concentrations in groundwater, and
treatment at CWTPs resulted in increased concentrations of carcinogens (radium and DBPs)
downstream.'” Another management strategy is road-spreading which released 4 times as much

radium to the environment as is released when PW is treated at CWTPs.0%16

! In more western states,
most notably Oklahoma, management of PW via injection into Class II underground injection wells
has resulted in manmade earthquakes. Earthquakes as a result of PW UIC wells have also occurred in
other areas, including Greeley, Colorado.

Finally, before widespread implementation of another PW management strategy, such as
beneficial reuse, clear guidelines and procedures must be in place to determine the life cycle impacts
and benefits of the approach. A holistic life cycle analysis is necessary to compare the potential benefits
of reusing PW versus the negative impacts associated with our continued extraction and use of fossil
fuels. Many of the environmental issues that motivate communities to reuse PW (e.g., water scarcity
and drought) are further exacerbated by climate change, which is caused by continued burning of fossil

fuels. We should strongly consider if it makes economic and moral sense to continue investing in

technologies to extract and burn more fossil fuels and treat the waste products created. The research
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contained in this dissertation is only one part in a life cycle analysis of oil and gas impacts. It is

important that we let science lead the policy. Our water and soil resources are too precious not to.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER 2 — ASSESSMENT OF
WATER QUALITY DOWNSTREAM OF NPDES OIL AND GAS PRODUCED WATER

DISCHARGE: CHEMICAL IMPACTS
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Figure Al. Changes in polyethylene glycol (PEG) relative peak intensity with increasing distance from the discharge. A
shift towards lower moleaular weight (lower EO) PEGs was observed with distance, providing evidence for
transformation of this spedes, rather than dilution. PEG was below detection limit 3.8 km downstream and therefore no
data is provided.
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Polypropylene Glycol Ethoxymer Distribution Feb. 2018
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Figure A2. Changes in polypropylene glycol (PPG) relative peak intensity with inareasing distance from the discharge. A
shift towards lower moleaular weight (lower EO) PPGs was observed with distance, providing evidence for
transformation of this spedes, rather than dilution.
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Figure A3. Changes in nonylphenol ethoxylate (NPEO) relative peak intensity with increasing distance from the
discharge. A shift towards lower molecular weight (lower EO) NPEOs was observed with distance, providing evidence
for transformation of this spedes, rather than dilution. NPEO was below detection limit 3.8 km downstream and
therefore no data is provided.
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Table Al. Polyethylene glycol acurate mass table from LC/Q-ToF/MS analysis.

Retention

Surfa.ctant Time Base Base Peak Observed Theoretical Error
Species (min) Peak Formula mfz mfz (ppm)
PEG-EOS8 4.3 [M+Na]* CisH50OoNa™ 393.2099 393.2095 -1.0
PEG-EO9 4.5 [M+NH,]* CsH30,0NH,* 432.2803 432.2803 0.0
PEG-EO10 4.8 [M+NH,]* C,oH,,ONH,* 476.3069 476.3065 -0.8
PEG-EO11 5.1 [M+NH,]* CooH, O pNH, " 520.3325 520.3328 0.6
PEG-EO12 5.6 [M+NH,]* C,,H;,0;NH,* 564.3595 564.359 -0.9
PEG-EO13 6.1 [M+NH,]* CoHs, O NH,* 608.3849 608.3852 0.5
PEG-EO14 6.5 [M+NH,]* CosHssO1sNH,* 652.4113 652.4114 0.2
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Table A2. Polypropylene glycol acurate mass table from LC/Q-ToF/MS analysis.

Surfactant Retention Base Base Peak Observed Theoretical Error
Species Time (min) Peak Formula m/z m/z (ppm)
PPG-EO4 7.6 [M+Na]* C,H,OsNa* 273.167 2731672 0.7
PPG-EO5 8.5 [M+Nal* CisH3O6Na* 331.2086 331.2091 1.5
PPG-EO6 9.4 [M+Na]* CisH30-Na* 389.2506 389.251 1.0
PPG-EO7 10.3 [M+Na]* CiHuOgNa™ 447.2927 447.2928 0.2
PPG-EOS8 11.1 [M+NH,]* CoHs500OoNH," 500.3785 500.3793 1.6
PPG-EQ9 12.0 [M+NH,]* CyHsO1oNH, 558.4213 558.4212 -0.2
PPG-EO10 12.8 [M+NH,]* CsoHpOnNH,"* 616.4632 616.463 -0.3
PPG-EO11 13.6 [M+NH,]* C33HegOp,NH," 674.5053 674.5049 -0.6
PPG-EO12 14.5 [M+NH,|* C3H7O3NH," 732.5468 732.5468 0.0
PPG-EO13 15.3 [M+NH,]* CioHgiO 1 NH, 790.5888 790.5886 -0.3
PPG-EO14 16.2 [M+NH,]* CaoHgeO1sNH, " 848.6301 848.6305 0.5
PPG-EO15 17.1 [M+NH,]* CysHoO1NH, " 906.6722 906.6724 0.2
PPG-EO16 18.2 [M+NH,]* CisHosOsNH, 964.7141 964.7142 0.1
PPG-EO17 18.9 [M+NH,]* Cs1Hy0,OsNH," 1022.7564 1022.7561 -0.3
PPG-EO18 20.0 [M+NH,]* Cs:Hy10019NH,* 1080.7977 1080.798 0.3
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Table A3. Nonylphenol ethoxylate accurate mass table from LC/Q-ToF/MS analysis

Retention

Surfa.ctant Time Base Base Peak Observed Theoretical Error
Species (min) Peak Formula mlz mfz (ppm)
NP-EO17 16.3 [M+NH,]* CoHp,OsNH,* 986.6615 986.6622 0.7
NP-EO16 16.4 [M+NH,]* C-HO-NH,* 942.6354 942.6360 0.6
NP-EO15 16.6 [M-+NH,]* CsHe O NH,* 898.6097 898.6098 0.1
NP-EO14 16.7 [M+NH,]" C.sHgOsNH,* 854.5832 854.5835 0.4
NP-EO13 16.9 [M+NH,]* CHr O NH,* 810.5575 810.5573 0.2
NP-EO12 17.0 [M+NH,]* C3H,OsNH,* 766.5312 766.5311 -0.1
NP-EO11 17.2 [M+NH,]* CsHegO,NH,* 722.5049 722.5049 0.0
NP-EO10 17.3 [M+NH,]* Cs5He O NH, " 678.4782 678.4787 0.7
NP-EO9 17.5 [M+NH,]* C33HgOoNH,* 634.4525 634.4525 0.0
NP-EO8 17.7 [M+NH,]* C5HsONH,* 590.4265 590.4263 -0.3
NP-EO7 17.8 [M+NH,]* CHs5ONH,* 546.4003 546.4000 -0.5
NP-EO6 18.0 [M+NH,]* CyHONH," 502.374 502.3738 -0.4
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Table A4. Organic chemical physiochemical propetties. *

Biodegradation e Atmospheric
Chemical Name CASRN b Ky (atm-m3/mol) ¢ Log Kow & Water Solubility (mol/L) Hydroxylation Rate Koce (L/kg) 4
half-life (days) 3
(cm3/molecule*sec)
L4 95-63-6 616 x 103 363 4 - - -

Trimethylbenzene ' ’

1,2-Dichloroethane 107-06-2 1.1x10°3 1.48 103 ¢ - - -
1,3,5- -

Trimethylbenzene 108-67-8 8.77 x 10-3 342 3 - - -
1-Methylnaphthalene 90-12-0 3.6x104 3.87 9.17 1.81 x 104 530 x 1011 2290
2,4-Dimethylphenol 105-67-9 951 x 107 2.30 4.07 © 6.64 x 102 7.15 x 10711 174 ©

2-Butanone 78-93-3 5.77 x 10~ 0.29 3.67 ¢ 3.09 1.15 x 10-12 355 f
2-Butoxyethanol 111-76-2 5.44 x 10°° 0.83 445¢ 8.46 1.86 x 10-11 67.6
2-Methylnaphthalene 91-57-6 4.99x104 3.86 14 1.73 x 10% 523 x 1011 2455 f
2-Methylphenol 95-48-7 1.2 x 100 1.95 529¢ 0.239 420 x 10°11 135 ¢
4-Methyl-2-pentanone 108-10-1 14 x 10* 131 443 ¢ - - -
Acetone 67-64-1 426 x 10> -0.24 7.57 ¢ 17.2 219 x 1013 5371
Benzene 71-43-2 5.5 x 1073 213 6 229 x 102 1.23 x 10-12 60 to 83 f
Bis (2-cthylhexyl) 117-81-7 26 x107¢ 7.60 482 ¢ 1.08 x 10”7 203 x 10°11¢ 87100 f
phthalate
Carbazole 86-74-8 1.16 x 10”7 3.72 41.1 ¢ - - -
Carbon disulfide 75-15-0 1.22 x 102 1.94 18¢ 1.55 x 102 117 x105¢ 54F
Diesel range organics & NA 0.151 ¢to 7.36 x 107 ¢ | 5.01 to 11.80 ¢ 9to 125 365 x107t0 699 x 10%¢ [ 1.16 x 101! to 6.15 x 10-12¢ 111%%006020
Ethylbenzene 100-41-4 6.6 x 107 313 8 1.59 x 103 710 x 1012 240 F
Gasoline range NA 0.487 © o 0.151 © 3.90 to 5.01 7109 110 x 104 10 365 x 107 | 561 x 1012 to 1.16 x 1011 1300° to
organics £ 11400¢
Isopropylbenzene 98-82-8 1.15 x 10-2 3.66 15 - - -
Methyl Acrylate 96-33-3 2.0 x 10* 0.80 412 - - -
Naphthalene 91-20-3 4.6x104 3.29 3 242 x 104 2.16 x 1011 912
n-Propyl Benzene 103-65-1 0.0105 3.69 4
Phenanthrene 85-01-8 423 x 10> 4.46 42 645 x 100 1.30 x 10-11 22400
Phenol 108-95-2 333 x 107 1.46 4.58 ¢ 0.88 2.63 x 10°11 269 f
Toluene 108-88-3 6.64 x 10-° 272 2 571 x 10 596 x 10-12 37to 178 F
Xylenes (total) 133020-7 518 x 10 0 312 6 - - 254 10 540 1

2 All values ate from EPA Comptox Website unless noted.

b CASRN = Chemical Abstract Service Registry Number

¢ KH = Henry’s constant

d Koc = Soil adsorption weffident
¢ Indicates predicted values. All other values are experimental.
fValues are from individual ATSDR reportts for each chemical.

g Diesel range organics and gasoline range organics values are a range for alkanes in that mixture. All other ranges for chemicals highlight discrepandes amongst repoxted

values.
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3 - ASSESSMENT OF

WATER QUALITY DOWNSTREAM OF NPDES OIL AND GAS PRODUCED WATER

DISCHARGE: TOXICOLOGICAL IMPACTS

B.1 Recipes for Liquid Media and Agar Plates

YPD media (for liquid cultures exclude the agar)

10 g yeast extract (Yeastolate, Molecular Biology Grade, USBiological, Salem, MA)

20 g peptone Y (BSE-free, Casein Peptone, Molecular Biology Grade, USBiological,
Salem, MA)

20 g glucose (anhydrous, granular, lab grade, Ward’s science, Rochester, NY)

20 g bacteriological agar (Bacteriological, Molecular Biology Grade, USBiological, Salem,
MA)

ddH2O to bring to 1 L

Tryptophan drop out media

1.7 g Yeast Nitrogen Base w /o amino acids, catbohydrate and without ammonium
sulfate (Powdered, USBiological, Salem, MA)

5 gammonium sulfate (Certified ACS Granular, Fisher Chemical, Fair Lawn, NJ)

20 g glucose (anhydrous, granular, lab grade, Ward’s science, Rochester, NY)\

20 g bacteriological agar (Bacteriological, Molecular Biology Grade, USBiological, Salem,
MA)

1.4 ¢ Drop-out Mix Synthetic Minus Tryptophan w/o Yeast Nitrogen Base (Powdet,
USBiological, Salem, MA)

ddH2O to bring to 1 L

Canavanine media

1.7 g Yeast Nitrogen Base w /o amino acids, catbohydrate and without ammonium
sulfate (Powdered, USBiological, Salem, MA)

5 gammonium sulfate (Certified ACS Granular, Fisher Chemical, Fair Lawn, NJ)
20 g glucose (anhydrous, granular, lab grade, Ward’s science, Rochester, NY)\

20 g agar (Bacteriological, Molecular Biology Grade, USBiological, Salem, MA)
750 mL ddH20

Autoclave above materials

Heat 250 mL of ddH20 to ~40°C and combine with ingredients below. Then filter
sterilize.

1.4 ¢ Drop-out Mix Synthetic Minus Arginine w/o Yeast Nitrogen Base (Powder,
USBiological, Salem, MA)

00 mg Canavanine Sulfate (Enzo, Farmingdale, NY)
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Add to 750 mL autoclaved base media when it reaches 60-65°C.

Copper-Formaldehyde media

1.7 g Yeast Nitrogen Base w /o amino acids, catbohydrate and without ammonium
sulfate (Powdered, USBiological, Salem, MA)

5 gammonium sulfate (Certified ACS Granular, Fisher Chemical, Fair Lawn, NJ)

20 g glucose (anhydrous, granular, lab grade, Ward’s science, Rochester, NY)\

20 g agar (Bacteriological, Molecular Biology Grade, USBiological, Salem, MA)

1 g Drop-Out Mix Complete, Adenine Rich, without Yeast Nitrogen Base (Powder,
USBiological, Salem, MA)

1 g Drop-out Mix Synthetic Minus Lysine w/o Yeast Nitrogen Base (Powder,
USBiological, Salem, MA)

ddH2O to bring to 1 L

A 100 mM CuSO4 stock solution was made by combining 1.596 g of CuSO (anhydrous)
into 100 mL ddH2O, filter sterilized

Each time, a fresh 1000mM formaldehyde mixture was made by combining 406 uL of
37% formaldehyde (Fisher Chemical, Fair Lawn, NJ) with 4594 uL sterile ddH20

Add appropriate volumes of 100 mM CuSO4 and 1000mM FA to autoclaved base media
when it reaches 60-65°C.

5-FOA recpe

1.7 g Yeast Nitrogen Base w /o amino acids, carbohydrate and without ammonium
sulfate (Powdered, USBiological, Salem, MA)

5 gammonium sulfate (Certified ACS Granular, Fisher Chemical, Fair Lawn, NJ)
20 g glucose (anhydrous, granular, lab grade, Ward’s science, Rochester, NY)

20 g agar (Bacteriological, Molecular Biology Grade, USBiological, Salem, MA)
750 mL ddH20

Autoclave above materials

Heat 250 mL of ddH2O to ~40°C and combine with ingredients below. Then filter
sterilize.

1 g Drop-Out Mix Complete, Adenine Rich, without Yeast Nitrogen Base (Powder,
USBiological, Salem, MA)

1 ¢ Drop-out Mix Synthetic Minus Lysine w/o Yeast Nitrogen Base (Powder,
USBiological, Salem, MA)
5-Fluoroorotic Acid monohydrate (5-FOA) (Goldbio.com, St. Louis, MO)

Add to 750 mL autoclaved base media when it reaches 60-65°C.
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B.2 Daphnia Culturing and Housing

Daphnia magna colonies were obtained in June of 2017 from Aquatic Research Organisms
(Aquatic Research Organisms Inc., NH, USA) and transported to the University of Alberta where
they were housed and cultured according to Organization for Economic Cooperation and
Development (OECD) guidelines'* with some slight adjustments. Briefly, Daphnia were maintained at
20 £ 1 °Cin 10 L glass aquaria with dechlorinated City of Edmonton tap water (moderately hard:
[Na*] = 14.6 mg/L, [Ca®"] = 55.9 mg/L, [Mg*] = 15.3 mg/L, [K*] = 2.5 mg/L, titration alkalinity ~
119 mg/L as CaCO;, pH ~ 7.6, hardness ~ 180 mg/L as CaCOj;, conductivity ~ 385 pS/cm). Water
changes occurred 3x weekly with daily feedings of ~ 2 mL Roti-Rich invertebrate diet (VWR,
Edmonton, Alberta, Canada) to satiation. Organisms were subjected to a 14 h light/ 10 h dark photo-
period for culture and exposure durations. Neonate daphnids (= 24 hrs old) were collected
immediately prior to exposure commencement and used for median lethal concentration (LCs)

analyses.

B.3 Zebrafish Studies

B.3.1 Zebrafish
Tropical 5D wild-type adult zebrafish were housed at an approximate density of
1000 per 100 gallons. Spawning funnels were placed into the tanks the night prior, and

embryos were collected and age-staged '

>, Developing zebrafish have a cellular envelope that
surrounds them, and can act as a barrier. To increase bioavailability, the chorion was enzymatically
removed using pronase (63.6 mg/ml, > 3.5 U/mg) at 4 hpf (hours post fertilization) using a custom

automated dechorionator 4.
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B.3.2 Chemical Preparation

All sample preparations were provided as 1X aqueous solutions. The samples were tested as
fractional dilutions of the 1X samples as shown in Table S2 and, prior to testing, the pH and
conductivity (uS) of each dilution was measured with a Hanna HI-9813-6 meter and recorded. Total
dissolved solid content was calculated directly from conductivity (scale: NaCl (IEC = 500ppm)).
Conductivity and pH parameters wereall well within the acceptable range to support normal zebrafish
development. Dilutions of the 1X sample were conducted using the appropriate solution (depending
on the conductivity of the provided 1X aqueous solution) which was either fish water (high and low

conductivity; ~500-1700 uS), or ultrapure water (~4 pS).

Table B1. Sample nomendature, properties and test conditions.

Sample Concentration  Conductivity (uS/cm) pH TDS (mg/L)
DO 0X 2400 7.1 1200
0.0625X 2384.1 8.34 1120.7
0.125X 2382.1 8.28 1141
0.25X 2400.4 8.16 1185.2
0.5X 2490.5 8.09 1165
1X 2519.6 8.12 1159.8
D15 0xX 2400 7 1200
0.0625X 1171.5 7.29 1142.6
0.125X 2705.2 7.35 1170.6
0.25X 2764.3 7.45 1239.5
0.5X 2142 7.75 1380.6
1X 3203.2 7.95 1400.2
P-2.6 0X 520 7.32 268
0.0625X 577.1 7.24 291.4
0.125X 574.3 7.51 286.3
0.25X 568.4 7.31 280.6
0.5X 555.8 7.58 2742
1X 529 7.56 261.4
P32.2 0X 520 7.32 268
0.0625X 578.8 7.81 289
0.125X 577.8 7.76 288.9
0.25X 575.2 7.72 287.5
0.5X 570.1 7.7 285
1X 556.3 7.7 278.2
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B.3.3 Chemical exposures

The 6-concentration curve and 96-well plate layout for the 7 samples is shown in Table S3.
Plates were run in duplicate to obtain N = 32 animals per concentration; 1 embryo was exposed per
well, 16 embryos exposed per concentration per plate. Zebrafish embryos without the chorion were
loaded 1 per well at 6 hpf into 100 pl of embryo medium in 96-well plates by an automated embryo
placement system (AEPS) which ensured allocation to study groups was random '®. All testing

conditions were identical across plates, chemicals, and testing days.

Table B2. Sample layout over 6 concentrations duplicated in a 96-well format, 1 embryo per well.

1 2 3 4 5 6 7 8 9 10 11 12
1X [ 05X [ 0.25X | 0.125X [ 0.625X | 0X [ 1X [ 0.5X | 0.25X | 0.125X | 0.625X | 0X
1X [ 05X [ 0.25X | 0.125X [ 0.625X | 0X [ 1X [ 0.5X | 0.25X | 0.125X | 0.625X | 0X
1X [ 05X [ 0.25X | 0.125X [ 0.625X | 0X [ 1X [ 0.5X | 0.25X | 0.125X | 0.625X [ 0X
1X [ 05X [ 0.25X | 0.125X [ 0.625X | 0X [ 1X [ 0.5X | 0.25X | 0.125X | 0.625X | 0X
1X [ 05X [ 0.25X | 0.125X [ 0.625X | OX | 1X [ 0.5X | 0.25X | 0.125X | 0.625X | 0X
1X [ 05X [ 0.25X | 0.125X [ 0.625X | OX | 1X [ 0.5X | 0.25X | 0.125X | 0.625X | 0X
1X [ 05X [ 0.25X | 0.125X [ 0.625X | OX | 1X [ 0.5X | 0.25X | 0.125X | 0.625X | 0X
1X [ 05X | 0.25X | 0.125X [ 0.625X | OX | 1X [ 0.5X | 0.25X | 0.125X | 0.625X | 0X

| o =| = o| 0| | >

B.3.4 Endpoints assessed

These in vivo assays used the zebrafish embryo (D. rerio) as a biological sensor to evaluate a
comprehensive battery of developmental endpoints for chemical hazard via multiple mechanisms of
action ' ' The developmental zebrafish assays are conducted in physiologically intact organisms,
and the embryos develop in a short window in which there is a high probability of detecting adverse
outcomes such as developmental delays, morphological abnormalities and behavioral alterations.
Zebrafish is a highly prolific, small, complex organism that shares a highly-conserved anatomy and
physiology with all vertebrates '®. Importantly, the critical processes of zebrafish neurodevelopment
are homologous to those in humans ',

Eatly in zebrafish embryogenesis (roughly 19-29 hours post-fertilization, hpf), spontaneous

tail flexions occur as the muscles in this region are innervated '®. This spontancous behavior at 22 hpf
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is sensitive to light perturbation via photoreceptors in the developing hindbrain and has been
designated the embryo photomotor response (EPR) '%’. The EPR is an eatly, fast and sensitive assay
to detect chemical perturbation of development. While the EPR readout is behavioral, later stage
developmental defects predicted by an abnormal EPR are not restricted to behavioral outcomes but
often include morphological deficits as well ',

B.3.5 Embryo Photomotor Response behavior (EPR)

At 24 hpf, embryos were assessed, in plate, for photomotor response using a custom
photomotor response analysis tool (PRAT) "' For every exposure plate, 850 frames of digital video
were recorded at 17 frames s-1 from beneath a custom 96-well plate mount, and lighted from above
with white LED and infrared lights. The light cycle consisted of 30 seconds of dark background (prior
to the first light pulse), a short pulse of light, and 9 seconds later, a 2nd pulse of light, and then 10
more seconds of dark. Animals dead or malformed at the 24 hpf timepoint were excluded from the
behavior data sets. The statistical analysis of activity considered only the Background (B), Excitatory
(E), and Refractory (R) intervals and performed according to Reif et al V"

B.3.6 Larval Photomotor Response behavior (LPR)

At 120 hpf (5 days post fertilization) zebrafish are free swimming larvae and the photomotor
response assayed total movement (swim distance) in response to multiple light -> dark transitions
(Figure S5). Briefly, a Zebrafish behavior chamber (ViewPoint Life Sciences, Montreal, CA) with an
infrared backlit stage was used to track total movement in 96 wells during a 24-minute assay. HD
video was captured at 15 frames s-1 and processed in real time by the manufacturer’s software. The
assay consisted of 3 cycles of 3 minutes visible light, 3 minutes dark (IR light). Additional animals dead
or malformed at the 120 hpf timepoint were excluded from the larval behavior data analysis. Area

under the curve for each treatment was statistically compared to the control movement by t-test. The
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LPR at a given exposure concentration was considered valid only when statistical significance (p <

0.05) was reached and the percent change in AUC was = 40% above the control group AUC.

B.3.7 Mortality and morphology responses

Embryos were statically exposed until 120 hpf. At 24 hpf, embryos were assessed for 4
developmental toxicity endpoints (MO24: mortality at 24 hpf, DP: developmental progression, SM:
spontaneous movement, and NC: notochord distortion)"™. At 120 hpf, 18 developmental endpoints
were assessed . Each well was evaluated for all the listed endpoints and in recorded in a binary
manner into a custom program, the Zebrafish acquisition and analysis program (ZAAP). The statistical
analysis of the data was conducted using custom R-code and a Fisher’s exact test was used to compare

each dilution to the control (p<0.01).

B.4 Additional Figures and Tables
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Figure B1. Yeast acute toxidty assay conducted on the discharge sample (DO) collected in February 2018 showing that
yeast growth was inhibited above 10% water volume/aulture volume.
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Figure B2. Relative median mutation rate for Copy Number Variation (CNV) duplications, CNV deletions,
forward point mutations, and reversion point mutations in 2016 discharge stream (D), perennial river (P)
samples and wastewater treatment plant (WWTP) sample. Experiments were conducted with 25% water
sample. The background sample (BG) is site P-2.6. Median mutation rates are displayed relative to the negative
control (NC). Error bars show 95% confidence intervals. Letters show the statistical groupings. Samples that
do not share letters are significantly different (p < 0.025) from the Kruskal-Wallis test.
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Figure B3. Relative median mutation rate for Copy Number Variation (CNV) duplications, CNV deletions, forward point
mutations, and reversion point mutations in 2018 discharge stream (D)and perennial river (P) samples. Experiments wete
conducted with 10% water sample. Median mutation rates are displayed relative to the negative control (NC). Error bars
show 95% confidence intervals. Letters show the statistical groupings. Samples that do not shareletters are signifi cantly

different (p < 0.025) from the Kruskal-Wallis test.
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Figure B4. Relative mutation rate for copy number variation (CNV) duplications, CNV deletions, forward point
mutations, and reversion point mutations of dischatge sample (D0), BTEX mixture, cardnogen mixture (Carc) and salt
control relative to the negative control (NC). Experiments were conducted with 25% water sample. Bar height represent
median mutation rates and error bars represent 95% confidence intervals. Letters show the statistical groupings for the
bioassays. Samples that do not share letters are significantly different.
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Figure B5. Embryo Photomotor Response behaviors (EPR) at 24 hours post fertilization (hpf) assodated with MTPW
impacted stream water exposures. The x-axis shows time in seconds. Thered vertical lines indicate the times ofa bright,
1s flash of visible whitelight. Before the 15 red lineis the background, where no activity is expected, following the flash,
(the exdtatory phase), a normal embryo exhibits an increase in activity, then a steady decrease until the next flash (the
refractory), where the embiryo should not move. The samples were diluted to by 2-fold from 100 to 6.25. Each pand
represents a sample dilution, and none were identified as exhibiting different responses than the control (in black).
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Table B3. Significantly abnormal LPRs in the light and dark phases of the assay.

Photo

Chemical Conc. (X) Interval N % change Activity
DO 0.0625 LIGHT 29 -45.2 HYPO
DO 0.125 LIGHT 30 -50.3 HYPO
DO 0.5 LIGHT 30 -71.3 HYPO
DO 1 LIGHT 30 -73.9 HYPO
D15 1 LIGHT 32 -51.3 HYPO

P-2.6 0.0625 LIGHT 28 441 HYPER
P-2.6 0.5 LIGHT 28 -56.1 HYPO
P-2.6 1 LIGHT 30 -42.1 HYPO
P32.2 0.25 LIGHT 31 62.2 HYPER
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4 — VIABILITY OF

CONSTRUCTED WETLANDS FOR PRODUCED WATER POLISHING DOWNSTREAM

OF NPDES RELEASES

C.1 Additional Materials and Methods

Table C1. Well maintenance products and composition repotted for Discharge B.

Product Frequency Chemical Name CAS Number Concentration

Function  of Use (%)

Emulsion .

Breaker Daily
Heavy AromaticNaphtha 64742-94-5 60-100
Naphthalene 91-20-3 5-10
Methanol 67-56-1 5-10
1,2,4-Trimethylbenzene 95-63-6 1-5
Reaction Product of PPG and EPON 36484-54-5 1-5
Ethylbenzene 100-41-4 0.1-1

Emulsion .

Breaker Dally
Heavy AromaticDistillate 64742-94-5; 64742-48-9 10-30
Organic sulfonicadd salt Proprietary 10-30
Isopropanol 67-63-0 10-30
2-Ethylhexanol 104-76-7 5-10
Xylene 1330-20-7 5-10
Ethylbenzene 100-41-4 1-5
Naphthalene 91-20-3 1-5
Propylene Glywl 57-55-6 1-5
1,2,4-Trimethylbenzene 95-63-6 1-5
Toluene 108-88-3 0.1-1

Scale .

Inhibitor DY
Ethylene Glywl 107-21-1 10-30
Tnthanolamlne Tri(Phosphate Ester), 68171-29-9 10-30
Sodium Salt

Corrosion .

Inhibitor DY
Methanol 67-56-1 10-30
n-Benzyl-Alkylpyridinium Chlotide 68909-18-2 5-10
Ethoxylated Tallow Alkyl Amine 61791-26-2 5-10
Ofrganicsulfonicadd Proprietary 1-5
Benzyl Chloride 100-44-7 0.1-1

Water .

Clasifier D4l
Zinc Chloride 7646-85-7 30-60
Isopropanol 67-63-0 10-30

Corrosion .

Inhibitor Bi-monthly
Methanol 67-56-1 30-60
Tall Oil, DETA Imidazoline Acetates 68140-11-4 5-10
Benzyl—Dim ethyl-Dodecyl-Ammonium 139-07-1 15
Chloride
Thioglymlic Add 68-11-1 1-5
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C.2 Additional Results and Discussion

C.2.1 Total Carbon, TOC, TIC and Total Nitrogen in Sediment
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Figure C1. Total organic carbon (TOC) to total inorganic carbon (TIC) ratio in sediments versus distance from the
discharge. Grey areas indicate locations of wetlands.
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Figure C2. Carbon to nitrogen ratios in sediments versus distance downstream of each discharge. Grey areas indicate

loaations of wetlands.

152



C.2.2 Additional Surfactant Distribution Results
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Figure C3. Relative concentration of polyethylene glycol (PEG), polypropylene glycol (PPG) and nonylphenol ethoxylate
(NPEO) and average ethoxymer (EO) length for each spedes versus distance from the NPDES dischatge (km) at
Discharge B. All three spedes were below detection limit downstream of discharge so concentrations and average EO
length is not reported. Grey areas indicate locations of wetlands.
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C.2.2.1 Surfactant Distribution in Water Samples
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Figure C4. Polyethylene glycol (PEG) relative peak intensityat the discharge (DA-D), downstream of the first wetland
(DA-DSW1) and downstream of the second wetland (DA-DSW2) at Discharge A. Shorter homologues (EO 6-10)
incarease with distance downstream and larger homologues (EO 12-15) decrease with distance downstream, indicating
biodegradation as a removal mechanism for PEG in this system.
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Figure C5. Polyethylene glyool (PEG) relative peak intensity at the discharge (DC-D), upstream of the first wetland
(DC-USW1), downstream of the first wetland (DC-DSW1) and upstream of the second wetland (DC-USW2) at
Discharge C. Shorter homologues (EO 6-11) inarease with distance downstream and larger homologues (EO 12-15)
decrease with distance downstream, indicating biodegradation as a removal mechanism for PEG in this system.
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Figure C6. Polypropylene glyool (PPG) relative peak intensityat the discharge (DA-D), downstream of the first wetland
(DA-DSW1) and downstream of the second wetland (DA-DSW2) at Discharge A.
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Figure C7. Polypropylene glycol (PPG) relative peak intensity at the discharge (DC-D), upstream of the first wetland
(DC-USW1), downstteam of the first wetland (DC-DSW1),upstream of the second wetland (DC-USW2), downstream
of the second wetland (DC-DSW2), and in the playa lake (DC-PLAY A) at Discharge C.
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Figure C8. Nonylphenol ethoxylate (NPEO) relative peak intensity at the discharge (DA-D), downstream of the first

wetland (DA-DSW1) and downstream of the second wetland (DA-DSW2) at Discharge A. Shorterhomologues (EO 3-

9) increase with distance downstream and largerhomologues (EO 11-15) decrease with distance downstteam, indicating
biodegradation as a removal mechanism for NPEO in this system.
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Figure C9. Nonylphenol ethoxylate INPEO) relative peak intensity at the discharge (DC-D), upstream of the first
wetland (DC-USW1), downstream of the first wetland (DC-DSW1), upstream of the second wetland (DC-USW2),
downstream of the second wetland (DC-DSW?2), and in the playa lake (DC-PLAY A) at Discharge C. Shorter
homologues (EO 3-7) increase with distance downstream and larger homologues (EO 11-15) dearease with distance
downstream, indicating biodegradation as a removal mechanism for NPEO in this system.
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C.2.2.2 Surfactant Distribution in Sediment

Table C2. Average ethoxymer (EO) length for polyethylene glycol (PEG), polypropylene glycol (PPG), nonylphenol
ethoxylates (NPEO) and alkyldimethylbenzylammonium chlotide (ADBAC) in sedimentgrab sam ples collected from
the three discharges and the control site wetland (CSW).

PEG PPG NPEO ADBAC

Site Name Avg. EO Avg. EO Avg. EO Avg. EO
CSW 7.8 6.6 Below LOD  Below LOD

Discharge A
DA-D 9.2 8.5 7.3 11.3
DA-W1 10.0 10.7 10.2 114
DA-DW1 9.5 9.0 7.8 10.4
DA-W2 9.5 9.1 8.1 10.7
DA-DW2 7.9 8.5 6.4 10.5

Discharge B
DB-D 8.5 11.6 10.3 10.2
DB-USW1 8.8 11.0 6.7 114
DB-W1 9.0 10.0 8.0 11.2
DB-DSW1 8.8 11.7 8.0 11.2

Discharge C
DC-D 9.0 11.1 8.1 10.5
DC-100m 9.0 12.5 8.4 10.6
DC-USW1 8.0 9.9 8.1 104
DC-W1 8.6 9.0 7.6 10.8
DC-DSW1 8.4 8.5 6.2 114
DC-USW2 10.7 9.9 8.2 10.2
DC-W2 9.7 10.0 8.1 10.8
DC-DSW2 9.1 8.7 5.9 114
DC-PLAYA 8.9 10.0 8.4 114
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