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Abstract

Hydraulic fracturing is an unconventional oil and gas extraction method used to
liberateoil and gas reserves from low permeability geological formations. Hydraulic
fracturing techniques involve injecting large quantities of fracturing $lunth the welt
bore under high pressures, where once a well comes into production, fracturing chemical
mixtures (along with waters and other chemical components from the formation) return to
the surface and are separated from targeted resotlife®sulting wastewater mixtuiig
termed flowback and produced water (FPW). Although many environmental nencer
surround the process of hydraulic fracturing, spills and releases of FPW to surface bodies
of water is an environmental topic gaining increasing public attention. FPW is a highly
complex, heterogeneous mixture comprised of numerous organic chemicalasp
naturally occurring radioisotopes, high concentrations ofreidted ions, metals, and
transformation products resulting from chemical reactions within theboed under high
heat and high pressures. Interestingly, relatively few studies heestigated FPW
mediated organismal toxicity.

Understanding basic toxicological properties and responses of organisms exposed
to FPW is essential when attempting to tease apart more fidetbabresponses of
exposures. | determined that numerous fresbmsyiecies are extremely sensitive to FPW,
and that saline components of the solution are responsible for a considerable proportion of
the induced lethality experienced by freshwater species, incliipgnia magna
Lumbriculusvariegatus zebrafish, andainbow trout. However, many of these species
exhibited significantly greater lethality when exposed to FPW versus saline control
exposures, indicating that other chemical constituents (e.g., metal species and numerous
toxic dissolved organic compoundsglimding polycyclic aromatic hydrocarbons [PAHS],
organophosphorus compoundsdalkyl ethoxylate carboxylateurfactants) besides saline
components appreciably contribute to the overall toxicological potential of FPW, with a
pronounced toxicological emphasis associated with the organic fraction of FPW.

To begin elucidating sulethal responses and physiological systems impacted by
FPW exposure, liver and gill tissue frdf®W exposedainbow troutwas analyzed and
determined to have significaimduction of cytochrome P450 1A transcript expression

(cypla a major family of monooxygenase detoxification enzymes) and ethoxyresorufin



deethylase activity (a biomarker of induced aryl hydrocarbon receptor and CYP1A

activity). These resultsnply thata significant biotransformative response is mounted in
exposé organisms to detoxify organic compounds (specifically PAHS). InductitDdH-
glucoronosyl transferase and glutathisreansferas@hase Il biotransformation enzyme
transcripts further emphasize tthetoxificationstrains induced following FPW exposure
Increased expression of the oxidative response gguit@shione peroxidase and

superoxide dismutasalong with increasethiobarbituricacid reactive substance

formation (indicating lipid peroxidation) in trout gill, liver, and kidney tissue, sugfest t
increased reactive oxygen species from FPW exposure is another major physiological
stress encountered in exposed organisms. Elevated expression of vitellogenin and estrogen
receptor U2 genes in trout | ivaeasruptngssue al s
compounds (in particular, xenoestrogens) in FPW, demonstrating possible endocrine
disruptive effects in exposed organisms.

Organisms are suspected to be placed in a compromised energy homeostatic
position due to the etabolic costs associatedtiwkenobiotic detoxification processes
following FPW exposurdn support of this notion, it wasiservedhatgross hepatic
histological alterations and significantly increased glucose uptake in isodétédw trout
hepatocytesccuredfollowing acutewhole-organismFPWexpogire. Interestingly overall
plasma glucose levels were not impacted in exposed fish. Furthermore, rnuatiear
concerningranscriptional expression aagtivity of enzymes associatedth hepatic
metabolic pathwaywas observedHowever, altered enzymatic actieis of
phosphoenolpyruvate carboxykinggduconeogenesisandglutamate dehydrogenase
(aminoacid catabolism along with increased hepatocyte glucose uptake, suggest that an
immediate deviation in nutrient handliegcurs following/during FPW exposure in trout.
Following a 3week recovery in freshwater conditions, however, all indices of measured
energy homeostatic dynamics returned to control levels, indicating that nutrient handling
and energy homeostatic systems processes acutely affected by FPW exposure without
lasting effects.

Embryonic exposure studies revealed that the development and function of cardio
respiratory systems in fish are severely impacted by acute FPW exposures. In both

zebrafish and rainbowdut, embryonic exposures to FPW significantly increased rates of



numerous developmental deformities at hatch (including rates of pericardial edema) and
decreased heart rates in zebrafish embryos. Embryo metabam&umption (MQ)

analyses additionallgisplayed that embryonic FP¥Wediated impacts persist through
development past initial acute exposures. In zebrafish, embryonic/larvamsO
significantly inhibited at all timepoints up to 96 hours post fertilization (hpf) following
acute FPW exposures rainbow trout, however, varied embryonic M@sponses were
observed, wherein embryos exposed to FPW at 3 days post fertilization (dpf) displayed
significantly elevated M@up to 15 dpf compared to control embryo rates and significantly
decreased M@from 15 to 26 dpf. Similar trends in M@vere additionally recorded in

trout embryos chronically exposed to FPW for 28 days. Such spmmesic differential
results are theorized to be a product of differences in developmental timing between
zebrafish ad rainbow trout (and therefore timing of developmental metabolic analyses).

In both zebrafish and rainbow trout embryos acutely exposed to FPW, elevated
expression of the critical homeobox transcription faoto«2.5(required for proper
cardiogenic diffeentiation) was additionally observed. Furthermore, rainbow trout
embryos exposed to FPW displayed elevated expression the key cardiac tissue
development Ibox transcription factotbx2h Both species of fish also exhibited altered
expression oftp2a2a acardiac C& ATPase responsible for sequestering Ca back into the
sarcoplasmic reticulum following an excitatioantraction coupling event. Rainbow trout
embryos additionally displayed altered expression oétbetrochemically related gene
scn5lab(Na" channel responsible for invoking cellular depolarization during an action
potential),kcnh6(delayed rectifying<* channel responsible for repolarizing membrane
potentials during an action potential), da®.1 (an inwardrectifying K* channel crucial
for setting and maintaining resting membrane potentadpressional changes to key
functional structure genes (e.nt2aandvmhcin zebrafish and rainbow trout,
respectively) were also affected following FPW exposure.

FPW-mediated impacts to cardiespiratory processes during development may
persist andn part be responsible fdaitent impacts at latestage developmental periods. |
have identified in both zebrafish and rainbow trout that embryonic exposures to FPW
significantly decrease juvenilesfi swimming performanc&J¢:i:), with corresponding

decreases in maximum metabolic rates and aerobic scope without any impacts to standard



metabolic rates. It was further identified in juvenile rainbow trout that embryonic FPW
exposures reduce ventriculaympact myocardium thickness; an added response which
may contribute to the latent effects of embryonic FPW exposure on juvenile fish swimming
performance and respirometry. Impacts of FPW exposure on gagpoatory function
was also observed at theloddr level. In isolated cardiomyocytes from ventricle snathi
mahi(Coryphaena hippurysexposure to dilute, filtered FPW solutions altered sarcomere
contraction size and relaxation indices. Paired with swimming analyses and observations of
significantly reducedJcrit, MMR, and aerobic scope in juveniighiacutely exposed to
FPW, it is suggested that decreases in cardiomyocyte contractile function following FPW
exposure reduce fitness in acutely exposed juvenile fish.

Implications of FPW timing and serity of induced sutbethal cardierespiratory
toxicity was also investigated presently. In rainbow trout embryos exposed to FPW earlier
in development (3dpf) versus those exposed later (10 dpf), significantly increased rates of
developmental deformitiesnd altered embryonic metabolism was observed. Interestingly,
10 dpf embryos displayed a greater number of differentially expressed eaglaitsc
genes following acute FPW exposure, while 3 dpf exposed embryos ordyd2a®a
altered of the selected gemanalyzed. Regarding latent impacts on juvenile fish fithess and
aerobic scope, 3 dpf embryonic exposures resulted in redliigeaind aerobic scope
regardless of FPW dilution used, while 10 dpf exposures of 2.5% FPW did not result in
juvenile fish impats. Collectively, these results suggest that FPW exposures earlier within
the cardiac developmental window produce exaggerated impacts to developing cardio
respiratory systems in rainbow trout, resulting in more lasting and adverse effects on
juvenile fish swimming behaviour and aerobic capacity.

Overall, these results highlight the considerable toxicity of FPW to organisms of

aguatic environments and reveal carigpiratory development and function in fish as

targeted processes affected by FPW exposu
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CHAPTER 1: Introduction

Parts of this introduction have been taken from previously published work:

Folkerts, E.J., Goss, G.G. and Blewett, T.A. (2020). Investigating the potential toxicity of
hydraulic fracturing flowback and produced water spills to aquatic animals in freshwater
environments: A North American perspective. Reviews of Environmental

Contamination and ToxicologZontinuation of Residue Reviews). Springer, Cham. DOI:
10.1007/398_2020_43.



1.1INTRODUCTION

Extraction of hydrocarbons from unconventional resources is increasing glabally
result of technological advances in horizomtalling (Gagnon et al., 2016/engosh et al.,
2014) Hydraulic fracturing is one such advance where chemit@aiiyulated fluids are
used to fracture low permeability formations under lggéssure and temperature
(Stringfellow et al., 2014)Thisprocess increases tpermeability of shale, tight sands,
coalbeds, and other gas and oil contagrstratafacilitating extraction of hydrocarbon
resources from reserves that would otherwseineconomi¢Stringfellow et al., 2014)
Hydraulic fracturing fluids are injectemlver a short period of time and use large quantities
of water per well injectior10,00G 100,000 ). Injected fluids are comprised of cheatlic
additives thatnaximize efficiency and output of oil and gas from any given well. These
additivesinclude proppants (e.g., ceramic beads, $aadprevent fracture reclosure),
biocides (to prevent microbial degradation ofgmdduct resources and meim well
viability), gelling and foaming agents, pH adjustors, clay stabilizerssarfdctants
(DiGiulio and Jackson, 2016; Ferrer and Thurman, 2015; FracFocus, n.d.; Lester et al.,
2015) When pressure along the length of the fracture is releétsesk complex chemical
mixtures of hydraulic fracturing fluid return to the surfaaed this fluid is termed either
flowback or produced wateA general depiction of the horizontal hydraulic fiatg
process can be found in Figurel1The delineationofi f | owback o ver sus
is often subject to well operator discretiditowback typically is considered the earliest
fluid which returns to the surfa@d which most closely resemblbe composition of the
initial injection fluid. Produced water is the fluid returning from the subterranean
environment followingonger periods of well production. This fluid is often saline in
nature and contairtigh gas and oil content, which is thgmeoationally separatdgd).S.
EPA, 2016) The distinction between these two types oidflis not clear, since mixing
occurs in the formation, so for the purposes of this review, we will refer toytiraulic
fracturing wastewater as flowback and produced water (RBipgfellow et al., 2014)
with the recognition that toxicological propertiesFkéfW change over the course of
flowback production. FPW ia chemically compleketerogeneous mixture that contains
highly variable concentrations of orgaiempounds (e.g., polycyclic aromatic

hydrocarbons, PAHS), naturally occurrirggioisotopes (e.g., radium), ions (e.g., calcium,
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magnesium, chloride, sodiymmotassium), metals (e.g., barium, thallium, lead), and
transformation product®sulting from chemical reactions under high temperature and high
pressuréDiGiulio and Jackson, 2016; He et al., 2017a; Lester et al., Zut&)er

expansion irsection 1.2 The specific composition of any given\iHs unique, depending
onmany factors including the geology of the formation, well shuéngth, phasef

flowback collection, and the composition of the initial fracturing fluid additisesd for
operation(Alessi et al., 2017; Goss et al., 2015; Stringfellow et al., 267F)V may be

recycled but must eventually be disposed of.

Ground Water Aquifer

Oil - or - Gas
Rich Shale

Figure 1- 1. Schematic of the general hydraulic fracturing process farraontally drilled

well. 1.) Water is typically acquired from surface water sources (e.g. rivers, streams, lakes,
reservoirs). 2.) Collected water is mixed with proppants and other fracturing additives prior
to injection. 3.) Watefracturing chemical miure is pumped down into the drilled well at
high pressures. 4.) Pressurized fracturing fluid travels the length of the well until it reaches
the desired resouraich formation 5.) Pressurized injected fracturing fluid is then sealed
and capped in the Webore. Fissures in the targeted formation are subsequently formed as

a result of the pressurized injected fracturing fluid, releasing oil or gas from the shale
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formation. 6.) Once capping is removed, pressurized fracturing fluid, oil or gas, and
flowbackand produced waters return to the surface for collection. 7.) Flowback and
produced water may be temporarily stored on site. 8.) Ultimately, flowback and produced
waters are transported for wastewater treatment and recycling or for disposal. Image
modified fromAGl, 2021.

It is estimated that in the USA, unconventional production of natural gasosdlunt
for nearly half of newly developed gas production by 2(I3&gnon et al., 2016)
Considering this expected rise in unconventional oil and gas (UOG) aeiindtyhe large
guantities of FPW created from these processes, management stifatelgigd/ and
potential hazards to the environment are two growing conéacimgy the industry ah
regional governments. One of the key risks associaittchydraulic fracturing is the
potential for spills during the generation arahsport of large volumes of FPW. Such risks
include ground and surface watemtamination during pipeline leaks, tkutansportation,
and injection welintegrity issuegFerrar et al., 2013Determination of ecological impacts
of FPWis considered a top science priority to inform energy policy, conservation, and
management of natural systefdenes et al., 2015)s such, government, industry,
landowners, and environmental groups have scrutinized the current metlstalggé,
transportation, and remediation protocols when spills/leaks octhisofiastewater
(Boudet et al., 2014; Gehman et al., 2016; Theodori et al., 2014)

The amount of FPW produced by hydraulic fracturing activities in North Americ
substantial and growing. For example, it is estimated thab®ith gallons ofFPW were
produced from 2005 to 2014 in the USA algdendash and Vengosh, 201%) Canada,
formations exploited for shale gas and tight oil extraction usiog technologies
primarily occur in the western provinces of British Colum{@3&) and Alberta (AB).

These formations include, among others, the MontneyDan@rnay. In the Montney
formation, approximately 5a.00% of initial fracturingfluid/water injected is recovered a
FPW (Rivard et al., 2014)and between 201dnd 2013, it was estimated that 10,000
25,000 M of wastewater was prodedper well in this formatiorfGoss et al., 2015 he
volumes of FPW produceidom the Duvernay formation are less well characterized, but
estimates of watarse in 2013 found volumes of 10,080,000 m3 of water per well

(Goss et al., 2015FPW generation and management@mving concerns among



regulatorybodies in regions utilizing UOG practices, and aspects of UOG development
pertaining to FPW characterization and spill hazard assessment are only rieemgfly
analyzed and studied more intimately (reviewedlgssi et al., 2017; Goss et al., 2015)
Considering UOG activities are anticipated to increaggenalence in North America
(Gagnon et al., 2016; Vengosh et al., 20t&termininghow to effectively gauge the
severity of spills and the extent of impact to émyironment is @&pic of increasing
importance.

Despite regulation and controls in all North American jurisdictmmshe handling of
FPW, spills still occurCommonroutes of FPW contamination to surface water sources
include accidental releasdaring FPW transpori.€., pipeline or truck transport),
inadequate FPW treatmegmd subsequent release, and intentional illegal releases by
operatorgGoss et al., 2015/engosh et al., 2014From 2005 to 2010, it was determined
that withinthe Marcellus and Fayetteville shale plays of the eastern USA, the average
distanceof drilled wells from freshwater streams was ~300Entrekin et al., 2011)Given
the close association of hydraulic fracturing activities with freshwatetghe growth of
this extraction approach, the potential for releases to sustaties of water is expected to
rise. Inthe province oAAlberta, Canaaalone,the Alberta Energy Regulator (AER1e
main energyolicy and regulating agency in the province)mpliance dashboareéported
205 spills/releases of salt/produced water associated with UOG or crude oil production
from January 2017 to July 2018ER, n.d.) The BC Oil and Gas Commission (BCOGC)
reported that nine spillsf emulsion (oil, gas, water, and condensate) and three spills of
brine from UOGactivities acurred during 2017 in and around the Montney shale
formation of uppenortheast BGBCOGC, n.d.)Furthermore, in the state Gblorado,
there were a reported 257 spills of produced water in 2016 (data fraDetier for
Western Priorities 2016). To exemplify how spills are of concerrFaW management
strategies need to be more carefully considered among regudgkemgies and operators, a
report was released by the United States EnvironmEnbééction Agacy (U.S. EPA)In
2015 studying hydraulic fracturing spills from January 2008l 2012 in the states of
Colorado, Pennsylvania, Oklahoma, Arkansas, Tec@sisiana, New Mexico, Wyoming,
Utah, West Virginia, and North Dakotahis report found a totalf combined 24,000



hydraulic fracturingrelatedreported spills at sites located at a distance from well pads and
an additiona#l57 spills at well pad sitgt).S. EPA, 2016)

Depending on the state/province, a spilrelease of FPW warranting report can vary
in terms of volume of spill, spill type&nd time required to report a spill. Fexample, in
both North Dakota and Coloradspills escaping secondary containmen®dP gal must
be reported, with writtereport of said spills mandated within at least 10 {Bgdterson et
al., 2017) In Pennsylvania, however, spills 06i 15 gal (depending on FPW TDS
measurements) are required within 24 h, whereas in New Mexico, onlyGpil gal
require written notification within 15 dayPatterson et al., 2017n Alberta, theAER
requires spills 002000 L (~ 530 gal)to be reported within 24 (AER, n.d.) Regarding
spill frequency, in Alberta, an estimated >2,500 FPW spills occurred from 2005 to 2012
with more than 118f those spills entering into freshwater lakes and stréAtassi et al.,
2017; Goss et al., 2015)nalysis of data from 2005 to 2014 representi3§,000 UOG
wells in the states of Colorado, North Dakota, PennsylvaniaNandMexico showed that
50% of spils were associated with storage or transpbRPW and thati216% of wells
reported a spill every year, the largest singgRW spill recorded at 3,756%Patterson et
al., 2017) However, in this sam&tudy, it was found overall that across the three states of
Colorado, North Dakotagand Pennsylvania, annual spill rates are either being sustained or
decreasing, witlonly NewMexico showing an increasing annual spill ré@atterson et al.,
2017) With increased use of UOG technologies on the risentdy, however, it is only
expected that spills of FPW will continue and become more prevalent. Furtherisise,
associated with FPW are not only from spills but from direct applicédiodust
suppression or dieing on roads. Currently, 13 stateslhe USA allowspreading of FPW
on roads as an inexpensive alternative to other dust suppreg3sasiter et al., 2018FPW
released to the environment in this manner hapaobential to leach from roads during rain
events into ground and surface wadad cause toxicity to aquatic biota. In Northern
Pennsylvaia alone, ove280,000 L of FPW was spread on roads in 2(Rdnnsylvania
DEP, 2016ajesulting in a mean radium concentrat@fri4.5 pCi/L in surface waters
associated with the contaminated roadwaigmificantly higher thamational
recommended regulatory limits for radiumdrinking water (5 pCi/LYTasker et al.,
2018)



1.2 MAJOR FPW CHEMICAL CONSTITUENT GROUPS

Three major classes of chemical species were takeamnsideration when
analyzing the composition of FPW samples: major ionscdiner general water
characteristicsprganic constituents, and trace metals. Althowgloactivity associated
with FPW has also been determined to be of potectiiatern to natural environments
(Haluszczak et al., 2013; Tasker et al., 2048alysis of FPW radioactivitig not
discussed in further detail presentjowever, a tableecording types and levels of
radioactivity associated with FPW can be founthm Suplemental Information (Table
S1-1). Furthermoreanalyseiave been restricted to studyiogly those constituents that
are commonly reported across studie§BW composition from North American hydraulic
fracturing operations. In total5 different soures of detailed chemical analysis of strictly
FPW (not affectedurface waters or effluent discharges) were compiled to create a single
database adver 5,000 data points of targeted inorganic and organic chemicals. These
sourcegan be found ifablel-1. It should be noted that the analyzed FPW samples
detailedin the literature vary with respect to the timing of collection (flowback period
sampled), well location, and shale formation being explaitalil factors whichinfluence
FPW chemistry. Indeed, mg reports do not offer sufficient or completetails regarding
these variables. Consequently, it is therefore acknowleithgeedhe current review is not
able to offer detail regarding how the chemimaiposition and toxicity of FPW samples
differ with respect to time spent the well or source geology. For information on
hydraulic fracturingassociateavastewaters from drilling operations in other fidorth
American formations andn potential other toxicities pertaining to the initial fracturing
fluid used to inducéractures, please see reviewsHaper et al., 20landAnnevelink et
al., 2aL6.

Table 1-1. References used for compiling chemical characterization data.

Reference Type of Analytical Location/Formation of Time-Period of
Document Methods FPW Sampled FPW Sample(s)

and QA/QC (Days Post

Stated? Well

Stimulation)




U.S. EPA,(2015) Analytical Yes Unknown (Marcellus Unknown

Atlas Study Report suspected)
Response_211 41¢
Blauch et al. Regional No Pennsylvania / Marcellus 0-55
(2009) Meeting Paper
T. A. Blewett et al., Academic Papel Yes Alberta / Duvernay 10
(2017a)
Pennsylvania DEP, Analytical Yes Pennsylvania / Marcellus Unknown
(2016b) TENORM  Study Repdt
Dresel and Rose Geological Yes Pennsylvania / Marcellus Unknown
(2010) Survey Report
Hayes(2009) Analytical Yes Pennsylvania / Marcellus 0, 1, 5, 14, anc
Study Report 90
He et al.,(2017a)  Academic Papel Yes Alberta / Duvernay 7
Lauer et al.(2016) Academic Paper  Yes/No North Dakota / Bakken Unknown
Lester et al.(2015) Academic Papel Yes Colorado / Denvedulesburg Unknown
Basin
MaguireBoyle and Academic Papel Yes Pennsylvanid Marcellus Unknown
Barron(2014) Texas / Eagle Ford
Barnett / New Mexico
NYS DEC(2015) Environmental Yes/No Pennsylvania West Unknown
Impact Virginia / Marcellus
Statement
Proceeding
Pennsylvania DEP Analytical No Unknown (Marcellus Unknown
(2010) Inorganics Study Report suspected)
Report
Rosenblum et al., Academic Papel Yes Colorado / Niobrara 1,4,7,15, 22,
(2017) 80, 130, 220,
and 405
Rosenblum et al., Academic Papel Yes Colorado / Niobrara 1,4,7,15, 22,
(2017a) 55, 80, 130, anc
220
Ziemkiewicz et al., Academic Papet Yes Pennsylvania / Marcellus Unknown
(2014)

1.2.1Major lons

Cations and anions/sattlated ions (see Table2) aremajor components of FPW
andare primarily responsible for the high total dissolved solid (TDS) concentrahians
are often observed in FPW samples. During the fracturing process, many afasses
chemical compounds present in the initial fracturiogdfpumped down thevellbore (e.qg.,
acids, breakers, and stabilizers) contain ionic chemical speciesntiaice operational
efficiency and maximize resource recovéfyacFocus, n.d.Jrhese include chemicals
such as hydrochloric acid (used to dissolve mineraldratiate fissure formation), sodium
and calcium chloride (breakers used to #itggeogenic products and clay formations),

magnesium peroxide (a breaker useddtay gel break down), and many others. These
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lons, following parent compour@actions, reside in the formation fluid until they are
brought back up to the surfaceFPW.

However, another source of salt ionic species contributing to the comsealy
high FPW TDS concentrations is the geological environment being targeted/exploited
during hydraulic fracturing activities. During the rate Cretaceousra (~100 million
years ago; MYA), North America was divided into two lamésses by a large inland sea
which stretched from the Gulf of Mexico to tAectic OceanNicholls and Russell, 1990)
Correspondingly, many of the sedimentéygmations exploited for hydraulic fracturing
purposes have a marine origamd as a consequence, formation waters and FPW from
these formations followingatural resource production contain high levels of major
ions/saltfChen and Osadetz, 2013; Connollyakt 1990; Kahrilas et al., 2016; Li et al.,
1997; Rice, 2003)

Table 1-2. General water quality and ion concentrations in hydraulic fracturing flowback
and produced water samples and current acute (and chronic) guatelgentrations for

the protection of freshwater aquatic life according to Canadian Environmental Quality
Guidelines (CEQ) and the Unites States Environmental Protection Agency (USEPA). N=

number of collective samples used to establish range. All valueg/In

L Median CEQ Guidelines USEPA Guidelines
Chemical Conc. Conc. Range N
Acute Chronic Acute Chronic
Bromide 610 472 0.2- 147 ND ND ND ND
2240
Calcium 9252 7630 35.2- 164 ND ND ND ND
41600
Chloride 60293 43800 64.2- 193 640 120 860 230
207000
Magnesium 982 710 7.1- 164 ND ND ND ND
13000
Manganese 9 4 071965 160 ND ND ND ND
Potassium 705 253 2.7- 148 ND ND ND ND
17043
Sodium 26669 21510 45.9- 165 ND ND ND ND
95500
Sulphate 94 46 0-1010 167 ND ND ND ND
TDS 10862 91405 680- 148 ND ND ND ND
345000



Nitrate 2.049 1.3 0.081i 74 550 13 ND ND

15.9

Nitrite 1203 4.7 0.045- 72 ND 60 ND ND
146

Nitrogen 116 96 5.6-498 69 ND ND ND ND

(total)

Carbon 1200 110 1.2- 77 ND ND ND ND

(totaly 58550

pH 6.3 6.5 3.4i 126 ND 6.51 9.0 ND 6.51 9.0
10.1

* Carbon (total) includes measurements of total organic carbon, total carbon, and dissolved
organic carbon.

ND = No Data

1.2.2Trace Metals

FPW metal profiles depend greatly on the geology of the formation being exploited.
As seen in Tablé-3, numerouslifferent trace metals may be present in F&W at
varying concentrations. The trace metals present in FPW whichexisbussed in this
section are from multiple different chemical groups, includivegalkali and alkalinearth
metals (e.g., barium and strontitinboth of whichare commonly found at high
concentrations i n FPW),A metalk @.g.sronczint, tagmivdne f i ne d
etc.),posfit r ansi ti onoO melead, thalliun, etc.)gand nataidsengi, n u m,
boron, arsenic, etc.). Due to their toxicattyrelatively low concentratior(§Vood, 20123a)
many of hese metals may posgnificant hazards to aquatic systems if preseettajled in
sectionl.3.2).

Table 1-3. Trace metal species present in hydraulic fracturing flowback and produced
water samples and current acute (ahbnic) guideline concentrations for the protection

of freshwater aquatic life according to Canadian Environmental Quality Guidelines (CEQ)
and the Unites States Environmental Protection Agency (USEPA). N= number of collective

samples used to establismga. All values in mg/L.

CEQ Guidelines USEPA Guidelines
Median
Chemical <L Conc. Conc. Range N
Acute Chronic Acute Chronic

10



Antimony

Arsenic
Barium
Beryllium
Cadmium
Copper
Iron
(total)
Lead
Mercury
Strontium

Thallium

Zinc

07 9.9

(O}
26.1

0-
13900

071 0.1
(O}
0.13

(O}
4.15

0-
18432

i
3.48

0
14.6

0.58-
13100

0.0049
-151

0-685

ND

0.005

ND

ND

9.0x 10°

0.0021
0.004
0.3
0.0017
0.007
2.6x10°
ND

8.0x10*

0.007

ND

0.15

ND

ND

7.2x10*

0.00651

0.034"
1.0

0.0032

7.7x10

ND

ND

0.12

dConcentrations dependent on water hardness

bConcentrations based on a Biotic Ligand Model analyses

ND = No Data

1.2.30rganic Chemicals

Similar to major ions, organic chemicals present in FPW are derivedtfvom

primary sources: from chemicaisiginally added to fracturing fluids for thmurposes of

inducing formation fractures and maintaining well viability but ditson the formations

themselves. Organic chemicals present in FPW samples déawedhe formations being

exploited are petrog@nin nature. As noted previouslgertain drilling practices add

specific organic chemicals to the fracturing fluidaid extraction (e.g., biocides for
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antifouling properties and gelling agents suckthylene glycols and differing petroleum
distillates). Many of these fracturing fluiadditives and their purposes can be found on the
openaccess website FracFocus.oatthough the majority of fracturing fluid organic
additives are depleted duriagilling operations, trace amounts of organic additivay m
still be present iollected FPW samples. However, much of the reported data on FPW
does noinclude analysis of these organic additives. Thus, for the sake and purpose of this
review, only organic chemicals originating from the formations that aseptie FPW
will be discussed.

The organic species present in FPW are both numerous and diverse. Abbimbugh
organic chemicals that are common to most FPW samples@oded inTable1-4,
potentially thousands of organic chemical species may be pigsest al., 2017a)0One of
the more commonly measured organic chemicaldPw are PAHS, a ass of organic
compoundghat have high toxicity, and which elicit negative impacts on both biota and
ecosystems through many different mechanisms. This groopmpasses bosmall
organic chemicals, such as the double-tmg PAHs (e.g., naphthalenghenanthrene, and
pyrene), and relatively larger 5 to-tidg PAH molecules (e.ghenzo[a]pyrene, perylene,
and ovalene). It should be noted, however, thatrhaayr ger PAH compounds (
are often insoluble in water and sorb to orgaaidon in agatic systemgde Maagcet al.,
1998; Ma et al., 2010Accordingly,such larger PAHs are immediately less bioavail&ible
aguatic organisms (althouglccumulatiorwithin sediments may become a toxicological

concern).

Table 1-4. Organic chemicaspecies present in hydraulic fracturing flowback and

produced water samples and current acute (and chronic) guideline concentrations for the
protection of freshwater aquatic life according to Canadian Environmental Quality
Guidelines (CEQ) and the Unitesags Environmental Protection Agency (USEPA). N=

number of collective samples used to establish range. All values in pg/L.

L Median CEQ Guidelines USEPA Guidelines

Chemical Conc. Conc. Range N
Acute Chronic  Acute  Chronic

Polycyclic Aromatic Hydrocarbons
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Naphthalene

Acenaphthylene

Acenaphthene

Fluorene

Phenanthrene

Fluoranthene

Pyrene

Benzo[a]anthracene

Chrysene

Benzo[b]fluoranthene

Benzolk+j]fluoranthene

Benzol[a]pyrene

Indeno[1,2,3cd]pyrene

Benzo[g,h,i]perylene

Dibenz[a,h]anthracene

(1 or 2}
Methylnaphthalene

Volatiles

1,1,1Trichloroethane

1,1,2Trichloroethane

1,2-Dichloropropane

1,2,4Trichlorobenzene

Benzene

68.66

8.084

8.34

7.89

7.64

7.67

7.71

8.085

8.026

8.21

8.15

8.18

8.25

7.89

8.27

11.19

46.1

46.1

46.1

43.35

888.6

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

1.9

7.7

1400
0-190

0-190

0-190

0.15-

190

0-190

0.037-

190

0-190

0-190

0-190

0-190

0-190

0-190

0-190

0-190

0.11-

190

0-500

0-500

0-500

0-500

12500

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

69

68

68

68

68

81

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

11

ND

5.8

0.4

0.04

0.025

0.018

ND

ND

ND

0.015

ND

ND

ND

ND

ND

21

ND

24

370

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND
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Carbon tetrachloride 46.1 5 0-500 68 ND 13.3 ND ND

Ethylbenzene 103.9 5 0- 75 ND 90 ND ND
1540
Styrene 45.4 5 0-500 70 ND 72 ND ND
Toluene 1293.3 5 0- 81 ND 2 ND ND
41500
Vinyl chloride 46.1 5 0-500 68 ND ND ND ND
Xylenes (total) 1569.3 15 3- 76 ND ND ND ND
73000
Synthetics
Dibromochloromethane 46.1 5 0-500 68 ND ND ND ND
Hexachlorobenzene 8.21 1.9 0-190 68 ND ND ND ND
Pentachlorophenol 40.98 9.5 0-940 68 ND 0.5 19 15
ND = No Data

1.2.4Wellbore Reaction Products

One area of FPW chemical characterization which has recently begun to gain
analytical attention is the presence of transformation products created réaghigns
involving the initial fracturing fluid compounds and the higdat,high-pressure
environments of a horizontally fractured wellbore. Albeit higidyiable, and dependent
on numerous factors including depth of formatiemgth of well, formatiorgeology, etc.,
temperatures and pressures within a lodr@ horizontally fractured well can reach up to
~200°C and 10,000 psi, respectivélabhrilas et al., 2016; Nelson and Santus, n.d.;
Shaffer et al., 2013)This createsan ideal environment for the transformation of organic
chemicals incorporatedto the initially injected fluid. These wellbo@eated chemical
species mayold differing toxicities than the original parent compounds (He et al. 2017a;
Kahrilas et al. 2016). Although theorized to constitute a relatively small propoftibe
total FPW chemical makeup, these wellbtmansformed compounds poseallenging
problems taoperators and regulatory agencies when attemptidgyelop risk assessment

and remediation protocols. Currently, targeted anabfsselect compounds is slowly
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elucidating the extent of these transformatioeaktions and the occurrence of these
wellbore reaction products. Howevegntargeted approaches (such as-temgeted
orbitrapLC-MS studies) comparingPW and initial fracturing fluids may better determine
what and how mangroducts are formed in a given fracturing operation. Industry
proprietay constraintshowever, often impede these types of studies and hinder further
expansion othis topic.

1.3MODES OF FPW CHEMICAL CONSTITUENT TOXICITY IN AQUATIC
SYSTEMS

1.3.1Major lon Toxicity

Salinity in produced waters is likely to be the most sigaifit source of acute
toxicity associated with FPW exposure to aquatic organisms (Folkerts et al. 2649).
levels of salts such as Na (sodium), K (potassium), Mg (magnesiar{talcium), and ClI
(chloride) in many FPWs are extremely high compareathtoral freshwaters. For
example, the levels of Na in FPW may b6,800fold higher than Na concentrations in
some freshwater lakes and rigd€i ablel-2; Allen, 2008) As observed with trace metals,
there is a large variation within concentratiofishese major ions. For example, Na
concentratios in FPW can range from 45®95,599 mg/L, and Cl values range from 64.2
to 207,000 mg/L depending dne FPW ample (Tablel-2). In assessing the potential for
major ion toxicity, it isworth noting that it may be difficult to isolate the effects adcsfic
ions or salts, aslevations of multiple ions eoccur, and this is a phenomenon likely to
influencetoxicological outcomes. However, as a general metric, salinity can be a useful
guide as to the anticipated toxic outcome, and concentrations af ioeganFPW often
surpass Canadian Environmental Quality (CEQ) and United Eateonmental
Protection Agency (USEPA) water quality guideline concentratamasL Go values for
numerous aquatic organisnge€ Tabled-2 and1-5). A suddeninflux of highly saline
water, such as a saline FPW spill, into a lake or streaninitidllly cause toxicity due to
osmoregulatory distress. All freshwater organismist closely maintain ionic
homeostasis, but the species most at risk are stenobpéoes that ay lack the capacity

to osmoregulate beyond their norrealvironmental salinity rang@&vans et al., 2005)
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Similar to metals, the gill is a primary target for the effects of salts assowidbed
an FPW spill. The gill is a multifunctional organ that is involved withriegulation and is
the first line of defensagainst toxicants. Morphologically, thél epithelium is composed
of several different cell types, which undergo changessponse to physiological stress
and environmental challenges. Of these cell typgstlamellar cells (cells between the
lamellae of gills) may grow and change to meétysiological demands, such as in
situations where environmental dissolved oxygencentrations are alteré8ollid and
Nilsson, 2006)toxicant exposure occu(Eamzin A. Blewett et al., 2017pr when the fish
is osmotically challenge(Blair et al., 216). Changes to interlamellar cell mass (ILCM) is
a commonly used index fabserving respiratory stress in fi€dollid and Nilsson, 2006)
Previous studiebave observed altered responses of the ILCM as a response to high salt
exposurgBlair et al., 2016; T. A. Blewett et al., 2017b)Arctic grayling Thymallus
arcticug and rainbow trout@ncorhynchus mykisexposed to salinities of 17,000 and
13,500 mg/L, respectively, for 24 and 4&istological analysis of the gill filaments
showed structural changes. In the stenohaline Arctic grayling, ILCM recorshogged
signs of hyperplasia and overgrowth of the protruding lamellae, decrehsisgrface area
of the gills dramatically. Thisih remodeling is thought tbe beneficial as a defense
mechanism against exposure to high saline FPW\vesuld limit the uptake of salts and
minimize water loss across the epitheli®anversely, during the same exposure, the
ILCM was reduced in rainbotvout, likely because of the greater osmoregulatory capacity
of this euryhaline speciesgas sufficient to handle the change in environmental
concentrations.

Another acute effect observed in fish exposed to high saline watergsréetion
of an oxidaive stress response. In trout exposed to the salinity compohERW alone,
alterations in key oxidative stress enzyme activities were observbd gill and liver of
rainbow trout(T. A. Blewett et al., 2017bMore specificallythere was both an increase in
the enzyme catalase activity and a decreatigienzyme superoxide dismutase activity.
These enzymes are part of a critigatioxidant defense system which operates to scavenge
free oxygen radicalqreventing damage teellular constituents. For an extensive review
on salinityinducedoxidative stress, sdaishchak(2011) Daphnia magna, a freshwater

crustacean, showed even more extreme sensitivity to the majqresenin FPW(T. A.
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Blewett et al., 2017a)n this study, thauthors exposed the anim#édsdilutions of a saline
solution which was made up to match the majorcomposition of a specific FPW sample.
The median lethal concentration occurvetken the saline solution was diluted to a
concentration representing jus6% (~2,700 mg/L) of the raw FPW sample salinity.
Previous reports have shown thatial offspring production in Daphnia decreases under
NaCl exposuréGhazy et al., 2009; Martinelerénimo and Martineter6nimo, 2007)
Blewett et al.(2017b)showed that after chronic exposure, both salinity and FPW caused
decreasedeprodiction and metabolic rate. Furthermore, chronic exposure to salinity can
cause changes in physiological homeostasis such as piadraaced stresglated

hormones (e.g., prostaglandins), stimulation of energy metabolism, altevhétactrolyte
equilibrium, enhanced reactive oxygen species generation, and a#épreductive fitness
(Lushchak, 2011)

Table 1- 5. Reported acute lethal toxicities (k§3n mg/L) of major ions associated with
hydraulic fracturing flowback and produced water to aquatic species.

Water Hardness
Chemical Species LCso Temp. (mg/L pH Ref.
(°C) CaCoOg3)

48h 96h
Bromide Juv. DM 1.2 22 173 8 (LeBlanc, 1980j\
8.12 20 170 7.5 (Bairdetal, 1991)
>100.¢ 20 130 7.5 (Ewell et al., 1986}
11000 20 (Canton et al., 1983
o A
13500 19 100 (Hermens et al.,
K03 1984)*
Juv. FHM > 100.¢ 20 130 7.5 (Ewell et al., 1986)
FHM 17800 16500.0 12 107 7.8 (Alexander et al.,
P 1981)A
Calcium Juv. DM 52.¢ 18 45 7.7 (Biesinger and
Christensen, 1972)
Juv. DM 2770. 20 Mod. Hard 7.57 9.0 (Mount et al., 1997
Oa
FHM 4630.0 25 Mod. Hard  7.57 9.0 (Mountetal., 1997
Magnesium Juv. DM  140.G 18 45 7.7 (Biesinger and
Christensen, 1972)
Juv. DM 1330. 20 Mod. Hard 7.57 9.0 (Mount et al., 1997)
Oa
FHM 2120.6 25 Mod. Hard 7.57 9.0 (Mount et al., 1997)
Manganese Juv. DM 9.8 18 45 7.7 (Biesinger and
Christensen, 1972)
Potassium  Juv. DM 93.¢¢ 18 45 7.7 (Biesinger and

Christensen, 1972)
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Juv. DM 660.CG 20 Mod. Hard
FHM 880.¢ 25 Mod. Hard
Sodium Juv. DM 1640. 18 45
Oa
Juv. DM 4770. 20 Mod. Hard
Oa
FHM 6390.¢ 25 Mod. Hard
Sulphate CD 2050. 25 94
Oa
2526. 25 107
Oa
HA 512.¢ 22 94
2855. 22 107
Oa

7.51 9.0 (Mount et al., 1997
7.51 9.0 (Mount et al., 1997

7.7 (Biesinger and
Christensen, 1972)

7.51 9.0 (Mountetal., 1997

7.51 9.0 (Mountetal., 1997

7.9 (Soucek and
Kennedy, 2005)
7.9 (Soucek and
Kennedy, 2005)
7.9 (Soucek and
Kennedy, 2005)
7.9 (Soucek and

Kennedy, 2005)

aStatic/Semistatic Exposures

® Flow-Through Exposures

* Measured chemical concentrations used fogddalculations
Nominal chemical concentrations used forsb.€alculations
CD - Ceriodaphnia dubia

DM i Daphnia magna

FHM 1 Fathead MinnowRimephales promelas

HA i Hyalella azteca

Juv.i Juvenleaged organisms used.

1.3.2Trace Metal Toxicity

Dedr pest hatcht hi n 24

It is difficult to quantify the toxicity caused by individual trace metals present in

FPW, as they are present in mixtures with other trace natdlshemical additivesyhich

modify bioavailability, bioaccumulation, and toxicity. Below,

we identéytain trace

metals of toxicological concern commonly found in charactefi#@d/ samples by

comparing concentrations to kfvalues for multiple modedquatic animal species.

Furthermore, we outline potential mechanisms of toxmiftindividual trace metals to

aguatic organisms and the role of metal speciationediating toxicity. Most common

trace metals found within many differefPW samples stuekl include barium (Ba),

strontium (Sr), iron (Fe), manganddn), thallium (T), zinc (Zn), copper (Cu), and lead

(Pb). Although these metadse commonly found in FPW samples, their concentrations
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will vary considerablyas a consequence of the geologyhef formation being exploited for
resourcesNevert heless, water quality criteria fo
range(Wood, 20123)while trace metals present in raw (i.e., undiluted) FSWiples are
present at concentrations in the mg/L range. Moreover, FPW frequeatlyes metal
concentrations well above both the current ambient water quatiyia for Canada, the
USA, and the European UnigWWood, 2012ajTable1-3) and above L& concentrations
for numerous aquatorganisms (Tablé-6).

Metal toxicity can be exerted over either an acute time frame or a chiroaic
frame, and the mechanisms of effect may differ between these two pafriexjsosure.
Metals can cause toxicity thugh a plethora of mechanisms, includstguctural damage,
disruption of enzymatic function, reacting as redox catalgdiise production ofeactive
oxygen specieR0O9), disruption of ion regulation, and initiating the format@rDNA
and protein addus (Liu et al., 2008) Over acute exposure periods, khality of metals
is often associated with damage at the gill. The gills ofdisdh invertebrates represent up
to 70% of the total surface area of an orgartisat is directly exposed to the external
environment and are organs desigf@dphysiological transport procesggs/ans et al.,
2005; Hughes, 1972Previousevidence has shown that exposure to various trace metals
can cause profounahorphological changes in the gills, often characterized by an
inflammatory respores(Wood, 2001) This response can elicit rapid lethality due to
edematous swellingellular liting, necrosis, and lamellar fusidnchanges that result in a
significantlyincreased wateto-blood diffusion distance, which in turn reduces the ability
of the animal to effectively take up oxygéwood, 2012a)There are, however,
mechanisms of toxicity that are specific to certain traeals. Some metals impose
toxicity via ionic mimicry whereby metals target thetiveionic uptake pathways in the
gill of aquatic organismé&ury, 2003; Blsselberg, 1995; Clarkson, 1993; Wood, 2012a)
For example, silver (Ag) and Guimic Na(Goss et al., 2011; Grosell, 2012; Grosell and
Wood, 2002; Wood, 2012hywhile Pb(Mager, 2012)Zn (Hogstrand, 2012; Hogstrand et
al., 1994) and cadmiunfCd) (McGeer et al., 2012; Niyogi and Wood, 2004l mimic
Ca. This mimicryresults in these metal contaminants disrupting ion homeostasis, through
bothdecreased uptake of the nutrient ions and through metal effects on sensitive ion

transport enzymes. For example, Cu can inhibit the basolatetalNd/ase an enzyme
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that energizes the active uptake of Na and ClI for ionic regul@f¥mod, 2012a)Active

uptake & Na, CI, and Ca is essential for freshwater animalisch constantly lose these

ions by diffusion from their relatively saftch bodieso the much more dilute

environment. Consequently, death via hyponatremltaypocalcemia occurs as a result of
metas inhibiting these enzymes. Cu can atgabit carbonic anhydrase, the enzyme that
hydrates C@to produce H, whichis also critical for aciebased ion regulatiofGrosell,

2012) Similarly, Zn, Pb, an€d compete with Ca for entry through apical Ca channels and
can inhibit thebasolateral G&ATPase that powers Ca transport within the disgstrand,
2012; Mager, 2012; McGeer et al., 2012)

In terms of chronic toxicity from lowelevel exposures, similar mechanisms of
toxicity may be observed. However, under chronic exposure conditions, asuite
mechanisms are usually altered which ultimately result in decreased suyxaoveth, or
reproduction. For example, small molecular weight thartainingproteins such as
metallothionén and glutathione may be induced by certain metpbsures and act to bind
to intracellular metals and prevent their reaction wéhsitive cellular site@Vood,
2012a) However, this may act to limit bioavailabiliof other essential metals for
metalloenzymes. Chronic toxicity of metals may dlscassociated with increased
oxidative stress. Increasetketal exposure can induogidative stress through two
mechanisms, the first is related to the generation ofré@ieals by ions with changeable
valences (e.g., Fe, Ni, Cu) and the second thraaghage of antioxidant enzymes that are
normally used to igvent reactive oxygespecies damage (for detailed review of these
processes, sdaishchak, 2011)

The thresholds for acute and chronic effects of metals will vary as a function of
metal concentratioand length of exposure. However, in FPW spill scenanmetals will
be present in aquatic settings in the presence of other chemicdiatbahe potential to
mitigate and enhance their toxicity. This occurs either thraltghing metal speciation or
through interactions with effect pathways. The speciatifoatrace metal is critical to its
toxicity and is significant for understanding tranetal bioavailability and environmental
fate (Wood, 2012a)Commonly, speciatiorefers to the distribution of the different metal
chemical species within a system. awst metals, the free ion form is considered to be the

mosttoxic, as it is the specigbat is thought to be the most bioavailable, gaining access to
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the organism througtiedicated ion transporters on epithelial surfaces (as described above;
Wood, 2012a)in aquatic systems, trace metal bioavailability is affected by complexation
(anionic and/or organic) and competition (trace metals and major essentidl& @R K,
Mg] that may share a pathwai/ood, 2012a)naking interpretation of thieioavailability
in the complex mixture that is FPW extremely challenging.

Anionic complexation involves the association of a trace element with asuchs
as S@* and Cland OH and HCQ (Wood, 2012a)The associationf any given metal
with any given anion is dependent on several faciock)ding the physicochemical
characteristics of both the metal cation andathien. In FPWhowever, concentrations of
complexing anions are high. Fexample, FPW Sg& concentrations display a median
value of 46.3 mg/L butanges from 0 to 1,010 mg/L, while the median value foisCl
43,800 mg/L witha range from 64.2 to 207,00@y/L (Tablel-2). This suggests that anion
complexeof metals are likely to be significant in FPW and in turn presumably affect and
alter bioavailability. However, other water chemistry factors play an importantale.
example, in freshwater, the chemical speciatibtrace metals is greatigfluenced by pH.
FPW is generally acidic (e.g., median pH d,6lablel-2) but can vary greatly from pH
3.4 to 101 (Tablel-2). More alkaline waters will favobicarbonate or carbonabased
complexes, thereby decreasingaviailability and toxicity. However, it is important to note
that some anion complexesmgétals may be bioavailable and induce effects associated
with toxicity. For examplethe formation of CuC@has been associated with the toxic
effects of Cu irDaphniamagna(De Schamphelaere et al., 200B)owever, to date, the
toxicologicalsignificance of anions and anion complexes has received little attention.

Organometallic complexes are also found in FPW. Metals are known ttobind
organic carbon with varying degreeshiriding affinities(Aiken et al., 2011; Lores and
Pennock, 1998; Playle et al., 1998pain, because of the complex#agsociated with
organics present in hydraulic fracturing effluents, we are utabielividually associate
metals with specific organimomplexes. However, it isnown that PAHs bind to certain
metals through catiesh i nt e(Gauthier iet@ln 2014esulting in lipophilic
organometallic complexes. These organometadimplexes may diffuse across the
epithelia of aquatic organisms, and the potefbiatoxic effects associated with this

bioaccumulation has been daoeented(Boullemant et al., 2009; Parthasarathy et al., 2010,
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2008) However, to date, th®xicities of these complexes in FPW have not been

extensiely investigatedHowever, it must also be noted that metal toxicity in aquatic

environments maglso be mitigated by complexation with some organics. For example,

dissolvedorganic carbon (DOC) is ubiquitous in natural waters and is formed by the

microbid breakdown of plant and animal materi@lfiurman, 1985)DOC has a hig

affinity for metals, and by binding to them, bioavailability of trace metals to taugttces

such as the gills is reducéd/ood et al., 2011)Similarly, the high salinitypf these

effluents(Alessi et al., 2017; Goss et al., 2003y likely outcompetenetals forbinding

to ion transporters on the gill, reducing uptake, bioavailabdity toxicity (reviewed in
(Blewett and Leonard, 2017)

Table 1-6. Reported acute lethal toxicities (k§&3n mg/L) of metals associated with

hydraulic fracturing flowback and produced water to aqusgiécies.

. : Water Hardness (mg/L
Chemical Species LCso Temp. (°C) CaCO3) pH Ref.
48 Hr 96 Hr
Antimony DM >530Q07 22 173 8 (LeBlanc, 1980)
Antimony Juv. PM 15.% 12.4 20 Seawater ~6.5 (Takayanagi, 200%)
)
A?timony Juv. PM 0.93 0.93 20 Seawater 8 (Takayanagi, 2001)
"
Arsenic Juv. DM 2.5 21 Modified M4 Medium (Tigler -¢
Kon| ant*
7.8 18 45 7.7 (Biesinger and
Christensen, 1972)
Juv. RT 23.2 15.3 12 250 8 (Tigler -¢
Kon| ant*
Barium Juv. DM 145 18 45 7.7 (Biesinger and
Christensen, 1972)
DM 410 22 173 8 (LeBlanc, 1980)
Beryllium Juv. DM 0.4 20 130 75 (Ewell et al., 1986)
DM 1.2 22 173 8 (LeBlanc, 1980j
Juv. >100Q07 20 130 7.5 (Ewell et al., 1986)
FHM
Cadmium Juv. DM 0.03 19 100 (Canton and Slooff,
1982F
0.046% 19 7.9 (Slooff et al., 1983}
DM 0.035 20 29 7.8  (Nelson et al., 1984)
ZF 7.0 20 170 (Canton and Slooff,
1982F
Juv. 2.2 20 140 (Slooff et al., 1983)
FHM
Juv. RT <0.0005 15 9.2 7 (Cusimano et al.,

1986)
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Copper

Iron (*3)

Lead

Mercury

Strontium

Thallium

Zinc

0.09%

0.18
0.3¢

RT

Juv. DM  0.0098

DM 0.017
DP 0.01®

Larval
FHM

FHM

Juv. RT

RT

Juv. DM 9.6

Juv. DM 0.43

Juv. RT
RT

Juv. DM 0.003

0.005
0.005
Juv. 0.03
FHM
FHM

Juv. RT 0.63

Juv. DM 125.¢
Juv. DM 2.2

Juv. DM 0.12

0.0023
0.01&

0.022

0.078

0.1%
0.07%

0.43
0.47
0.0028

0.1
0.03

0.03F
0.3

1.0
117

0.17

0.758

13
15

15

15
15

14

18

20
20

22

22
25

23
22
15

14
15

15
15
18
18

11
11

20

19
18

20

23.5
15

18

22

18
20

20
140

20

285
80

140

45

250
37

31

200
~170
9.2

120
30

102
361
45
45

120
28

45

140

45
285

45

173

45
130

7.2

7.2

7.5
7.2

7.7

7.4
8.1

N N ©oo N

7.7

7.9

7.9
7.7

7.4
7.5

7.7
7.5

(Hollis et al., 20009
(Szebedinszky et al.
2001y
(Calamari et al.,
1980F
(Slooff et al., 1983)
(Calamari et al.,
1980y

(Biesinger and
Christensen, 1972)
(Park et al., 2009)
(Boeckman and
Bidwell, 2006¥
(Erickson et al., 1996)

(Erickson et al., 1996)

(Mount and Stephan
1969y
(Mount, 1968}
(Dwyer et al., 2008)

(Cusimano et al.,
1986y

(Taylor et al., 2000)

(Howarth and Sprague
1978y

(Howarth and Sprague
1978y

(Howarth and Sprague
1978y

(Biesinger and
Christensen, 1972)

(Biesinger and
Christensen, 1972)
(Rogers et al., 2008)
(Davies et al., 1976)

(Canton and Adema
1978y
(Slooff et al., 1983)
(Biesinger and
Christensen, 1972)
(Slooff et al., 1983)

(Snarski and Olson
1982y
(Slooff et al., 1983)

(Biesinger and
Christensen, 1972)
(LeBlanc, 1980)

(Biesinger and
Christensen, 1972)
(Ewell et al., 1986)
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Juv. 0.6 25 46 7.5 (Benoit and Holcombe

FHM 1978)
9.0 23 203 7.7 (Brungs, 1969)
17.¢¢ 20 130 7.5 (Ewell et al., 1988)
Juv. RT 0.103 10 10 5.8 (Alsop and Wood,
1999
0.17 15 31 7 (Bradley and Sprague
1985y
0.869 15 120 8 (Alsop et al., 1999)
4.46 15 386 8 (Bradley and Sprague
1985y
RT 0.066 15 9.2 7 (Cusimano et al.,
1986)

2 Static/Semistatic Exposures

® Flow-Through Exposures

* Measured chemical concentrations used fogddalculations
Nominal chemical concentrations used forsb.€alculations
DM i Daphnia magna

DPi Daphnia pulex

FHM i Fathead MinnowRimephales promelas

RT T Rainbow Trout Oncorhynchus mykiks

ZF 1 Zebrafish Brachydanio rerig

PMi Red SeabreanfP@grus majoy

Juv.i Juvenleaged organisms used. DBédrpesthatchh hin 24

1.3.30rganic Chemicals

In this review, we have categorized organics from analyzed FPW samples into three
different subgroups: polycyclic aromatic hydrocarbons, volatiles, and syntAéticgigh
numerous other organics (and associated groupings) may be prdsemy imnalyses
performed to date have most readily and reliably identified thede groupings of organic

compounds and, thus, will be the focus of discussidhis section.

1.3.3.1 Polycyclic Aromatic Hydrocarbon Toxicity

Polycyclic aromatic hydrocarbons (PAHs) haweg been identified as a
toxicological concern in aquatic environments, with numerous studies investitjaing

different pathways and processes that PAHs affect and how perturbati@sepathways
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elicits toxic responses. Our analysis indicatestbaterous PAHgxist in FPW samples
(Table1-4), often at concentrations near or above water qualitgelines for the

protection of aquatic lif¢Table1-4) and LG values for manynodel aquatic toxicological
species (Tablé&-7). As alluded to earlier, emy of thePAH compounds present in FPW are
petrogenic and derived from the formatidiesng drilled into during horizontal fracturing
activities (unless the process udessel fuel in the fracturing fluiggracFocus, n.d(Neff

et al., 2011; Orem et.ak014; U.S. EPA, 2016PAHSs are generally classifieato lower
molecular weight (23 fused rings) and higher molecular wei@iour and above fused
rings) compounds with each subgroup having unmjussiochemical characteristics
associated with thetoxicodynamics and toxicitgotential. In aquatic systems, lower
molecular weight molecules are associatéth both the sediment and water matrices,
whereas higher molecular weigPAHs generally associate (both physically and
chemically) with thesediment{Chiou et al., 1998; Collier et al., 2013; Wang et al., 2001)
Degradation vigphotooxidation and microbial communities occimsboth subcategories
of PAHs, although generally, lower molecular weight PAHs have been demonstrated
degrade more rapidly than high molecular weight PAHs, meaning that nigiecular
weight PAHs are more environmentally persis{@grtilsson and Widenfalk, 2002; Juhasz
and Naidu, 2000; Lima et al., 2005; Meador et al., 1995)

Although the presence of both low and high molecular weight PAHs in FPW is
readilyobservabléTable1-4), the toxicological consequences of these chemind$W
are less well studied. However, for many PAHS, average concentritiondsin FPW are
at or near L& values for certain aquatic speci{@ablel-7). Furthermore, for all PAHs
identified in FPW samples, the recorded upergeconcentrations are at or aboveshC
values for almost all species studied. Accounforghe persistent nature of these chemical
species, we conclude that a significBRAtH hazard exists when FPW is released am
aguatic system.

PAHSs are known to cause numerous effects in exposed organisms. A substantial
component of the toxicity associated with PAHs results from both the BAtHgheir
metabolite intermediates created during organismal biotransformatioaxample,
intermediate PAH epoxides formed during initial phase | oxidatieps are highly

reactive, and these epoxides nonenzymatically form toxic ploeniviativesBuhler and
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Williams, 1988; Livingstone, 1998Fwsceptibility to PAHtoxicity is highly species
dependent, with developmental stage known to faetar influencing PAH toxicity

(James, 1989; Meador et al., 1995; Varanasi, 1988en compared to vertebrates,
invertebrates exhibit lower rates of battfganic contaminant eabolism and elimination

of contaminants. As a resuthey tend to bioaccumulate metabolizable contaminants such
as PAHSs to greater extenfJames, 1989; Meador et dl995) Regardless, biomarkers of
PAH biotransformation are still observed in invertebrate species, suggestive of some
limited PAH metabolism capacity and potential for PAH intermeehag¢eliatedoxicity
(James, 1989; Meadet al., 1995; Varanasi, 1989 fish, PAHexposure has been shown
to induce hepatic neoplasia and lesions, and rRdtys are known hepatocarcinogens
(Baumann et al., 1996; Johnson et al., 1993; Kelly et al., 1993; Pinkney and Harshbarger,
2006)

Many vertebrate and invertebrate studies have shown that PAHs/eggenpact
reproductive processes. In fish, PAHs are known to elicit endodisngptingeffects,
although the mechanisms behind these PAH effects are naiabige and complex. One
pathway by which PAHs disrupt the endocrine sysiethrough interetions with the aryl
hydrocarbon receptor (AhR) and downstreasponse elements (such as the dioxin
response element and the estrogen respelesgent, among others) that regulate endocrine
processefNavas and Segner, 2001; Villeneuve et al., 2002; Williams et al., .11998)
addition, PAHs interact ith otherelements responsible for the expression of several
nuclear receptors, includingtinoic acid receptors and retinoid X recepi@ibao et al.,
2010; Cheshenko et al., 2008urthermore, PAHs have been demonstrated to influence
cytochromeP450 aromatase activity and expressiankey enzyme involved in the
conversiorof androgens to estrogefsee review&heshenko et al., 20@hdLe Page et
al., 2011) PAHs may also influence figleuronal endocrine processes by altering
expression omonoaminergic neurotransmitters such as dopamine and ser(E@sio et
al., 2009, 2006)These neurotransmitters are instrumental for proper homeostatic
regulationof a wide range of physiological processes including reprodu@@ahman et
al., 2011) PAH mehanisms of action on invertebrate reproduction are muchvigss
characterized. However, a few studies on invertebrates have shown effeéétdobn

reproductive output and other whole organism markers used as ifaliedtered organism
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development ioluding hatching success rate, recruitmang time to first reproductive
event(Bellas and Thor, 2007; Eom et al., 2007; Feldmannov4 et al.,.2006)

PAHSs are also known taduce oxidative stress and oxidative stress respamses
both invertebrates and vertebrate species following exp@baiton et al., 2002; Han et
al., 2014; Sun et al., 2006; Valavanidis et al., 20B®active oxygen speciéROS) are
produced endogenously in celtgjmarily through oxidative metabolism the
mitochondria. However, exposure to contaminants such as PAHgpsanthe delicate
balance between those processes generating ROS andespsesible for scavenging
ROS. Monooxygenase metabolic processesd@YP1a induction following PAH
exposure create numerous ROSs inclugungeroxide anions and hydroxyl radicals which
are known to deleteriouslgteract with a host of cellular componeiBsalton et al., 2002;
Zangar, 2004)Some oflhe more common mechanisms of ROS toxicity are the reaction
with, and deterioration of, cell membranes (potentially creating more ROSwaagenic
metabolites), inhibitory impacts on proteins and enzymes, and darhBjéA (Dalton et
al., 2002; Kappus, 1987; Kohler et al., 2002; Zangar, 2@@&npounding the oxidative
stress problems sgciated with the presence of PAiHsagquatic settings is the
photoactivation of PAH molecules in the presenctldf a process which increases the
reactivity and toxic potential of some PAHsampi et al., 2006; Spehar et al., 1999; Yu,
2002)

A recent development in the understanding of PAH toxicity is the identification of
cardiac defects in exposed fish. PAHs associated with numerous morphological
deformities in developing larval fishincluding pericardial edem@arron, 204;

Incardona et al., 2014, 2013, 201&urther analyses have found that cartieat

frequency, stroke volume, and stroke power are all affected in crudepmsedish
(Incardona et al., 2009; Khursigara et al., 2017; Nelson et al., 20b@sbeen proposed
that PAH exposure during embryorstages does not caus®rphological deformities per
se, but rather the changes in cardiac physiofmggede the noted morphological defects
(Incardona et al., 2004or examplefollowing exposure to crude oil and to differing

PAHSs, Brette et al.(2014)determined that certain ionic currents vital for regulating proper
myocyte actiorpotential propagatioand progression are altered. More specifically, these

authors identified PAHnduced blockade of the'kcurrents responsible faardiomyocyte
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repolarization and disruption of €acycling in the sarcolemmand sarcoplasm reticulum
(Brette et al., 2014)These effects on cardiomyocytEsange the cordctile properties of
myocyte sarcomeres, causing the changearndiac function observed in organisms
following PAH exposure. Similarly, threengedphenanthrene has been shown to interact
with specific voltagegated ionchannels instrumental for genenat ionic currents required
for cardiomyocyteaction potential¢Brette et al., 2017)ending support to this hypothesis.

Table 1-7. Reported acute lethal toxicities (k§&3n mg/L) of polycyclicaromatic
hydrocarbons associated with hydraulic fracturing flowback and produced water to aquatic

species.
Water Hardness
Chemical Species LCso Temp. (mg/L pH Ref.
(°C) CaCOs3)
48 Hr 96 Hr
Naphthalene Juv. DM 2.16 20 140 7.8 (Millemann et al.,
1984
24.12 20 140 7.8 (Parkhurst et al.,
1981y
DM 219V 20 (Mufioz and
Tarazona, 1993)
8.6¢° 22 173 8 (LeBlanc, 1980)
22.6 12 134 7.6  (Eastmond et al.
1984y
Juv. DP  4.66Y 20 170 ~7.5 (Smith et al.,
1988y
DP 1.¢ 15 7.5 (Trucco et al.,
1983y
3.4 20 43 7.2 (Geiger and
Buikema Jr.,
1982y
Juv. 1.99 20 140 7.8 (Millemann et al.,
FHM 1984y
FHM 7.9 15 (DeGraeve et al.
1982y
Juv. RT 0.1P 13.5 100 7.8 (Black et al.,
1982y
1.6 15 (DeGraeve et al.
1982y
4.3 12 175 (Edsall, 1991)
Acenaphthene DM 1.28Y 20 (Mufoz and
Tarazona, 1993)
41.¢ 22 173 8  (LeBlanc, 1980)
Larval 0.6 25 35 7.4 (Cairns and
FHM Nebeker, 1982)
Juv. 1.6 23 43 7.5 (Holcombe et al.,
FHM 1983y
Juv. RT 113 0.67 12 46 7.3  (Holcombe et al.,
1983y

28



Fluorene

Phenanthrene

Fluoranthene

Benz[a]anthracene

Benzo[a]pyrene

Larval
BT

Juv. DP

Juv. DM

DM

Juv. DP
DP

Juv. RT

Juv. DM
DM

Larval
FHM
Juv.
FHM
Juv. RT

Juv. DM
DP

Juv. DM
DP

0.6% 0.58

0.2
0.7
0.7
1.7
0.387
0.84
0.35Y
0.12
1.2
0.04
3.2
0.12
0.1
320.G
0.009
>0.2F
0.09F
0.001%
0.0F
0.0016*
0.00%

12

20

20
20
20
20
19
20
15
20

135
12

22.5
20

22
25

22.5

17

20
15

20
15

46

170

~165
140
140

134
170

43

100
175

~195
80

173
285

165

7.3

~7.5
7.8
7.8

7.6
~7.5
~7.5

7.2

7.8

7.8

7.8

7.8

~7.5
7.5

~7.5
7.5

(Holcombe et al.,
1983

(Smith et al.,
1988)

(Lampi et al.,
2006)
(Millemann et al.,
1984y
(Parkhurst et al.,
1981y
(Murioz and
Tarazona, 1993)
(Eastmond et al.
1984
(Smith et al.,
1988}
(Trucco et al.,
1983y
(Geiger and
Buikema Jr.,
1982y
(Black et al.,
1982y
(Edsall, 1991)

(Spehar et al.,
1999y

(Suedel and

Rodgers Jr.,
1996y
(LeBlanc, 1980)
(Diamond et al.,
1995y

(Spehar et al.,
1999y

(Spehar et al.,
1999F

(Lampi et al.,
2006)

(Trucco et al.,
1983y

(Lampi et al.,
2006)

(Trucco et al.,
1983y

aStatic/Semistatic Exposures

® Flow-Through Exposures

YECso Measurement

* Measured chemical concentrations used fogdd@lculations

ANominalchemical concentrations used fordp@alculations

DM i Daphnia magna
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DPi Daphnia pulex

FHM 1 Fathead MinnowRimephales promelas

RT 7 Rainbow Trout Oncorhynchus mykiks

BT 7 Brown Trout Salmo trutta

Juv.i Juvenileaged organisms used. DM = withid 2 h r s . -y@alpost hatoh. 1

1.3.3.2 Volatile Toxicity

Despite their high aqueous solability

proportionality constant describing the ability of a gas to be dissolved witigaid given
the partial pressure of tlgas in the liquidMackay and Shiu, 1981yolatile organic
compounds (VOCs) have relatively low boiling points &igh vapor pressures and
therefore do not persist in the aquatic environnjBotden et i, 2002; Short, 2003)
During crude oil releases, there is a systematic and kagscf smaller organic
compounds, such as benzene, toluene, ethylbenzeneyland (collectively termed
BTEX), along with their alkyl homologues and otlsenaller ringgd PAHs as weathering
increasegMackay and McAuliffe, 1989; Roques et al., 1994dwever, volatile chemicals
have been shown to eligbtent acute toxicological effects in aquatic organi@vieyer

and Reichenberg, 2006; Neff et al., 2060 deserve attention as potential chemicals of
concernworth reviewing in the context of immediate hazards to organisms asxbeith
surface water FPW contamination events. In this review, we identified the 0@} in
FPW to include differing chlorocarbons, benzene (and related beocammounds), carbon
tetrachloride, styrene, toluene, and xylehake1-4). Of theabovestated VOCs, most are
above CEQ environmental water quality guidelif@sthe protection of aquatic lifél&ble
1-4). However, only toluene has been recordedverage concentrations in FPW above
LCso values for larval rainbow trorable1-8). Howeverbenzene concentrations have
been found at or near rainbamut LCso values, while upperange concentrations of
toluene and xylenes (totadccur at or surpass ls&values for almost all aquatic organisms
analyzed in thiseview (Table1-8). Despite thehighly variable nature of FPW,
concentrations founoh FPW suggest VOCs are more likely to toxicologically impact
aguatic organismgver acute exposure periods (pending on the turbidity and flow

dynamics of thevater systems FPW may be released into).
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When exposed to wateaccommodated fractions of gasoline containing tegkls
of BTEX, tested species of fish have displayed CYP1a induction and oxidatgs
(Schein et al., 2009; Simonatbad., 2011; Stagg et al., 200@xidative stress these
studies was measured in both liver and gill tissue, indicating that mudtigdan systems in
exposed fish are compromised following exposure to BEE&MmicalgSimonato et al.,
2011) Monocyclic aromatic hydrocarbons, like BTEate thought to elicit most of their
toxicity through induced nonpolar narcosigathology characterized by the insertion of
these chemicals into the membranesadls and subsequent disruption of membrane
homeostasis and integrifi?eterson, 1994; Ren, 2002 a result, VOC exposures elicit
many different physiologicdbrms of toxicity in multiple cell, tissue, and organ systems.
For example, irspermatozoa exposed to toluene, toxicity has been measured via the
productionof 7,8-dihydro-20-deoxyguanosing@-oxodG), a marker of oxidative DNA
damagdNakai et al., 2003while benzene has been shown ¢calpotent inducer ®OS
including the superoxide radical anions, hydroperoxyl radicals, hydmpgrexide (H202),
and the highly reactive hydroxyl radicglso and Witz, 1997; Wiemels and Smith, 1999;
Winn, 2003) In nonaquatic speciesudies, these radicals then affect numerous other
biological systems includg, but not limited to, embryonic development (reviewed in
Badham et al., 2010Mnterestingly, in fish, BTEX components of crude oil have not been
shown tohave major discernible effects on embryonic developrtfmierson et al., 2009;
Jung et al., 2013; Marty et al., 199Y)OCs associated with FPW are also kndwie
both induced and metabolized by multiple different CYP monooxygeyssems,
specifically the CYP2 family and to a lesser extent CYPlAkajima, 1997; Stagg et al.,
2000) Again, these enzymes may generate reactive oxggeaies leading to increased
oxidative stresg¢Dalton et al., 2002; Zangar, 2004)

BTEX effects on endocrineelated activities in aquatic species are relatively less
well studied. In marinerabs, benzene delays molting, an effect likely medittexdigh
endocrine disruptiofZou, 2005) In experimental and epidemiologicaldies of
nonaquatic species, differing BTEX compound exposures haverégerted to both
stimulate hypothalamic pituitary adrenocortical activity addenocorticotropin release
and decrease pituitpgonadotropin activity. Thedadings highlight the diverse nature of

BTEX effects on the hypothalamptuitary system and suggest that further investigation
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to elucidate mechanistic modesaation is require@Baccarelli et al., 2000; Verma and
Rana, 2009)

In humans, male workers exposed to BTEX compounds exhibit reduced semen
guality and vitality(Xiao et al., 2001)Repeated exposure to ethylbenzenelmmene has
also been shown to induce cancerous tumordesmhs in theéestes, respectively, while
both toxicant exposures were associated with decregseth counts, lowered sperm
mobility, and increased sperm DNA damageniale workergChan et al., 1998; Katukam
et al., 2012; Ward et al., 1985)oluenehas also been shown to induce spermatozoa DNA
damage and to play a rolerieproductive toxicityNakai et al., 2003)in female human
and rodent species, BTE2Ompounds are theorized to affect lutealctions of the
ovaries, while benzenr®as been specifically identified as causing ovarian toxicity and
carcinogenicityMaronpot, 1987; Reutman et al., 2002herefore, despite the paucity of
studieson the effects of VOCs aaguatic organism endocrine systems and reproductivity,
the effects described above are likely to also manifest in aquatic orgatienidlevels
reach effective concentrations. However, given the volatit$ TEX compounds, it is
expected that for mamyf these endocrine disruptirgd reproductive effects (among other
toxicological end points) to manifest aguatic organisms following FPW release, repeated

or extended exposures wourlded to occur.

Table 1-8. Reported acutkethal toxicities (LGo in mg/L) of volatile and synthetic organic
chemicals associated with hydraulic fracturing flowback and produced water to aquatic
species.

Water Hardness
Chemical Species LCso Temp. (mg/L pH Ref.
(°C) CaCOg)

48 Hr 96 Hr

1,1,1Trichloroethane DM > 22 173 8 (LeBlanc, 1980)
53¢

1,1,2Trichloroethane DM 11.¢ 22 ~115 7.8  (U.S.EPA, 1978)
18.¢¢ 22 173 8 (LeBlanc, 1980)
43.0¢ 20 Hard 8 (Adema and Vink,

1981y
186.G 20 ~54 ~7.2  (U.S.EPA, 1984)
Juv. 816 818 25 45 7.4  (U.S.EPA, 1984

FHM
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1,2-Dichloroethane

1,2-Dichloropropane

1,2,4Trichlorobenzene

Benzene

Carbon Tetrachloride

Ethylbenzene

DM

Juv.
FHM

Larval
RT

Juv. DM
DM

Juv.
FHM

DM

Juv.
FHM

Juv. RT

Juv. DM

DM

DP

Juv.
FHM

FHM

Larval
RT
Juv. RT

DM

Larval
FHM
Larval
RT

DM
Juv.
FHM

220.¢
268.G¢
118.¢0

52.0
52.8
154.00

2.09
50.0

400.6
426.G

200.¢
682.G¢

32.¢¢

35.1°
84.0¢

56.C*

107
100°
35.0¢

75.0¢
42.3

8L.7

116.00

118.00
~34.0¢

140.00

2.78

2.9
1.52

15.¢
32.0¢

33.8

~15.7
8.2%

52

4.0

1.97

42.3

25

22
20
25

25
13

22
22
25

20
22
25

25
12

19
20

22
19

15
25

25

20
15

13

15
15

22

22
20

13

22
25

56

173
~54
45

56
104

173
~115
45

~54
173
45

56
~54

173
134

360

20
140

94

285

~115

173
96

104

173
360

7.5

~7.2
7.4

8
7.8
7.4

~7.4
8
7.4

7.5
~7.4

7.9
7.9

8
7.6

7.5
8.2

7.5

7.8

7.5

7.8

8.2

(Veith et al., 1983)

(LeBlanc, 1980)

(U.S. EPA, 1984)
(U.S. EPA, 1984)

(Veith et al., 1983)
(Black et al., 1982)

(LeBlanc, 1980)

(U.S. EPA, 1978)
(U.S. EPA, 1984%)

(U.S. EPA, 1984)

(LeBlanc, 1980)

(U.S. EPA, 1984)

(Veith et al., 1983)
(U.S. EPA, 1984)

(Slooff et al., 1983)
(Canton and Adema

1978y
(LeBlanc, 1980)

(Eastmond et al.
1984

(Trucco et al.,
1983y

(Pickering and

Henderson, 1966)

(Pickering and

Henderson, 1966)
(Slooff et al., 1983)

(DeGraeve et al.
1982)

(Black et al., 1982)

(DeGraeve et al.
1982)

(Slooff et al., 1983)

(U.S. EPA, 1978)

(LeBlanc, 1980)

(Black et al., 1982)

(Black et al., 1982)

(LeBlanc, 1980)
(Pickering and

Henderson, 1966)
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Styrene

Toluene

Xylene(s)

Dibromochloromethane

Hexachlorobenzene

Pentachlorophenol

DM
Juv.
FHM

Juv. DM

DM
Juv.
FHM

Larval
RT
Juv. RT

Juv.
FHM

Larval
RT
Juv. RT

Juv. DM

FHM
RT

ZF

Juv. DM

DM

Juv.
FHM

48.5
23.¢
53.6

62.8

19.6Y
310.¢

46.3
56.0

27.#

28.8

58.°

0.03

0.03

0.28

0.48

0.48
0.61
1.08

0.68'
1.4

0.2

48.5

46.4

59.3

12.8

34.3
42.3
0.02

24.0

277

28.8
.77

8.2

46.8

22.0

0.32

0.8

0.68'

0.32

25

22
25

25

20

22
20

25
25
14

12

25

25
13

12

25

20
15

23

19

20
20

19
20
20

22
20

20

20

20

173

20

360

26

173
26

20
360
106

20

360
96

Hard

320

320

100
130

Hard

173
Hard

140

130

7.5 (Pickering and
Henderson, 1966)

8 (LeBlanc, 1980)

7.5 (Pickering and
Henderson, 1966)
8.2 (Pickering and

Henderson, 1966)

~7.9 (Pearson et al.
1979)

8 (LeBlanc, 1980)

~7.9 (Pearson et al.
1979)

7.5 (Pickering and
Henderson, 1966)

8.2 (Pickering and

Henderson, 1966)
7.8 (Black et al., 1982)

(Johnson and Finley

1980%

7.5 (Pickering and
Henderson, 1966)

8.2 (Pickering and

Henderson, 1966)
7.8 (Black et al., 1982)

(Johnson and Finley
1980}

~7.8 (Fisher et al., 2013)

(Johnson and Finley

1980)
7.4 (Calamari et al.,

1983y
7.4 (Calamari et al.,

1983y

(Hermens et al.,

1984y

7.5 (Ewell et al., 1986)
7.9 (Canton and Adema

1978y

7.9 (Slooff et al., 1983)
7.9 (Adema, 1978)

8 (Adema and Vink,
1981y

8 (LeBlanc, 1980)

8 (Adema and Vink,
1981y

(Slooff et al., 1983)

7.5 (Ewell et al., 1986)
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7.9 022 25 ~46 ~7.9 (Phipps et al.,

1981)

FHM 0.2% 22 ~ 170 (Dwyer et al., 2005)
Juv. RT 0.2 15 285 7.5 (Slooff et al., 1983)
0.093 11 45 7.6 (McKim et al.,

1987y

4 Static/Semistatic Exposures

® Flow-Through Exposures

* Measured chemical concentrations used fogddalculations
ANominal chemical concentrations used forsb.€alculations
YEGso Measurement

DM 1 Daphniamagna

DPi Daphnia pulex

FHM i1 Fathead MinnowRimephales promelas

RT 17 Rainbow Trout Oncorhynchus mykiks

ZF i Zebrafish Brachydanio rerig

Juv.i Juvenileaged organisms used. Ddédrpesthatcht hi n 24

1.3.3.3 Synthetic Compound Xwity

Our analysis of FPW chemical composition literature has identifigd tha
organochlorines are the most characteristic and consistently present syntjeatic
compounds in FPW. These compounds include the trihalometoamgound
dibromochloromethas (DBCM) and the chlorobenzene compouhdsachlorobenzene
(HCB) and pentachlorophenol (PCP). HCB and PCRygieally employed as pesticides,
whereas DBCM is a disinfection {productfrom the reaction of chlorine with organic
matter and bromide ions bhasalso been used as a solvent and flame reta(Baiiey,

2001; Cirelli, 1978; Munson et al., 1982)though we have classified DBCM as

Asynt het ihkendaedihdt DBECN onaylbel produced in small quantities by certain
species ofmarine ajjae(Itoh and Shinya, 1994and thus, naturakpduction of the
compoundmay occur. As their anthropogenic origin suggests, these synthetic compounds
found in FPW are most probably components of the original fracturing fhjetsted into

the well during the production stage of drilling practicesti@tethree synthetic species

(HCB, PCP, and DBCM), average concentrationsiatew concentrations expected to
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induce significant lethality to aquatic bioféables1-4 and1-8). However, HCB upper
range FPW concentrations are fouactorrespond to L& values for rainbow trout and
zebrafish, while PCRpperrange FPW concentrations are found at or abowg \&lues
for mostaquatic model species examind@ple 1-8). While limited CEQ and USEPA
waterquality guideline data exists for DCBM and HCB, PCRaantrations in FPWere
found to be above guideline concentratiohiakle 1-4). The toxicity of HCB andPCP are
likely driven to a significant extent by their relatively high octanaterpartitioning
coefficients (KOWS) and corresponding potential faalscumulatior(Chamberlain et al.,
1996; Sabl j.Thus, sesynthetit organick@rpdidicological hazard to
organisms will likely exist if spills or releases of FPWstoface waters occur.

HCB and PCP toxicity to aquatic organisms bhasn studied for many years
(Goodnight, 1942; Johnson et al., 1974dpwever, only a few sublethal studsrtaining
to endocrine system function and reproduction in aquatic specieb®&angerformedn
the Chinese rare minnows(biocypris raruy, PCP exposur@vokes upregulation of
certain EDCrelated genes (e.g., estrogen receptor apicbbeta, androgen receptor, and
vitellogenin) in male hepatic and gonadal tissirRGP also affects thHeypothalamie
pituitary-gonadal/interrenal (HPG/I) axiggsulting in changes to plasma steroid hormone
levels and spermatogenesis ratagemale rare minnows, PCP negatively impacted the
HPG/I axis and increasaxbtradiol and testosterone plasma conegioins while
decreasing cortisol level€orrespondingly, degenerate ovaries were also characterized
(Yang et al., 2017)Changes in vitellogenin in PC&posed male Japanese medaka
(Oryzias latipeshave also been observed, in association with decreased fecundity, fertility,
andgonadal health in both male and female {igha et al., 2006)Similarly, serum
testosterone levels significantly increased in crucian caapassius carasag) following
sublethal PCP exposure over 7 and 15 dakang et al., 2008and detrimental effects to
gonad growth and development have been obsénveniltiple other freshwater fish
speciegHanson et al., 2007)n vitro studieshave also shown that PCP exhibits estrogenic,
antiestrogenic, antiandrogenic, aamtagonistic retinoid X receptor effects in a variety of
tissue and cell typgdung et al., 2004; Li et al., 1997; Orton et al., 2009; Suzuki et al.,
2001)
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In nonaquatic species, HCB has been found to negatively affect steroidogenesis
monkey ovarian tissue, possibly due to peroxidation ofrtibechondrial lipidmembrane
(Foster, 1995)In porcine ovarian follicle tissue cultures, H@Bibits both testosterone
and estrogen secretion and reducesesgion of keteroidogenic enzymes, such as
CYP17, -Gyd®xysteboid dehydrogengssnd CYP19Gregoraszczuk et al., 2011)
Furthermore, an interplay between HCB and the estraggaptodd ( ERU) has been
reported. Following exposure in healthy rats, HCB increBsBsJ pr ot ein expr es s
177b estradi ol and prpoogesterane, follicksemulatingshoramonel, r e d u c
and luteotrophic hormone concentratiomsnammary tissue@efia et al., 2012)
Interestingly, in vitro studieBave also shown that breast cell proliferation and subsequent
tumor formationf ol | owi ng HCB exposure are ERU depen
interplaybetwee n HC B  a n(Gardiatetal., ZORQ)

Similar to VOCs, nonpolar narcosis is one theorized mode of toxicity associated
with HCB and PCP exposure in aquatic organi§@al et al., 1985; Ren, 2002)hese
narcotic effects may result in a myriad of impacts to biological systemwdbeir
deleterious effects on cell lipid membesmand lipid membrane functiol®CP is also a
known oxidative phosphorylation uncoupler and causes mitochonagimbrane damage
(Weinbach, 1954; Weinbach and Garbus, 1988tordingly,PCP (and its metabolite
tetrachlorohydroquinone) has been shown to induce R@8nbow trout hepatocyte cell
lines while also causing ligp peroxidation, DNAdamage, and ROS induction in zebrafish
larvae Danio rerio) (Fang et al., 2015; Pietsch et al., 201ljnilarly, HCB has been
shown to cause oxidative strescommon carp@yprinus carpi9, where brain tissueni
exposed organisms displayelgvated levels of ROS, thiobarbituric acid reactive
substances (indicative Gid peroxidation), and nitric oxide synthase (NOS) activity
(Song et al., 2006While PCP has not been conclusively shown to bind the AhR, HCB has
beenshown to weakly associate with the AhR, and both PCP and HCB are shimdnde
CYP1A and ethoxyresorufi®-deethylaséa marker for CYP1A inductiorgctivity in a
variety of organisms and tissue/cell mod@dtundy et al., 2012, 2010; &eks wi e c howi c z
et al., 2017; Zha et al., 2006; Zhang et al., 2088xin, induction of these monooxygenase
detoxification pathways may contribute to theerall increased oxidative stress observed

iIn organisms exposed to these teveemicals.
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1.3.4FPW-Related Toxicity

To date, very few studies have examined the toxicity of raw FPW sarSple®
groups have taken characterized components of FPW and reconsharteohto mixtures
in an attempt to simulate FPW from a representative (Belllé et al., 2018; Kassotis et
al., 2018b) Other studies have sampled for watiected by UOG operations and tested
these weers for adverse effects on organigfhasker et al., 2018 However, the highly
complex nature of FPW fluids magnder studies examining reconstituted solutions or
waters affected by UOG@ctivities less practical for accurately estimating full toxicological
effects andletermining mechanistic modes of toxicitynder laboratory settings, whole
effluent toxicity (WET) studies are better able to control for environmental variables,
determine accurate dose effects, and obserwinealevents leading to toxicity exposed
organismgChapman, 2000Examplesof where such WET studies hasignificantly
contributed to the understanding of specific detrimental environmiantdénts are studies
pertaining to oil spills, such as the Exxon Valdez tredDeepwater Horizon releases
(Alloy et al., 2016; Heintz et al., 199%Becaus®f such WET studies, our understanding
of crude oil impacts on multiple levels biblogical organization (cell, tissue, organs, and
whole organism) has significanthdvanced, and risk assessment and adverse outcome
pathway analyses noexist should future spills of crude oil ocqémkley et al., 2010;
Incardona and Scholz, 2016; Short, 2003)us, investigation owhole, raw FPW samples
is required to gain a better understanding of the toxicological impacts to thenvhieta
releases of FPW to the environment occur.

Studies which utilize either simulated or fieddllected UOGaffected samples
may, however, offeinsight into possible pathways of toxicity which are induaden
FPW exposure to organisms occurs. In a study using groundwater saoifgeted from
regions experiencing horizontal hydraulic fracturing activitie@/yoming, USA, greater
ER antagonistaivity and increased progesterone receptdagonist activity were
exhibited using a human endometrial cell gene repagsayKassotis et al., 2018b)
These groundwater samples contained orgaoricaminants, such ase2hylhexanol and

styrene, which were suggested toregponsible for the bioactivity observed pfarting
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the notion that developmeand endocrine activity may be impacted following exposure to
FPW, a reviewperformed byWebb et al.(2014)identified other compounds in FPW
which may cause sublethal developmental and endocrinepdisn effects.

Other endpoints associated with exposure to FPW include markers of xenobiotic
metabolism and an altered immune system. Using surface samples of FPW collected
following spreading on roads for digng or dust suppression purposes, incrddseassay
activity for both AhR and pregnane X receptor (PXR) activity olaserved in both
daphnid and in reporter cell linéBasker et al., 20185imilarly, using a mixture of 23
chemicals associated with UOG operations, developmexpalsures in mice were found
to significantly alter sexsspecific immunolgical responses (e.g., T celependent allergic
airway disease responses and influenzarés infection leukocyte recruitment) and
intensify autoimmune encephaliise sponses i n exposures as
dosagegBoulé et al., 2018)urthermore, some of these effects were observed to persist
weeks posexposureA similar simulated FPWhixture consisting of 23 distinct FRW
relatedchemicals was used to exposenopus laevisadpoles which had contracttdue
ranavirus FV3. Mi Xt ure exposur e onedstatic 5. 0
myeloid lineage gene expression and increased viralRablert et al., 2018Changes in
the key immunological genes, TNF, -11b, and Tvgr@aso dbsetddTNese
findings suggest that FPAAssociated contaminantgy acutely disrupt immune function
in organisms exposed at low doses.

Another pathway demonstrated to be affected following exposure to simeRY&d
is metabolic function. Adipose tissue functim mice was examined usin@dcompound
simulated mixture of chemicals associated with UOG operaindsa small subset of
surface water samples contaminated with UOG wastewatarColorado and West
Virginia (Kassotis et al., 2018aJ hese researcheshowed that adipapic activity (both
triglyceride accumulation and pealipocyteproliferation) in a mouse adipose cell line was
potently induced following exposurBurthermore, exposure to contaminated surface water
samples resulted in increageeroxisome proliferateactivated receptor gamma activity (a
receptor critical foregulating fatty acid storage and glucose metabolism) in a human

embryonal kidnegell line reporter assg§Kassotis et al., 2018a)
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14 PERSPECTIVES AND OBJECTIVES OF THE THESIS

Given the paucity of actual FPW towiogical studies, and the estimated rise of
future UOG activities and hydraulic fracturing processes worldwide, it is imperative that
more directed efforts are made into better understanding the environmental hazards
associated with complex FPW waste siolus. Within the context of biological systems,
the intimate relationship fracturing activities (and subsequently produced FPW) have with
aguatic environments located in and around regions experiencing such industrial stresses
renders investigans ofhow FPW releases and exposures affect aquatic orgamitahs
Understanding whicphysiological processese affectedy FPW exposure, and how they
are being affected, & natural and logical first step in addressing environmental concerns
associated witiFPW waste management.

The objectives of this thesis were to attempt to address some of these FPW
toxicological knowledge gaps by investigating responses in numerous aquatic species and
using multiple levels of biological organization to tease apart pgetiysiological
processes implicated in sdgthal FPW toxicity. By using this muperspective approach
to address such a vast and intricately complex topic, our understanding of how FPW
exposure elicits its toxicological effects on aquatic organisassken greatly enhanced.
Chapter 2 examines baseline toxicity of a temporally differing set of FPW samples from a
single horizontal hydraulically fractured well in a suite of freshwater toxicological model
species. Goals of this study were to establiseliae toxicity associated to FPW exposure
and comparatively determine differing toxicological sensitivities amongst species.
Furthermore, chemical characterization of the temporally different FPW samples allowed
us to gain more insight into the potent@axicological influence and impact of certain
chemical constituents. To begin assessing physiological processes affected and
detoxification mechanisms induced from FPW exposure, Chapters 3 examines
toxicological responses in rainbow trout acutely exposetiblethal dilutions of FPW,
with a particular focus on phase | and Il biotransformation processes, oxidation stress
responses, and potential endocrine disruption implicated effects. Chapter 4 continues with
the theme of investigating FPW biotransformatprocess in acutely exposed trout, but
with an overall goal of determining if organismal nutrient handling and energetics are

impacted by exposure. This involved analyzing the activity and gene expression of multiple
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key liver enzymes involved in energubstrate catabolism/anabolism pathways and
investigating changes to hepatocyte glucose and alanine flux rates. Recovery capacities
were also studied to determine if acutely exposed trout were able to returrRiB\re
exposure energetic physiological caiwhs following a 3week period of recovery.

Chapters 5, 6, 7, and 8 begin to centralize on investigating the interplay of FPW
exposure and cardigespiratory responses in exposed fish. Chapter 5 examines how acute,
subrlethal FPW exposures during zebsafembryonic development impact rates of
developmental deformities at hatch, embryonic expression of key cardiac development and
functional genes, and metabolic rates during embryonic and larval states. Chapter 6 then
examines if these same exposures eyeal in Chapter 5 have lasting, persistent effects on
cardiorespiratory parameters by analyzing changes to juvenile zebrafish swimming
performance and aerobic capacity following embryonic FPW exposures. Components of
Chapters 5 and 6 are mirrored in Clept, except cardioespiratory impacts are analyzed
in the more ecologically relevant species rainbow trout. Juvenile fish heart morphometrics
are also examined post rainbow trout embryonic FPW exposures to determine if
ventricularrelated structural altations are implicated in observed changes to juvenile
swimming performance and aerobic capacity. Chapter 8 then analyzes impacts at the
cellular level by investigating changes to cardiomyocyte sarcomere contractile properties
during FPW exposure and ratgj this to swimming performance and aerobic capacity in
the marine pelagic fismahi mahi(Coryphaena hippurys

Collectively, this complementary grouping of research is summarized in Chapter 9,
wherein | reiterate major findings and suggest fuauwenues of research which may lead
to improvements to not only the understanding of careapiratory focused effects of
FPW exposure in organisms, but to the overall understanding of FPW mediated toxicity in
aguatic organisms. Implications of this suggdsuture work may hold great promise for
FPW management endeavours and regulatory hazard assessment and risk identification

policies in regions experiencing UOG activities.
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CHAPTER 2: Toxicity in Aquatic M odel SpeciesExposed to al emporal
Series of Three Different Flowback and Produced Water Samples

Collected from aHorizontal Hydraulically Fractured Well
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Folkerts, E.J.,Blewett, T.A., Delompré, P., Mehler, W.T., Flynn, S.L., Sun, C., Zhang, Y.,
Martin, J.W., Alessi, D.S. and Goss, G.@&019). Toxicity in aquatic model species
exposed to a temporal series of three different flowback and produced water samples
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collected from a horizontal hydraulically fractured w&ltotoxicology and Environmental
Safety 180, 6007 609. DOI:10.1016/j.ecoenv.2019.05.054

2.1 INTRODUCTION

Technological advancements and development in the oil and gas sectors have
greatly increased our ability to access wewidle geological reserves of oil and gas
previously thought to be unattainable. Implem&ataof unconventional oil and gas
(UOG) recovery processes, in the form of horizontal hydraulic fracturing, is largely
responsible for increased production of these resources, and is only expected to become
more commonly utilized by indust({¥engosh et al., 2014; Gagn et al., 2016)U0G
operations have significantly expanded in the last decade due to advances in horizontal
drilling and completions technology. However, research on environmental impacts of
accidental releases is still limited and many gaps in krigyeexist related to the
environmental hazards associated to horizontal hydraulic fracturing activities. One such
gap pertains to flowback and produced water (FPW), the wastewapeodhyct that
returns to the surface following hydraulic fracturing atieg. Although terminology of
Afl owbacko versus fAproduced watero is subje
highly complex mixture composed of original fracturing fluids, compounds from the
geological formation itself, saline constituentsided from deep, groundwater reservoirs,
and potential daughter compounds from the transformation of initial fracturing fluid or
formation constituents in the high pressetevated heat environments of the wadre
formation interfac€DiGiulio and Jackson, 2016; He et al., 2017a; Hoelzer et al., 2016;
Lester et al., 2(8).

One of the most apparent and immediate hazards posed to the environment from
UOG activities and FPW production are surfa@er contamination events following
spills/releases of FPW. In th&S. alone, 210 billion US gallons (7.95%1%°) of FPW
was producedrom 2005 to 2014Kondash and Vengosh, 20153his is especially
concerning as a recent study of the Marcellus and Fayettelhdle formations of the
eastern U.S. found that on azge, wells drilledor hydraulic fracturing purposes were
within D300 m of a freshwatesurface body of water, such as streams or riiensrekin et
al., 2011) Although not as developed as its American counterparts, Canadian UOG

development has also begcreasing, resulting in larger volumeskH#W produced and
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increased frequencies of accidental releases tertieconmentAlessi et al., 2017;

Johnson and Johnson, 201Phus,understanding effects of FPW releases on the aquatic
environment habecome essential for government and industry mandates syaH as s
assessment, clearp, and remediation protocols. As a result ofghacity of FPW
toxicologicalrelated research and high variation in smilligation requirements among
states and provinces, releases of FP\&lUtéace bodies of water have inistorically been
considered one of tigreatest drivers of FPW environmental riglulander, 2013,
Richardson et al., 2013ffurthermore, both Canada and the U.S. dacoonsider FPW as
hazardous wasi&oss et al., 2015 Combining thidack of classification with the
decentralized and regionally govermadnagement nature of FP{Ralston and

Kalmbach, 2018)policies andnandates dictating FPW spill and remediation strasegjie
oftenvariable and may not adequately address the hazards posed to the envirbhosent.
more conclusive and thorough FPW guideline developm@eing government and
industry is a pressing concern. Howewercombat the increased risk of FPW
envirormental impactsindustry operations more commonly implement greater mitigative
effortsto assess and reduce risk at the multiple stages of well oper@ignpre
development, operational, and well slolown) by utilizationof environmental health and
sdety regulatory matrices, more structui@atl transparent spill reporting and clagn
measures, and motieorough reclamation practices. In Alberta, Canada, this has resulted in
a distinct reduction over time in number of reported spills per(&élerta Energy
RegulatorAER, n.d.)and we assume similaeductions have occurred in other
jurisdictions.

Recently, efforts to understand the impact of F@Waquatic organismsave found
that the primary sutethal effects observed organisms following FPW exposure are
oxidative and biotransformatiatress, negative reproductive impacts, and deleterious
effects on theardiorespiratory syster(il. A. Blewett et al., 2017a, 2017b; Folkertsakt
2017a, 2017b; He et al., 2017bhere is also evidence that endocdisuptive effects
may additionally be induced in organismgosed to FPWWHe et al., 2018a, 2018b)
However, references providirggrict lethality (measured via varying lethal concentration
analysesjoxicological information of FPW on freshwater organismgeasiired for

guideline development, are still largelpavailable.
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One of the complications involved with performing any toxicologstatly related
to FPW is the highly complex and chemicallyerse nature of the wastewa(Elynn et
al., 2019) Compounding thisomplexity, the chemical makeup of FPW is highly variable
dependingon the formation being exploited, initial fracturing fluids used, and well
operaion characteristics (e.g. temperature, pressuresishumes,period of flowback)S.

Kim et al., 2016) Thus, an appreciable amountvadrk is required to obtain any
toxicological knowledge of this wastewater,of the hazards it poses to the environment.
To begin addressingthere are significant toxicologal concerns in a legislative and
policy-driven context, an evaluation of FPW using standard babketk effluent toxicity
protocols (termed WET tegt@€Chapman, 2000)ill provide information about whole
mixture effects on the environmegmd resultsubsequently may be included in
government anéhdustry protocols and policies.

In the present study, acute FPW toxicity was measured in four difiesemnon
toxicological model species using samples of FPW colleatelifferent time points during
prodwction from a horizontallfractured well in the Duvernay shale play in central Alberta,
CanadaThese different time points of sampling cover three operational dhifisg the
fracturing resource recovery process and FPW prodincedthese operationahpses are
hypothesized to contain differindhemical profiles and toxicological potentials, with an
increased salinand ion presence predicted in later FPW samples. Early FPW from a
producing well is theorized to contain a greater number of ifiiaturing additives and
may be more toxic to aquatic organisms followagposure. However, FPW samples
extending into the productigrhase of a well (> 120 h post well production, as observed in
previousstudies and those preliminarily made by our grq@mss et al., 2015; Zolfaghari,
2014)tend to increase drastically in salioentent. Among the freshwater aquatic
organisms tested, less salioderant species (e.®aphniaand zebrafish) are hypothesized
to havegreatest sensitivity to FPW, although insgrecies responses to FRAkposureare
expected to be greatly varied considering the split betiveentebrate and vertebrate
species and varying lifestylesnongst species tested. Our analyses indicate that temporal
variation inFPW chemical characteristiesnorganics, nostargeted orgaics, and
polycyclic aromatic hydrocarbons (PAHs3ansignificantly altertoxicity to organisms,

and that there is great intepecies variability itethality responses to FPW. Our chemical
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characterization and toxicologicadsults further the notiorf &PW complexity and serve
as areminder that speciespecific differences should be considereduinderstanding the
implications of accidental FPW releases to the environment.

2.2 MATERIALS AND METHODS

2.2.1 FPW Samples and Animal Maintenance

FPW samfes were collectefom a single horizontal hydraulically fractured well
poststimulation.Three timepoints for FPW collection (and subsequent analysi®
chosen: a 1 h, 20 min sample (1.33 h);da8 sample (72 hgnd a 9day, 12 h sample
(228 h) (se Table2-1). A saline solutioomatching the major cation and anion
concentrations of the most saliRBW sample (228 h) was also created to control for
salineinduced responsésee Tablé&2-1 for ionic composition information).

A total of four model tesspecies were chosen for toxicological experimentation,
including two invertebrate and two vertebrate spe€®s.two chosen invertebrate species
included the freshwater cladocer@gphnia magngdneonates), and the oligochaete
Lumbriculus variegatusOur two vertebrate species were zebrafi3ar(io reric; embryos)
and rainbow trout@ncorhynchus mykisembryos anguveniles). All invertebrate species
were cultured and maintaineddechlorinated City of Edmonton (Edmonton, AB, CAN)
tap watefmoderat® hard: [N&]=14.6 mg/L, [C&']=55.9 mg/L,[Mg?*]=15.3 mgI/L,
[K*]=2.5 mg/L, pH: 7.9, conductiviyd 95 N 0.5 €S/ cm, dissolved
general hardnes486 mg/L as CaCg¢) salinity: 0 ppt) at 20 + 1 °C. Zebrafish embryos
(wildtype strain AB were collected from adult fish housed in 3@abks D25 fish/tank, 14
h light: 10 h dark photoperiod) in théniversity of Alberta zebrafish aquaculture facility
filled with zebrafish facility wat285+1( pH:
°C, dissolved oxygen: 7.3 mg/L, hardness: 174 mg/Ca&SQ;, salinity: O ppt) treated by a
RiOs 100 (reverse osmosis) waperrification system. Diploid rainbow trout embryos were
collected fronthe Raven Creek Trout Brood Station (Caroline, AB, CAMyulght tothe
University of Alberta, and maintained at 10 °C in hetatty stacksonnected to a
recirculating water chiller apparatus containing 150 dexthlorinated City of Edmonton
tap water filtered and treated by a biolmltification layer (to trat for nitrogenous waste

products) andiltra-violet light sterilization. Recirculating water for rainbow tr@mbryos
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was constantly aerated and maintained at dissolved oxggels of 8.1 + 0.3 mg/L.
Periodic water tojups to the heattray-recirculatian system were additionally performed.
Juvenile rainbow trout2.38 = 0.15 g) were maintained in aerated filbmough 400 L
tanksfilled with dechlorinated City of Edmonton tap water at 10 £ 1 °CaAlmal use
was approved by the University of Alberta Aral CareCommittee under protocols
AUP00001334 and AUP00002352. Alleviously stated variation was calculated to one
standard deviation.

2.2.2 Inorganic FPW Characterization

2.2.2.1 Inductively coupled plasma (ICPMS/MS analysis

ICP-MS/MS analysis wassed to quantify the concentration of catidmemide,
and total sulfur (Figre2-1 andTableS21). Before analysiall samples were filtered
t hrough a 0. 2 & m n dilutedy affactbrtofe850 fomaramalysisarel a n d
85 for all other elen@swi t h 18 Mg c¢cm ultrapure water. Dil
acidified wit hnoimaltraceimetalgrade gitriclasdid. FEafalsis, an
Agilent 8800 Triple Quadrupole IGKS (ICPRQQQ) wasused with a RF power of 1550
W, a RF reflected pmer of 18 W, a microMishebulizer and nickel/copper cones. Samples
and externastandards were analyzed in high matrix mode, in which sample siigies
inline with 8 mL/min argon. Additionally, analysis was perfornme&1S/MS mode for
greater mass rekaion and a collision gaaction cell was used with He gas (3 mL/min),
O gas (10% maixnum flow) or Hz (5 mL/min) gas to overcome matrix interferences
(TableS2-2.). Instrumental drift was accounted for using 0.5 ppm solution of indium,
which was addetb each sample using an inline internal standard additistem. For
guality assurance and control, a standard solutiasrun at the start, middle, and end of
each run (every 10 sample ior3) to quantify the run precision and percent recovery for
eachelement (Tabl&2-2).

2.2.2.2 Anion, total organic carbon and total nitrogen analysis

lon chromatography was used to determine the concentrataooide (Figire 2-
1 and Tablé&s21). Before analysis, samples were filtetethr ough a 0. 2 em nyl

membrane and diluted by a factorof2a0@ i ng 18Mqgq c¢cm ultrapure wa
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then performed on Bionex lon chromatography DX 600 with a 4mm analytical column
(AS9-HC), guard column (AGHC), and a 4mm ASRS Ultra suppresdeor total non
purgeableorganic carbon (TOC) and total nitrogen (TNgubsample of the filter sample
was diluted by a factor of five arahalyzed using on a TOC analyser (Shimadzu model
TOC-V-CHS/CSN).For quality assurance and control for IC a control standard solution
wasrun every five samples (n=4) to quantify the run precision and pereeavery for
each element (TabB23).

2.2.3 Organic FPW Characterization

2.2.3.1 Extraction of organics

For each FPW sample, 150 mL of FPW was vacuum filtered thragggss fiber
membane (90mm di amet er ,subseguertly freezdried:-for4Bh.4 € m) ,
Approximately 50 mL of the aqueofilirate was then liquidiquid extracted using a
repeated process 80 mL of dichloromethane (DCM) and shaking for 3 min twice. The
combired extracts (40 mL) for each sample were concentrated by nitrogen gas evaporation
and reconstituted in 1 mL methanol for HBkrformance Liquid
Chromatography/Orbitrap MaSpectrophotometry (HPLC/OrbitredS) analysis. The
internal standardhix (10 ng ofeach, Wellington Laboratories, ON, CAN) was spik&od
the remaining (unextracted) 100 mL of aqueous filtrate, extractécvaporated as
described above, and reconstituted in 3 mL hefanfirther cleanupAccelerated solvent
extraction (ASE) was udefor PAH extractiorfrom particulates in the freezlried glass
filters sediments. A differengeparate glass fiber filter was added at the bottom of the
extraction cellandD 2i 3 g of florisil (precleaned by DCM) was added, followed diryed
sedimenffilters, to which the internal standard mix was tepiked (10 ng of each). ASE
cells were filled with solvent (hexane/DCM: 1 v : v; Opt i makE, Fisher
USA), pressurized to 14 MPand heated to 80 °C within 6 min. Pressure and temperature
were heldfor 5 min (static extraction), followed by rinsing with cold solvent (58Rthe
cell volume) and purging with nitrogen gas for 90 s. This extractjole was repeated
once more. Approximately 40 mL of to&tract was gently concentrated by nifeo gas

evaporation and reconstituted3 mL of hexane for further cleanup.
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2.2.3.2 High Performance Liquid Chromatography/Orbitrap MaSpectrometry

Spectrophotometry (HPLC/OrbitragMS) Dissolved organic compounds in FPW
agueous filtrate extrac{section 22.3.1) were analyzed via HPLC/Orbitr\S. Briefly,
10 edilodted organic extract (equfFPWal ent to
sample) was used for targeted organic compound identificatidrsenrquantification
using reverse phase LQrbitrapMS. OrbitrapMS was operated in positive electrospray
lonization mode, and acquisitiovas in full scan mode (m/z 100 to 2000) at 2.3 Hz, with
resolvingpower set to 120,000 at m/z 400. Tandem mass analysis of tacgetpdunds
was also perfornteusing collisioninduced dissociation drigh collision dissociation.
Please seeur previous study for further detéile et al., 2018a)The identification of
target compounds, as listed in &iig 2-2, wasachieved through accurateass
measurement and tandem mass spectddater confirmed by the corresponding reference
standards. Theemiquantification was achieved by an external linear calibratiowe
analysis of each of the reference standards. Pleasepseeious studfor a more indepth
account of orbitrap characterization, referesi@dard chemical concentrations and

recoveries, and all other quality assurance and control inform@ioBun et al., 2019)

2.2.3.3 Polycyclic aromatic hydrocarbon (PAH) analysis

To characterize and rasure FPW sample PAHs, coppemder and anhydrous
sodium sulfate (preleaned with DCM) weradded into the 3 mL extracts (sectio.2.1)
and vortexed. Solid phasatraction was used for cleanup of all the sample extracts. A
SepPakSilica 6 cc Vac cdridge (1 g; Waters, MA, USA) was conditioned wihmL
solvent (hexane/ DCM 7:3 v: USA), Dlpwedlyd B, Fi s he
of hexane. Extracts (3 mL) were loaded intatridges and washed with 4 mL of hexane.
PAHSs were finally eluteavith 5 mL of hexane/DCM 7:3 (v/v) which was subsequently
concentratedd o 200 ¢L f or -gassspecthometryn@kS) gnalysip. h y
Details of PAH standards, internal standard corretedveries of the detectable PAHs
based on accelerated solvertractionmethod (range from 60.0 to 114%) and liguid
liquid extraction(range from 82.9 to 179%), and the GES instrumental method have
been described in previous waihang et al., 2016 5imilarly, detailsof PAH analyte
detection limits can be fourmteviously(He et al.,2018b)
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2.2.4 Lethal Concentration (LC) Analyses and Toxicity Determination

LC analyses (L&, LC2o, and LGo) were performed according @rganisation for
Economic Ceoperation and Development (OEC&)idelines(OECD, 2013, 2004, 1992)
with some slight adjustments. Dechlorinated City of Edmonton tap watenseasfor all
exposures and FPW dilutions. Fluorescent lighting on aoétid:10 h light:dark was
applied for all exposes. For 9éh LC analysesstaticrenewal exposures were employed
where 50% solutiochanges were made every 48 h. Dead organisms were immediately
removedfrom exposure containers. A total of seven different FPW concentiditidions
(created by mixingaw FPW with dechlorinatethp water) including a freshwater control
- were used for each L@nalysis with six replicates for each individual FPW tipaent
sampleat each dilution being employed to ensure statistical robustnesssies of range
finding tests were performed for all species prioatoite lethal toxicity analyses to ensure
proper dilutions of FPW wereeing used to accurately capture LC values of each FPW
sample.

All invertebrate exposures were acutei&tatic exposure lethahalyses
occurring in 30 mL of FPW containing mediums2at+ 0.5 °C in 50 mL glass beakers (10
organisms/beakerPaphnianeonates were immediately collected from adult organisms
and exposewithin 24 h following adult brooding. Adultumbriculus variegatus/ere
collected from cultures and held overnight before being usbwassays. Fish (both
zebrafish and rainbow trout) embryo lethal analysasirred over a 96, statierenewal
exposure period and usezh embryos/beaker for exposures. Observations eveny 24
under astereomicroscope were performed to determine mortality. Zebexfibinyos
collected from adult fish were immediately placed into pmiines containing fresh
zebrafish facility water and were subsequeatigerved under a Leica Zoom 2000
stereontroscope (Leica Camef20., GER) to determine embryo fertilization. After
confirming fertilization(D2 h post fertilization; hpf) and viable status, embryos were
transferred to 100 mL of respective FPW solutions in 250 mL pkakers maintained at
25 +£0.5 °C for 96h LCso analyses.

Rainbow trout embryos (42 days post fertilization; dpf) remové@m the
recirculating heatttray chiller unit were immediately placéato 200 mL of respective

FPW solutions in 400 mL beakers maintai¢d0 + 1 °C undeconstant aeration for LC
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analyses. Observatioesery 24 h under a stereomicroscope were performed to determine
embryo mortality. For juvenile rainbow trout 96LCsoanalysesstaticrenewal exposures
occurred in 10 L glass tanks containing 8 lredpeave FPW solutions under constant
aeration and were maintainat10 £ 1 °C. All tanks were allowed to equilibrate with FPW
exposuresolutions 24 h prior to onset of LC analyses. Fish were fasted fop@drtio
experimentation and were not fed for thealion of the 9éh LC analysis. For each
exposure, 7 fish were used per tank at eacttentration. Observations every 24 h were

performed to determinish mortality.

2.2.5 Statistical Analyses and Calculations

All LC analyses and associated 95% configeimtervals (Cl) werealculated
using a thregoarameter probit model (TRAP; ToxiciBelationship Analysis Program,
v1.30a, U.S. EPA). Compared LC valwesich did not have overlapping 95% Cls were
considered significantlgifferent. All graphing and nehinear curvefitting procedures
wereperformed using the statistic and graphing program Prism (Graf@dtadare Inc.,
CA, USA).

2.3RESULTS

2.3.1Inorganic Characterization of FPW

ICP-MS/MS inorganic analyses revealed a predicted increasmgpiacentration
gradient with increased FPW sampling period. This vgklighted in many of the major
salt ion characterizations; ions suchCisNa, Ca, K, and Mg, which were all shown to
increase in concentrati@s the timing of FPW sampling progres¢Eajure 2-1 andTable
S2-1). Accordingly, a similar increase in total dissolved solid (TEayings was
observed, as the highest recorded value was found 228é sample @0175700 mg/L.
Interestingly, total organic carb@mOC) values dropped as FP¥&mpling progressed
(TableS2-1), whiletotal nitrogen (TN) measurements did not follow any apparent trend.
Regarding metals, high concentrations of Fe, Sr, and Ba were foatid~PW samples,
although only Sr displayed a rough observable todnidcreaing concentration with FPW
sampling time (Tabl&21). Outside these constituents, Br was also found in FPW samples

at highconcentrations (up 270 mg/L), but with no obvious trend (Tal8&-1).
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2.3.20rganic Characterization of FPW

Following HPLC/Orbitap-MS/MS analyses, the organic chemipedfiles revealed
distinct differences between FPW sampling peribttsvever, the organic composition of
FPW is complex and the lack idference standards makes quantification difficult, thus,
only the organicompunds that were identified with high confidence (i.e. comparison
with corresponding reference standards) are-sprantifiedand presented in this study.
Polyethylene glycols (PEGs) were foundaihFPW samples, with the highest
concentrations found inéhl.33 rsample (63.5 ng/L; Fig. 2). Similarly, CHdkyl
ethoxylates (CIAEO) and octylphenol ethoxylates (OPE) were present in all FPW
sampleswith the highest concentration of GAEO (111 ng/L) found in th&.33 h sample
and the concentration of ORfghest in the 72 h FP\ample (85.2 ng/L). Beyond these
chemicals, triphenyl phosphate, (2tbutoxyethyl) phosphate -@odecanoylamineN,N-
dimethylpropan 1-amine oxide, and-fimethyt[3
(tetradecanoylamino)propyllazaniumygetate were found atnyéng levels across the
FPW samplesnalyzed, although all were found at very low concentrations oyErglire
2-2).

HPLC-MS/MS analyses of 22 PAHs (16 identified by the USA EPAraswity
PAHSs of toxicological concerr®ffice of the Federal Registratio®FR, 1982)n the
agueous and sediment phases of the BBMples revealed that all samples contained
PAHSs; the majority beingither of 3 and 4inged analytes (Tab-2). In particulaythe 3
ringedPAH phenanthrene was commonly found at the highest concentratitm$argest
total (aqueous and sediment phase summation) concenwwation3 6 . 9 e€g/ L phena
found in the 1.33 h FPW sampkhenanthrene (and phenanthrene related congsosuch
as * methylphenanthrengnd 3,6dimethylphenanthrene) were also foundéonpose the
majority of the PAH compounds present in FPW samgles\prising 66%, 63%, and 71%
of the 22 total PAHs analyzed in the83 h, 72 h, and 228 h FPW samplespeesively
(Table2-2). Overall, allPAH compounds followed the general trend of having the highest
concentration in the 1.33 h sample, and lowest in the 72 h FPW saeguikting in total
PAH concentrations of 1B3h272%/,ad2281h FBW saraptes, 2 5. 1

respectively.
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2.3.3Aquatic Species Lethality Responses

For clarity and succinctness, all statements of LC analyses and disanfs®sults
will pertain to LGo analyses unless otherwise statddwever, information on LG and
LCo analyses can be foundTrable2-3. From our inorganic analyses, we anticipated the
inherentlyhigh salinity of FPW to be a significant contributor to the toxicolodiealard of
FPW spills posed to freshwater aguatic organisms. Howeueqrganic chercal
characterizations also revealed a substaatrdunt and diversity of organic compounds to
be present. Thus, wheompared to our saline control exposures, not all organismal toxic
responseso the experimental FPW series samples are observedstoctly implicated to
the high salt concentrations of the FPW samples.

Daphnia magnaesponses to our FPW samples were observednmwbesensitive
of the four species tested and displayed the greatesttagidiey regardless of sample
collection timepait. Comparing thelaphnid LGoFPW dilution values of 1.58, 0.76, 0.94,
and 2.81% foour 1.33 h, 72 h, 228 h, and salt control, respectivelyu(Eig-3, Table2-
3), to the observed Lég values observed in rainbow trout embryos (818226, 10.83, and
16.87% for 1.33 h, 72 h, 228 h, and salt control, respectivedylights the large
variability in aquatic organism responseFPW. Relatively moderate leyesponses of
zebrafish embryos (3.02,22, 2.15, and 2.11%)umbriculus(3.13, 4.18, 3.80, and
4.11%), anduvenile rainbow trout (7.14, 10.51, 9.02, and 14.24%) when expgodéd
FPW series (1.33 h, 72 h, 228 h, and salt control, respect{\adyre 2-3, Table2-3) were
additionally observed. These results again highlagtih the diverse mechamns and toxic

nature of FPW solutions.

2.4DISCUSSION

A significant contribution to the differences in toxicity betweenRR& samples
analyzed can be attributed to noted differences in inorgami@rganic chemical profiles.
The FPW samples chosen fomalysis from the horizontal hydraulicafisactured well
studiedspanned a time series hypothesized to hold varying toxicological poteasial,
three time points represented a shift in general pveliiuction states.

When individually assessing toxig amongst species, it was obsertbadt

Daphnia magnavere overall the most sensitive spediesvest LC values) of those tested
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to FPW samples at all collection tirpeints (Figire 2-3, Table2-3). InterestinglyDaphnia
were most sensitive twur 72 hFPW sample when all other species (save for zebrafish
embryos)were least sensitive to this particular sample. However, differddahnia
responses to the three FPW samples were insignifiosatlapping LG 95% confidence
intervals), but all elicitedignificantly higher toxic responses (lower kfralues with non
overlapping®5% CIs) compared to the salt controls, indicating that somebieisiges

salinity in FPW (presumably organics) causesdaitional significant toxic effect.

Zebrafish embryos are found to béhe second most sensitive to FPW exposures amongst
all species testetHowever, zebrafish embryo responses generally contrasted other species
responses, as the saline control elicited the greatest toxi@gbmafish embryos and was
significantly more toxic compared to tie33 h sample (neaverlapping LGo 95% CIs).
These results suggdsiat zebrafish embryos are, above all, most sensitive to high osmotic
conditions, and that salinity dominated to a greater degree FPW tawiziypraish

embryos, perhaps masking any other effects. Considém@gcurrent natural ecological
niche and no recent evidence of a diadronidesstyle within the evolution of their species
(Engeszer et al., 2007; Imoto et al., 2QXBg high sensitivity of zebrafish to hyperosmotic
conditions is a logical respondaumbriculuswere found to béhe third most overall

sensitive species to FPW exposure, althaggyteral trends afensitivity in this species

were mirrored in both embryonand juvenile rainbow trout exposures (iig2-3, Table

2-3). Whenanalyzing these organism response trends to FPW exposure, it was observed
that the 1.33 h sample elicited greatest toxicity, ethe 72 rsample was least toxic. In
contrast to zebrafish, the family Salmonidakwhich rainbow trout are a member, have a
relatively recent evolutionadyistory of anadromy (natural transfer between freshwater and
seawater environmentélexandrou et al., 2013; Crespi and Fulton, 2004; Docker and
Heath, 2003)Thus, a more salir®lerant response #©PW was expected and found for
rainbow trout. Interestingly, respondesdifferent FPW samples within each distinct
rainbow trout exposure series were significantly different from one another (no 95% C.I.
overlap for LGo analyses). However, juvenile rainbow trout were obsetvdut

significantly more sensitive to FPW exposurempared teembryonic forms; a result
consistent with earlier reports suggesting #rabryonic lifestages are often more resistant

to environmental stressafsan larval stages (immediately following hatching) and juvenile
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forms(Embry et al., 2010; Woltering, 1984} is thought that thenveloping chorion in
0Vo acts as a barrier to toxicants and other environmsmésisors, thereby protecting the
developing organistwithin the embryqCotelli et al., 1988; Denluck et al., 2018; Embry
et al., 2010; Pelka et al., 2017)

As demonstrated by the total ion chromatograms of HPLC/Orbita@and PAH
analyses of FPW extracts, there are clear differeindesth diversity and abundance of
organic compounds among samplEgure2-2, Table2-2). Of the semiquantified
compounds identified, clas310-AEO norionic surfactants were highest in our 1.33 h
sample. Thigarticular class of surfactants have kndvisaccumulation potentia(€€heng
et al., 2005; Muller et al., 1999ayith nonspecific narcosis #se suspected primary
toxicological mode ofetion (Dorn et al., 1997; Muller et al., 1999#nother semi
guantified class of surfactantentified were OPESs. These are fionic surfactants which
may mimicendogenous hormones acalise endocrine disruption upon expogivienrod
and Benson, 1996; White et al., 199%hese surfactants atlegraded/or metabolized into
octylphenols (OPs), which are ofterore toxic and more persistantthe environment
(Ahel and Giger, 1993; Ying et al., 2008)lthough the concentrations of GAEOs were
below water quality guidelines of the Canadian EnvirentalPr ot ect i on Act
Environment and Climate Change Canada, 1988)OPEs in the 1.33 h samplere
lowest amongst the FPW sampld® toxicity of surfactants in the33 h sample may still
play a larger role in producing greater effemtsnpared to the other two FPW samples,
particularly when othecharacteristics of the mixture are taken into account. Specifically,
PEGs were found ahighest levels in the 1.33 h sample. Although not inheréoxig to
fish individually, PEG physiochemical properties nadigr the toxicity of other
compounds found in the FPW mixture.riiation to surfactants, PEGs are shown to
increase surfactantitical micelle concentrations (CMC), decrease average micelle
aggregatior{Nagg), and increase surfactant polydispergltiagarajan and Wang, Q0),
while surfactants which incorporate PEGs directly into their chemical structure (such as
tocopheryl polyethylene glycol succinaerfactants; TPGS) increase CMCs and decreased
Nagg Values comparetb traditional norionic surfactants without PEG@ssociatedSadoqi
et al., 2009) These TPGS surfactants have been shown to be an effglctimaceutical

agent for drug deliveries by increasing drug absorptidissues(Ismailos et al., 1%4; Z.
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Zhang et al., 2012)ncreased PE@resence in our 1.33 h FPW sample may therefore
increase the bioavailabilityf the surfactants present in the 1.33 h sample and #ilenv
to interfere and react to a greater degree with biological surtdesposed organisms to
induce greater toxicity.

PAH analysis of the current samples similarly affrmed TOC analjspgting the
1.33 sample to contain the greatest amount of orgamgpounds (Tablg-2). Of the PAH
compounds investigated, all present/d&ble forms were highest in concentration in the
1.33sampler esul ting in the highest FKFE16 and E22 F
phenanthreneelated PAH compounds were highest in the 1.88rhple, although in both
the 72 and 228 h samples theseenadso thenajor PAHSs identified. PAHs are known to
cause numerous toxic effeatsexposed organisms. Although PAH toxicity can be species
dependentgiven that invertebrates are generally considered to exhibit lower PAH
metabolic and elimination capabidis, other factors such as developmestiadje are also
known to influence PAH toxicityJames, 1989; Meador et al., 1995; Varanasi, 1989)
Regardless, toxicity associateith PAH exposure may come from the parent molecule
itself or, as is more often the case, from metabontermediates formed during
biotransformation processes. These intermediates may include tegbiwe epoxides
formed during phase | cytochrome P450 (CYii)nooxygenase oxidation steps which may
also be transformed intoxic phenol derivatives depding on the original substrate
(Buhler and Williams, 1988; Livingstone, 1998he creation of these intermediate
metabolites through CYP systems (and the effects they havelogical systems) are
mediated at di#fring levels depending on tepecific PAH by as many as 70 nuclear
receptors, including the arglydrocarbon receptor (AhR), retinoid X receptor (RXR), and
others(Honkakoski and Negishi, 2000; Xu a&t, 2005)

Alternatively, PAHs may nospecifically interfere with other cellulgarocesses via
nonspecific narcosié@arron, 2004; Di Toro et al., 2007; Wezel and Opperhuizen, 1&95)
other cellular processes/receptors not yet studied. PAHs are also known to produce
oxidative stress responsesboth invertebrates and vertebrate spesdton et al., 2002;
Lemaire et al., 1994; Penning et al., 1996; Sun et al., 2006; Zangar, 2004)dering
phenanthrene, phenanthremdated compounds, and otheriBg PAHSs (such as fluorene

anddibenzothiophene) in our FPW samples@geaerally found at theighest
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concentrations compared to other PAHSs, we suspect that signdeabtoxic potentials

are associated with FPW, asrecentreseartht en ass-sacatdbssébsaé (a
condition characterized dgrval craniofacial antail/spine deformities, as well as

pericardial andolk-sac edemagHe et al., 2012a; Spitsbergen et al., 198ith exposure

to these &ing PAHSs in larval fish species. Expare to 3ring PAHSs in fish has recently

also been shown to directly alter cardiomyodutection by specifically affecting Caand

K™ currents vieblockade of K channel and disruption of sarcolemmal and sarcoplasm

reticulum C&" cycling (Brette et al., 2017, 2014Detrimentgo cardiadunction would

undoubtedly place higher energetic demandssamgs in exposed organisms and may be

another toxicological hazamdarranting assessment when releases of FPW occur.

2.5 CONCLUSION

Research on FPW and wastewaters associated wdthdiic fracturingactivities
has only recently begun in a manner which assessésxibelogical hazards associated
with such fluids. In this study, weamed to not only determine baseline toxicities of FPW
in multiple relevantoxicological model specs but also determine how toxiciggnd
chemical characterizations) change depending on duratearlyfstage flowback from a
well. These data are of value to the reassessaofeisk and remediation
strategies/requirements and vailerall contribute t@ better understanding of the potential
impacts ofFPW releases. Despite the complexity and variations in FPW cheanital
toxicological makeup (dependent on numerous geologicabperhtional factors),
understanding basic toxicological and chemateracteristic tendencies will help shape
governmental and industrieBPW management policies and hazard assessments.

In the present study, we have determined that FPW toxicity isntpspecies
dependent but is also influenced by the length of timeaha!l has been producing FPW.
A significant component of the toxicigf FPW to freshwater organisms is mediated by the
high salinity andbrganic makeup (from either initial fracturing fluid constituents and
formation derived organics) of the wastewateith even very higldilutions of FPW
inducing toxicity in all species tested. However,spicies also demonstrated significantly
different toxic responses to laast one of the FPW samples tested separate of-saline
related effectssuggesting that odén components of FPW are contributing to overatic

potentials. In particular, earlier samples of FPW collected clogbetbeginning of the
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flowback period (e.g. our 1.33 h sample) weetermined to contain the highest organic
contaminant concentiahsand were also generally most toxic to the organisms studied.
Considering these earlier samples contained overall lower salt concentratio msetal
concentrations that were either lower or equddter FPW samples, it is assumed that
organic conteinants were responsibier most of the added toxicity observed. However,
all FPWsamples contained significant toxic potential and should be considazaddous
regardless of time postell stimulation when accidenteg¢leases to the environment occur.
Collectively, we show that FPW produced from an active hydraulically fractured
well is i.) overall toxic to a range of freshwater aquatic species, and ii.) elicits differential
toxicity depending on the species, the developmental time point of the onganid the
stage at which the well was producing FPW (earlier versus later FPW sampling
timepoints). Concerning the chemical compositional changes across the FPW samples at
the differing timepoints, toxicological responses may be in response to the ¢hangin
salinities and other chemical components (e.g. organics and metals). Future research is
needed to tease apart exactly which compounds are contributing (and to what degree)
towards the toxicological responses observed. Furthermore, it is unknown tlaadype
degree to which certain stéthal toxicological stresses are being propagated in FPW
exposed organisms. Therefore, further research on potentidtbabtoxicities induced

following FPW exposure is warranted.
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Table 2- 1. General overview of flowback and produced water (FPW) samples analyzed

for toxicological and chemical characterizations in the current study.

FPW Sample Analyzed& General SampleDesignation

1.33 hr Flowback

72 hr FlowbackProduced Water Mix

228 hr Produced Water

Saline Control Matches FPW228 hr Major lon Conten

2All times indicated refer to time of collection post wsfimulation
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Table 2- 2. Polycyclic aromatic hydrocarbon (PAH) analysis of FPW sample 1.33 hrs (1.33), 72 hrs (72), and 228 hrs (228). All
measurements are in pug/L. Total PAH content of a specific compound determined via summation of both agqueous (A) and sediment
(S) phase measements of the specified compound in the respective FPW sample. Total summation of US EPA 16 PAHs (shaded
compounds) and all PAHs analyzed (shaded-shaded compounds) for respective FPW samples identifigdla6 PahdE2 2

PAHSs, respectively. N.D. = rnialetected.

FPW Sample

PAHs AT 133 Si 133 1.33Total AT 72 S-72 72 Total A-228 S-228 228 Total
Naphthalene N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Acenaphthlene N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Acenaphthene N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Fluorene 3.49 4.68 8.17 0.0401 0.29 0.33 0.045 0.51 0.56
Phenanthrene 16.44 20.48 36.92 0.052 0.82 0.87 0.14 1.53 1.67
Anthracene 0.44 0.51 0.95 0.0089 0.021 0.030 0.028 0.093 0.12
Fluoranthene 0.095 0.11 0.21 0.0031 0.068 0.071 0.027 0.095 0.12
Pyrene 1.99 1.88 3.87 0.0054 0.93 0.94 0.090 1.63 1.72
Benz[a]anthracene 0.78 0.83 1.61 0.0012 0.2 0.201 0.003 0.22 0.22
Chrysene 1.19 1.42 2.61 0.0045 0.79 0.80 0.015 1.043 1.058
Benzo[b]fluoranthene N.D. 0.23 0.23 N.D. 0.11 0.11 N.D. 0.21 0.21
Benzo[k+j]fluoranthene N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Benzo[a]pyrene N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Indeno[1,2,3cd]pyrene N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Benzo[g,h,i]perylene N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Dibenz[a,h]anthracene N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Dibenzothiophene 2.093 7.080 9.17 0.0008 0.0093 0.0101 0.0044 0.020 0.024
Retene 0.70 0.98 1.68 N.D. 0.28 0.28 N.D. 0.42 0.42
1-Methylfluorene 2.36 5.36 7.72 0.024 1.10 1.12 0.031 1.94 1.97
1-Methylphenanthrene 10.43 13.89 24.32 0.013 3.083 3.096 0.057 8.041 8.098
3,6-Dimethylphenanthrene 5.70 7.83 13.53 0.0033 3.34 3.34 0.021 8.064 8.085
1-Methylpyrene 0.86 0.87 1.73 0.0004 0.38 0.38 0.0054 0.76 0.77
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Table2-3.Compari son

of |l et hal

concentrat

i ons

values among multiple species exposed to flowback and produced water samples from a

horizontal hydraulically fractured well.

FPW 1.33 Hr
Daphnia®
Lumbriculus®
Danio Embryos®

Oncorhynchus
Embryos®

Juv. Oncorhynchu$
FPW 72 Hr
Daphnia?
Lumbriculus®
Danio Embryos®

Oncorhynchus
Embryos®

Juv. Oncorhynchu$
FPW 228Hr
Daphnia®
Lumbriculus®

Danio Embryos®

Oncorhynchus
Embryos®

Juv. Oncorhynchu$

SALINE CONTROL

Daphnia?
Lumbriculus?
Danio Embryos®

Oncorhynchus
Embryos®

LC1o 95% C.I. LCo0 95% C.I. LCso 95% C.I.
0.31 -1.30-1.92 0.74 -0.431 1.90 158 0.95-2.21
1.30 0.7371 1.87 1.91 1.4671 2.36 3.13 2.811 3.45
0.36 -1.417 2.14 1.26 -0.231 2.74 3.03 2.1071 3.97
4.59 3.1471 6.03 6.01 4.871 7.14 8.82 8.061 9.59
3.07 1.991 4.14 4.43 3.581 5.29 7.14 6.461 7.83
0.19 -0.6071 0.99 0.38 -0.1771 0.93 0.76 0.5071 1.01
3.30 3.051 3.56 3.60 3.371 3.82 4,18 3.981 4.38
0.58 -0.231 1.40 1.13 0.4671 1.81 2.22 1.781 2.66
7.61 6.1071 9.11 9.16 7.907 10.43 12.26 11.341 13.17
8.30 7.5371 9.07 9.04 8.4171 9.67 10.51 9.951 11.07
0.37 -0.0321 0.77 0.56 0.2971 0.83 0.94 0.757 1.12
2.82 2.4971 3.16 3.15 2.871 3.43 3.80 3.581 4.02
0.85 0.157 1.54 1.28 0.821 1.75 2.15 1.851 2.44
7.03 5.721 8.34 8.30 7.2671 9.34 10.83 10.09i 11.58
7.13 6.1071 8.16 7.76 7.0071 8.51 9.02 8.481 9.55
1.45 1.117 1.80 1.91 1.5571 2.26 2.81 2.501 3.12
3.28 3.0471 3.53 3.56 3.351 3.77 411 3.9271 4.30
0.87 0.4071 1.35 1.29 0.907 1.68 2.11 1.851 2.37
14.95 14.237 15.67 15.59 14.977 16.21 16.87 16.461 17.27

62

(L



Juv. Oncorhynchu§ 10.76 9.727 11.80 11.93 11.071 12.78 14.24 13.551 14.92

248-hr LCso analysis
b 96-hr LCso analysis

* All LC values listed as % dilutions of FPW
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Figure 2- 1. Concentrations of major cation, anion, and total dissolved solids (TDS) of
flowback and produced water samples from a lomtial hydraulic fractured well measured
by ICP-MS/MS and ion chromatography.
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. . cetate
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1.33HR 63.5 111 65.9 8.01 2.85 1.76 2.23
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228 HR 25.7 87.1 75.3 N/A N/A N/A N/A

Figure 2- 2. HPLC-Orbitrap MS total ion chromatogram analysis of flowback and produced water samples collected at 1.33, 72, and
228 hours from a horizontal hydraulic fractured well. Sqmantified compounds identified are listed in table below chromatograms.

All table concentration values are reported as ug/L. NL = normalized total ion abundance.
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Figure 2- 3. Aquatic freshwater specisarvivorship norlinear regression curve responses
to differing flowback and produced water (FPW) dilution exposures. FPW was collected
from a horizontal hydraulic fractured well. Species tested are A.) Jugagilkenia magna

B.) Lumbriculusvariegatus C.) Danio rerioembryos, D.) Juvenil®ncorhynchus mykiss
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and E.)Oncorhynchus mykissmbryos. Per specias= 6 for each dilution for each
individual FPW sample. SEM plotted for each dilution data point.
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CHAPTER 3: Effects onBiotransformation, Oxidative Stress, and
Endocrine Disruption in Rainbow Trout (Oncorhynchus mykissExposed

to Hydraulic Fracturing Flowback and Produced Water*

Biotransformation

Endocrine Oxidative
Disruption I Stress

He, Y., Folkerts, E.J., Zhang Y., Martin J.W., Alessi, D.S., Goss, G.G. (2017). Effects on
biotransformationoxidative stress, and endocrine disruption in Rainbow Trout
(Oncorhynchus mykisgxposed to hydraulic fracturing flowback and produced water.
Emvronmental Science and Technolo§¢, 9407 947.DOI: 10.1021/acs.est.6b04695
*Co-first Authorship

68



3.1 INTRODUCTION

Horizontal drilling with highvolume hydraulic fracturing (HF) is a practice being
used in Alberta/Canada for improving the extractionibdnd gas from tight reservoirs.
Energy production from these resources in North America is expected to continue, with
estimated increases of 45% and 25% above current production levels for the US and
Canada, respectively, in the next 25 ydalstural Resources Canada, 2015; U.S. EIA,
2015) The rapid expansion of HF practices, together with its large quantity of water usage
and process affeetl water production, poses potential environmental hazards to the
environment, including contamination of surface and shallow groundwater aquifers via
discharges and spil{&ntrekin et al., 2011; Lauer et al., 2016; Vengosh et al., 2014; Vidic
et al., 2013)as well as subsurface gas migrati@arrah et al., 2014; Kargbo et al., 2010;
Llewellyn et al., 2015; Osborn et al., 2011; Wilson and VanBriesen, 2012)

However, there remain significant knowledge deficits on the environmental impacts
and risks of the flowback and produced evgiH~FPW) to aquatic ecosysterttidarkness
et al., 2015)HF-FPW is a complex, tripartite mixture of injected HF fluid components,
deep formation wategnd secondary bgroducts of downhole reactions with the formation
environmentDiGiulio and Jackson, 2016; Drollette et al., 2015; Lester et al., 2015;
Llewellyn et al., 2015)HF-FPW brine may contain numerous inorganic and organic
constituents, including high levels of ra&t (e.g., barium, strontium, chromium, cadmium,
lead), radionuclides (e.g., radium and uranium), and a complex profile of organic
compounds, theorized to be additive components in HF fluid, natural organics reliated to
situ formation hydrocarbons (e.guolycyclic aromatic hydrocarbons (PAHSs)), and even
secondary chemical products from the interaction between the fracturing environment in
the well (elevated temperature and/or pressure) and the deep saline grou(fevedeet
al., 2013; Gordalla et al., 2013; He et al., 201Zayrespondingly, the concentmats of
metals, radionuclides, and PAHs detected in FPW are often well above the maximum
contamination level for water quality guidelingdberta Environment & Sustainable
Resource Development (ESRD), 2014; Lauer et al., 2016; Vengosh et al., ijether,
these chemicalreturn to the surface with released oil and gas, and tHePNIV is
separated for treatment/reuse, or disposed in deep, subsurface injectiqiMaetisr et

al., 2013) Risks of ground and/or surface fresh wad@ntamination are principally
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associated with osite fluid handling, transportation of HFPW to disposal wells, and
well integrity issuegVengosh et al., 2014Accidental release of HFPW in certain
regions is well documented, with more than 2500 spills in Alberta from 2011 to(&0%4
et al., 2015)It has been suggested that the presence of endocrine disrupting chemicals in
HF wastewater may be linked to reproductive and developmemairment in laboratory
animals based on the systematic evaluation of chemicals used in HR Hlinks et al.,
2017) While the potential biological risk dnmpacts of chemicals used during the
fracturing process have been predicted and documented in several rgagmias et al.,
2015; Stringfellow et al2014) there is very limited information regarding the toxicity of
any real HFFPW samples and the potential toxicological impacts ¢HRWV spills on
freshwater organisms.

The lack of available hazard assessment foiHRRV spills in Canada and the
United States hinders environmental impact and risk assessment of hydraulic fracturing
activities(Gagnon et al., 2016Mandatory disclosure of the chemical constituents of
fracturing fluids for example, through the chemical disclosure registry, FracFocus, has
somewhat improwe our understanding but the toxicity data of many chemicals is often
missing(Gagnon et al., 2016; Stringfellow et al., 20IAe environmental fates of those
chemicals are further complicated by potential ddwie reactions and generation of
secondary produc(sie et al., 2017a)lherefore, there exists an obvious need to
investigate the toxicity on aquatic organisms. In this study, juvenile rainbow trout
(Oncorhynchus mykisscommonly used a& biologically relevant freshwater model for
regulatory science, were used to determine responses to potential spills and leaks of HF
FPW in the aquatic environment. Acute exposures (48 h) were conducted followed by
measurements of a variety of endpoimsuding hepatic and branchial ethoxyresor@in
deethylase (EROD) activity, thiobarbituric acid reactive substance (TBARS) formation in
various tissues, and mMRNA abundance of a battery of genes related to biotransformation,
oxidative stress, and endocridisruption by quantitative rediime polymerase chain
reaction (QRT-PCR). This is one of the first studies to investigate the physiological
responses to HFPW exposure in a whole organism. Our study will help address the
ecotoxicological hazards assded with HFFPWand provide potential biomarkers for

water quality monitoring in areas affected by hydraulic fracturing activities.
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3.2 MATERIALS AND METHODS

3.2.1HF-FPW Collection

The HFFPW sample analyzed in this study was collected at 7meststimulation
from a horizontal, hydraulically fractured well in the Devorgged Duvernay Formation
(Fox Creek, Alberta, Canaddh this study, HFFPWS (abbreviated as S in figures, the
same below) refers to the original, raw sample containing sediand/or suspended
particles. A summary of key compositional information on this sample is presented
in Table3-1. Detailed geological and chemical information on this sample is reported in a
companion studyHe et al., 2017aAll tests were conducted within 60 days of sample
acquisition and samples were stored at room temperature to best refitotage
conditions. Sedimeritee (HFFPW:SF, or SF) was ppared by vacuum filtration of the
raw sample through a 0.22 em membrane, whic
organic contaminants in the sample. An activatledrcoal treated (HFPWAC, or AC)
sample was also prepared by treating the raw samigiieactivated charcoal, followed by
vacuum filtration through a 0.22 em membran
contaminants being removed. We acknowledge that vacuum filtration may also have
caused a loss of volatile dissolved components in SFAGhsubsamplesbut this was
necessary to remove the sediment fraction. Once we aliquoted a raw sample for either
treatment or direct exposure (HFPW, HFFPW:SF, and HHFPWAC), these aliquots
were stored at 4 °C until the start of the exposure peliethils of the sample preparation

are described in a companion st et al., 2017a)

3.2.2Chemicals

All the chemicals were purchased from SigAddrich (USA). Details are provided

in the Supporting Information.

3.2.3Fish

Rainbow trout embryos were obtained from the Raven Brood Trout Station

(Caroline, AB, Canada) and grown to the appropriate size (24.9 £ 10.1 g) as juveniles for
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experimentation. Juvenile fish were maintained indoors in-flawugh 450 L tanks
supplied wih aerated and dechlorinated facilitate water (hardness asz:CA®®mol/L;
alkalinity, 120 mg/L; NaCl, 0.5 mmol/L; pH 8.2, temp, 10 = 1 °C). Fish were fed ground
dry commercial trout pellets (Purina trout chow) once daily and kept on a 14 h/10 h
day/nigh photoperiod. All animal use was approved by the University of Alberta Animal
Care Committee under Protocol AUP0O0001334.

3.2.4Exposure Design

Exposure was conducted in 8 L glass tanks filled with 4 L of aerated
control/treatment water. Water temperatwas maintained at 10 + 1 °C by partial
immersion of tanks in a water bath with constant facility water flow; 50% control/treatment
water changes were made in each tank every 24 h. Fish were fasted 3 days prior to and
during experimentation. Fish were expddo control/treatment waters in triplicate tanks,
with each tank containing two individuals. The concentrations of low dose (2.5%) and high
dose (7.5%) were selected based on the results of preliminary range finding test of HF
FPW:S using fingetlength pvenile rainbow trout (Figure3s1). Fish were exposed to
facility water as a control (Ctl), HFPWAC (2.5% and 7.5% dilutions in facility water,
the same below), HFPW-SF (2.5% and 7.5%) and HFPWS (2.5% and 7.5%), as well
as benzo[a]pyrene (BaP) (33 and 1 €M) as a positive contr
of exposure, fish were euthanized by cephalic blow and decapitated. Gill filament and liver
samples were collected and immediately assayed for EROD activity. Subsamples (0.25 g)
of gill, liver, and kidney in all 48 h exposure groups were placed into 1.5 mL Eppendorf
tubes containing 500 gL G 5mNMBDTA pHa27&), buf f er
frozen in |liquid nitrogen and stored at 180
48hexposr e groups wer e fr oz eRT-P@RadsaysTthoexppsiureat 1 &
water from each treatment was sampled and stored in the dark at 4 °C prior to PAHs

analysis.

3.2.5PAH Analysis

Subsamples of exposure water at 24 and 48 h (500 mL), includitglc&C
.5% and 7.5%), .5% and 7.5%), an .5% and 7.5%), were collected for
(2.5% and 7.5%), SF (2.5% and 7.5%), and S (2.5% and 7.5%) | d fi
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polycyclic aromatic compound analysis by the liGuiguid extraction method as described
previously(Zhang et al., 2016Petailed methodology is provided in tBeipporting
Informationand in Table $-1.

3.2.6Hepatic and Branchial EROD Assays

The repatic EROD activity was determined via a modified metti@yiously
establisheqHodson et al., 1991The gillfilamentbased EROD assay was performed
following method previouslydescribedn an other stud{Jonsson et al., 2002)etails are

provided in theSupporting Information.

3.2.7TBARS Assay

TBARS assay using fish tissues was performed following a previous study with
minor modification(Boyle et al., 2013)Briefly, the supernatant of the homogenized
samples were treated with thiobarbituric acid and TBARS formation was quantified by
fluorescence measurement at 531 and 572 nm (excitation and emission, respectively). In
addition, the intrinsic oxidative potensabf HFFPW fractions alone were also determined
via a modified protocol froma previous studyBiaglow et al., 1997)HF-FPW samples
were incubated with a final concentration of 4 mMeébxyd-ribose (2DR) for 1 h at 25
°C under ambient room light, followed by fluorescence measurement of TBARS formation.

Details are provided in theupporting Information.

3.2.8Quantitative RealTime PCR assay

Total RNA was extracted from liver samples @mNA was prepared for
guantitative reatime PCR (QRT-PCR) measurement using SYBR Green master mix
system (Applied Biosystems, CA). Details of RNA extraction, cDNA synthesis, aéRd@l-Q
PCR reactions were provided in tBapporting Information. Eleven genespresenting
biotransformation, oxidative stress, and endocrine disruption in rainbow trout were selected
for screening. Changes in abundances of transcripts of target genes were quantified by
normalizing toelongation factor 14elf1a). There was no diéfrence in the expression
of elflaamong all the exposure groups (FiguB2y. Gene name, abbreviation, sequences

of primers, efficiency, and GeneBank reference number are listeabie 3-2.
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3.2.9Statistical Analysis

Juvenile rainbow trout were expos®edthe control/treatment solutions in triplicate
tanks, with each tank containing two fish. No differences in responses to the same
treatment between fish in the same tanks were observed. Therefore, each individual fish is
considered an experimental urStatistical analyses were conducted by use of SPSS16.0
(SPSS, Chicago, IL). All data are expressed as mean + standard error mean. Log
transformation was performed if necessary to meet the assumptions. Statistical differences
were evaluated by ongay ANOVA followed byposthocTukey test. Differences were
considered significant at } < 0.05.

3.3 RESULTS AND DISCUSSION

3.3.1PAH Analysis

Nominal and measured exposure concentrations of parent PAHs and total PAHs
(parent + alkylated PAHS) are presented able 3-2. Detailed results of individual
analytes are presentedTiable $-3. Generally, the measured PAH concentrations in the
sediment free fraction exposure water {HIFW-SF dilutions) were lower or equivalent
compared to nominal levels; however, PAH camtcations in the raw exposure water {HF
FPW:S dilutions) were higher than nominal (TaBl), suggesting the possibility of
chemical desorption from the sediment particles present in tHeRNW¥ sample during the
exposure period. Since HFPW is a complemixture of HF fluid and formation water, it
is likely that not only PAHs but a variety of other contaminants could desorb from
sediment particles, resulting in more adverse effects on exposed fish compared to those

exposed to a sedimefiee fraction.

3.32EROD Assays

Exposure to HFFPWs caused significant induction of EROD activity in both
hepatic and branchial tissues in rainbow trout. The hepatic and branchial EROD assays
were modified from previous studies using &action(Hodson et al., 1998nd gill

filament(Jonsson et al., 2002kspective}. Assay validation was performed by using a

74



parallel BaP positive control (FiguBel). The relative fold of induction in hepatic and
branchial EROD activity in 24 and 48 h exposure groups are preseriein3-1.
Significant induction of ERORctivity has been widely used as a biomarker of
exposure to aryl hydrocarbon receptor (AhR) agonistic contaminants, including, PAHS,
dioxins, polychlorinated biphenyls (PCBs), and various petrolglated extractéSarkar
et al., 2006)BaP is a prototype and welbdumented PAH widely used as positive control
in EROD activity assagAgency for Toxic Substances and Disease Registry (ATSDR),
1995) Previously, significant EROD induction was demonstrated in zebrafish larvae
exposed to HFFPWs using a nondestructive asgpury et al., 2006)indicating that the
presence of PAHs and possibly other contaminants acting as AhR agonists may play a
significant role in HHFPW toxicity(He et al., 2017a)n the current study, hepatic and
branchial EROD activities were measured in juvenile rainbow trout exposedk® s
by using liver S9 fractions and gill filaments as indicator tissues. The results clearly
demonstrate that exposueeHR~FPWs significantly induces EROD activity in both liver
and gill tissues in juvenile rainbow trout, which is consistent with the companion(stady
et al.,2017a) In addition, on the basis of induction fold data, branchial tissues seem to
display more sensitive EROD activity responses than hepatic tissue afte?\WF
exposure (Figur8-1A,B). Hepatic EROD inductions greater than-falsl were not
observedand significant induction only occurred in tissue exposed téPNA.S.
Conversely, significant branchial EROD induction was detected in the 2.5% dilution of the
HF-FPWLSF group, and in general, induction of EROD activity in gill tissues was greater
thanthose in hepatic tissues. For example, exposure to 7.5%-6PN¥S for 48 h
resulted in an EROD induction of 9.30 = 0:f81d in branchial tissue while a 2.41 £ 0:25
fold increase was found in hepatic tissue. Since the gill is an organ characterizgd by hi
surface areas, a thin membrane, concentrated vascularization, and is directly exposed to
waterborn contaminants, it is likely gill flaments receive higher levels of exposure
compared to liver tissue, resulting in a more significant and sensitive ERMMY
response. In addition, since most of the organic content has been removed by activated
charcoal treatmer{He et al., 2017a}he absece of significant effects on EROD activity
in all AC exposure groups clearly supports the hypothesis that the organic contaminants

were the major components responsible for EROD induction. Considering the dilution
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factors and the low total PAH levels ddextin the sample, the results observed in the
current study confirmed that EROD activity in fish is sensitive to highly dilutedr PN/
exposures and could be used as efficient biomarker for aPN¥ spill or in a posspill

monitoring program.

3.3.3TBARS Assays

HF-FPW exposure resulted in elevated TBARS formation in juvenile rainbow trout
tissues indicating oxidative stress. The highest TBARS tissue levels were observed in fish
exposed to 7.5% HFPWS (2.95 + 0.66, 2.12 + 0.18, and 3.11 * 6f®Id for kidney,
gill, and liver tissues, respectively). Exposure to 2.5% offfW\S also significantly
increased TBARS formation in rainbow trout kidney tissue (1.99 +=fale}. There were
no additional significant oxidative stress effects observed in eitghrdrilow exposure of
HF-FPW-SF and HH-PWAC groups. Significant increases in TBARS formation were
also seen in our positive control (BaP) treatments, validating our methodologies @igure
2). Overall, it was observed that HFPW-S displayed increased RS formation, with
highest oxidative stress responses seen in highdfRW concentrations.

Interestingly, the results of the TBARS assay demonstrated significant intrinsic
oxidative potential of HFFPW samplesKigure 3-3). Incubation of 2.5% and 7.5% bif--
FPW:S with 4 mM 2DR at 25 °C for 1 h resulted in significantly elevated TBARS
formation by 8.68 + 1.41, and 13.74 + 0f6%, respectively, compared to control water.
Similarly, 2.5% and 7.5% of HFPW-SF (incubation with 4 mM-DR at 25 °C for 1 h,)
also resulted in significantly elevated TBARS formations (9.01 £ 1.12 and 13.13-+ 1.32
fold, respectively). No TBARS formation was observed inHPAMAC (Figure3-3). Both
HF-FPW-SF and HH-PWS contain various organic contaminants including PAHs, while
organic contaminants, including PAHs, in HiPWAC are below detection limit&rable
3-2) (He et al., 2017a)0ur results suggest that significantly increaseidative potential is
inherent to both HFPW-S and HFFPW-SF, but not to HFFPW-AC, presumably due to
organic compounds present in HPWs.

Oxidative stress is one of the major adverse effects on aquatic organisms of many
contaminantgValavanidis et al., 2006Dur study determined that raw HFPW at

concentrationsfo7.5% significantly increased TBARS formation (lipid peroxidation) in
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kidney, gill, and liver tissue after acute exposures teFR®V (Figure3-2). While

endogenous production of reactive oxygen species (ROS) is essential to many cellular
functions, incresed ROS production by exogenous influences may overwhelm cell
oxidative homeostatic and antioxidant defense systems, negatively impacting cell and
organism physiological heal{valavanidis et al., 2006Y he TBARS assay detects
malondialdehyde (MDA), an aldehyde produced via lipid membrane oxidation and damage
(Fraga et al., 1988However, it is important to note that many other reactive lipid peroxide
products, such as alkoxyls, alkanes, and lipid epoxides, which are known to be toxic and
mutageniqEsterbauer et al., 1990pay be produced. Many components of HFPW are
theorized to induce oxidative stress upon exposure. Added oxidant chemicals in the
fracturing fluid may elicit oxidative responses, while other chemisatondarily formed in

the subsurface may additionally increase oxidative stress to organisms exposed to HF
FPW. The intrinsic ROS potential of both the SF and S fractions were significantly greater
than control as well as AC fraction, suggesting thabtiganic constituents are responsible

for the majority of the ROS activity in HFPWs (Figure8-3). However, we observed
significant TBARS formation only in tissues of fish exposed to sediment containing
fractions. This indicates that sediment constitu@ntduding all the suspended particles

and the chemicals potentially sorbed to them) further contribute to physiological oxidative
stress and observed adverse effects in fish exposedEPMIS (Figured-2). Our

companion study suggested the suspendddiesrpresent in FPW might play a

synergistic role in causing adverse effects by adhering on the fish body surface acting as a
delivering vehicle to enhance exposure f&te et al., 2017a)Another possibility is that

the concentrations of contaminants were better maintained by desorption of chemicals from
sediment particles, thus resulting in greater response in adverse effectERWVHfsh

exposure. Thisypothesis is supported by the fact that in HFPW samples, PAHSs levels in
sedimertcontaining samples were higher than nominal levels potentially due to desorption,
while PAH levels in sedimesftee samples were lower than nominal levels potentially due

to dissipation. This response supports our EROD analyses showing higher EROD activity
in gill and liver tissue of fish exposed to sedimeantaining HFFPW fractions over
sedimentfree fractions (Figur8-1A and B). Nephritis, characterized by increased lip

peroxidation products, is a wadtudied physiological inflammatory response observed in
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kidney tissue under oxidative stré&samond et al., 1986)Correspondingly, significant
TBARS formation in kidney tissue was observed after 48 h exposures to 2.5% and 7.5%
HF-FPWS (1.99 + 0.55 and 2.95 + 0&@ld, respectively). Liver tissues are responsible

for many detoxification and antioxidant defense responses to xenolgkdies al.,

2005) and our results similarly displayed elevated liver TBARS formation after exposure
to HFFPWS (7.5% after 48 h; 3.11 + 0.9@Id). Gill tissue also displayed increased

TBARS formation (2.12 + 0.2®ld). Although the magnitudes of fold induction of

TBARS formation in fish tissues were less significant than the intrinsic oxidative potentials
observed in direct measurement of-HFWSs, this does not necessarily imply that the
TBARS formation observed in exposed fish tissues was less biologically significan

fact, the elevated TBARS formation indicatbat the oxidative stress generated by HF
FPWs exposure had already overwhelmed the ROS defense system. Rainbow trout tissue
oxidative stress responses after-HFW exposure were consistent with various other tissue
expression profiles observed in fishpesed to oflcontaminated wastewater effluent and
spills (Holth et al., 2014)suggesting oxidative stress likely contributes to the overall

adverse effects observed in the current study.

3.3.4Quantitative RealTime PCR Assays

Compared to the control, exposure to-APWS (2.5% and 7.5%) for 48 h
significantly indiced several tested genes in juvenile rainbow trout liver (Fgdide In
7.5% of HFFPWS group, as compared to control, the expressidngplaandudpgt
weresignificantly elevated by 2.49 + 0.38 and 2.01 + &f@d, respectively, indicating the
activation of Phase | and Phase Il biotransformation genes. In addition, in the 7.5% of the
HF-FPWS group, the expression eddandgpxwere also significantly elevated by 1.67 +
0.09 and 1.58 £ 0.1fwvld, respectively, indicating the activation of oxidatsteess
response genes. Moreover, the expressiotginde r Wére significantly elevated by
7.60 £1.77 and 5.37 £ 1.7#0ld, respectively, in the 2.5% of HFPWS group, and 19.33
+ 4.89 and 12.33 £ 1.5®Id, respectively in the 7.5% of HFPW:S grouwp, suggesting
exposure to HFFPW:S has the potential to alter endocrine metabolism in fish. There were
no significant changes of MRNA abundance in the genes tested in the groups of AC and SF
(2.5% and 7.5%) (Figure33). Low and high doses of BaP (0.3%lan1 ¢ M) wer e al ¢
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applied as positive controls to confirm the daospendent response ©fplain tested fish
(Figure $-4).

In the current study, mMRNA abundance of seven genes related to biotransformation
and oxidative stress were determined in juverglabow trout exposed to HFPWs for 48
h. Met al | mtt)lb anemyne mpdstan{ for metal metabolism, and is commonly
used as bioindicator of metal expos(@®bbett and Goldsbrough, 2002Jthough there
were nominal amounts of heawmyetals detected iour sample, with the dilution applied in
this study, the concentratioasd predicted toxicity would be very limited as compared to
other HF samplegHe et al., 2017a; Lauer et al., 201erefore, it was not surprising that
exposure to HFFPW:s did not affect the expressioimt . £ytochrome p450 1Adypl9
and 3A ¢€yp39 are Phase | biotransformatienzymes which are responsible for
hydroxylation modification of xenobiotidxu et al., 2005) UDP-glucoronosyl transferase
(udpgd and glutathione transferasgs( are Phase Il biotransformation enzymes
responsible for detoxifying reactive electrophiles and producing pulee metabolites for
active transporfXu et al., 2005)Exposure to HFFPWS causedignificant induction
in cypla Together with the observed gill and liver EROD induction, we theorized the
presence of AhR agonist(s) in HIPW caused activation of Phase | biotransformation.
The absence of increased expressiocypBaindicated that thererere no or very low
concentrations afyp3aagonists (for example, dexamethasone) in theFR®LS sample.
However, a significantly increased expressiondpgtandgstsuggests that exposure to
HF-FPWS also triggers Phase Il enzymes, which taken togetitie Phase | enzyme
induction results, indicates activation of biotransformation and detoxification processes of
xenobiotics in juvenile rainbow trout, which may be used as a biomarker in future
monitoring programs. Additionally, mMRNA abundance of twadakve response genes,
glutathione peroxidasgpX and superoxide dismutasm() was also elevated in the HF
FPWS exposure group. Oxidative stress in aquatic organisms is one of the most common
adverse effects caused by exposure of petroietiated cotaminants in aquatic
environmentgHe et al., 2012a; Valavanidis et al., 2006)the current study, ROS may be
generatd from either activated xenobiotic metabolites generated in the Phase |
biotransformation by cytochrome P450 and other oxidation enzymes, or potentially via the

oxidizing chemicals originally presented in the fracturing fluid. In this well, ammonium
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sulfate, a strong oxidizing agent, was added into the fracturing fluid to break the added
antioxidant, Irgafos 168, and thus promote the fracturing process. The small but significant
elevated expression sbdandgpx(magnitudes <zZold), demonstrated the poteal
activation of ROS defense enzymes in response t&PWW exposure. These may be due to
oxidative stress from either or both xenobiotic metabolism and oxidizing chemicals
originally present in HFFPW sample. Together with the TBARS results, the actigati
of sodandgpxdemonstrated the oxidative stress response in juvenile rainbow trout
exposed to HFFPWs,

In this study, mRNA abundance of five endocrine disruptive genes,
includingvitellogenin(vtg) and four estrogen receptor isoforrasr( &I &2 b 1
ande r Ywere also measured. Vitellogenin, the precursor of lipoproteins and
phosphoproteins which comprises most of the protein content of fish yolk, has been widely
used as a sensitive biomarker on endocrine disrupting chemicals (EDCs) exposure in
oviparous speciefAnkley and Johnsqr2004; He et al., 2012b; Miller et al., 2000)has
been demonstrated that exposure to petroleum related contaminants can induce significant
elevation ofvtg transcripts and protein in fig/Ankley and Johnson, 2004; He et al., 2012b;
Holth et al., 2014)Xenoestrogens can interact with the estrogen receptor (ER) to exert
their endocrine disrupting effects in organisms. Rainbow trout has two distinct ER
subtypes, ERU and ERDB, eaclfMeouttetwlh200lh has t w
Nagler et al.2007) In this study, @QRT-PCR primers of four estrogen receptor isoforms
were designed to determine differential receptor isoform responses to potential EDC
exposure. Interestingly, exposure to-AHPW resulted in significantly higher mRNA
abundance oftg, as well agra2, but not the other thresr isoforms. In rainbow trout, the
full-length estrogen receptor alpleadl) is widely expressed in liver, brain, pituitary, and
ovary. However, expression of the alternative splicing isoform resultingrimeated A
domain géra2in this paper) is primarily in the livéMenuet et al., 2001 hese results
suggest a role fogra2in the development and/or maintenance of the vitellogenesis process
unique to the live(Menuet et al., 2001; N&y et al., 2007)In this study, the elevated
expression o¥tg andera2were consistent in rainbow trout exposed toFHBPAMS,
indicating the presence of EDCs (in particular, xenoestrogens)-irRFN¥ that are able to

disrupt and/or alter vitellogenesgnthesis in oviparous species. This study is the first
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research reporting elevationwifyandera2 expression in fish caused by HFIPW

exposure. Significantly elevated expressiontgfandera2 demonstrate possible endocrine

disruptive effects derivefiilom HFFPW exposure and the potential hazards to the aquatic
organisms from a HIFPW spill. Future research should focus on the potential endocrine
disruptive properties of HFPW including advanced chemical analyses to determine the

potential EDC(s) in H-FPW.

3.4 CONCLUSION

In conclusion, the current study demonstrates the complexity and diverse
mechanisms of adverse effects of-AFW using rainbow trout as a model organism.
Adverse effects were observed at high dilutions in both SF and/or S fractmrsuesx
groups, rather than AC fractions exposure groups. This indicates that the organic
contaminants rather than the sgles sewere the major contributor in acute exposure of
diluted HFFPW in fish. Analysis of multiple biomarkers and gene expressiokely
markers of adverse effects reveal-HPW exposure in a biologically relevant fish elicits
responses in a variety of pathways, including biotransformation, oxidative stress, and
endocrine disruption. Our results further suggest that sediment fottfetHPW is an
important component in causing adverse effects related to biotransformation and oxidative
stress pathways, in agreement with our earlier stiiHiegt al., 2017a)An alternative
hypothesis is that the exposure concentration of various contaminants preser®RWVHF
was elevated by chemical desorption from sediment patrticles, thus enhancing the exposure
rate. Future study is needed to addresgtiiential adverse effects derived from sediments
of HFFPW, and special attention should be paid to the sediment residues in spill response
and the remediation process. This study is also the first to demonstrate potential endocrine
disruptive effects asstted with HFFPW thereby warranting future investigation in this

area.
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Table 3- 1. A Summary of key composition of a HFPW sample. Data are obtained from

a companion studfHe et al., 2017a)

HF-FPW sample

Time (PostStimulation) 7 days

pH 4.78

Total Dissolved Solid 242 624 mg/ L
Total Nitrogen 498 mg/L

Total Organic Carbon 211 mg/L

Table 3 2. Parent PAHs and Total PAHs (parent + alkylated) inRFFRACAC, HRFPW

SF, and HHFPW:S exposure waters at 24 and 48 h
Measured Concn.

(ng/L)
Sample Dilutions Nominal Concn. At 24 h At 48 h
(ng/L)

HF-FPW-AC Parent 2.5% N.D. N.D. N.D.
7.5% N.D. N.D. N.D.

Total 2.5% N.D. N.D. N.D.

7.5% N.D. N.D. N.D.

HF-FPW-SF  Parent 2.5% 13 30 19
7.5% 39 31 17

Total 2.5% 29 34 20

7.5% 87 39 19

HF-FPW-S Parent 2.5% 24 89 64
7.5% 73 220 160

Total 2.5% 51 150 110
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7.5% 150 390 300
®Nominal concentrations are calculated based on the results from a companio(istety

al., 2017a)All the PAHs in control and HIFPWAC samples were below the detection

limit. N.D. means not detected.
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Figure 3- 1. Induction of (A) liver and (B) gill EROD activity in rainbow trout exposed to
HFFFPWs at 2.5% and 7.5% dilutions for 24 an
positive control. Different letters indicate significant difaces within the same treatment

time in liver or gill tissuesi= 6, } < 0.05,). Asterisks indi

between 24 and 48 htreatmemss( 6, } < 0. 05)
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Figure 3- 2. TBARS in the liver, gill, and kidney tissue of rainbow trout exposed to

control, HFFPW-AC, HFFPWSF, and HHFPW:S at 2.5% and 7.5% dilutions for 48 h.
Asterisksfo= 6, *}; < 0.05; ** ] < 0.01) indicate
Different leters indicate significant differences within the same treatment time in liver or
gilltissuesf= 6, |} < 0.05) .
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Figure 3- 3. TBARS formation in control as well as FHFPWAC, HFFPW:SF, HFFPW
S at 2.5% and 7.5% dilutions kpd with 4 mM 2deoxyd-ribose and samples taken for
TBARS measurement after 1 h incubation under ambient light at 25 °C. Different letters

indicate significant differences between treatmentgroops (6, } < 0. 05) .
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CHAPTER 4: Changes toHepatic Nutrient Dynamics andEnergetics in
Rainbow Trout (Oncorhynchus mykissFollowing Exposure to and

Recovery fromHydraulic Fracturing Flowback and Produced Water*

Alanine

Weinrauch, A.M., Folkerts, E.JAlessi, D.S., Goss, G.G., and Blewett, T.A. (2021).
Changes to hepatimtrient dynamics and energetics in rainbow tr@ngorhynchus
mykis$ following exposure to and recovery from hydraulic fracturing flowback and
produced watelScience of the Total Environmeii64, 142893. DOI:
10.1016/j.scitotenv.2020.142893.

*Co-first Authorship
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4.1 INTRODUCTION

Environmental impacts of unconventional oil and gas (UOG) operations have
become a topic of increased environmental interest over the past couple of decades. The
global use of UOG horizontal hydraulic fracturing practices hag/g substantially and is
projected to continue expanding in prevale(@agnon et al., 2031&ondash et al., 2018)
Potential environmental issues related to these hydraulic fracturing practices include
impacts to groundwater aquifgi@sborn et al., 2011)ncreased seismic activity during
drilling and disposadctivities(Atkinson et al., 2016; Davies et al., 20,18hd releases of
hazardous volatile compounds into the(Annevelink et al., 2016; Vinciguerra et al.,

2015) However, an additional concern is the accidental release of flowback and produced
water (FPW), wastewater fproducts from hydraulic fracturing processessurface

bodies of wate(Folkerts et al., 2020al5iven the vast quantities of the initial injection
fracturing fluid and maintenance water (a single well carlGs@0G 100,000m? of initial

fluid) (Alessi et al., 2017)FPW returning to the surface from hydraulic fracturing activities
can be quite substantial. It is estimatleat between 2005 and 2014, 210 billion gallons of
FPW was produced in the US aldf@ndash and Vengosh, 2013)ithough hydraulic
fracturing companies typically employ some form of FPW rengéireatment regimen to
lessen practice water burdgidessi et al., 2017)FPW must ultimately be treated,

recycled, or transported for disposal. While strict watanagement practices banning
environmental releases are in place for most jurisdictions, there are numerous incidences
each year of accidental releases of FfRkerts et al., 2020a; Goss et al., 2015; Ralston
and Kalmbach, 2018)n shaé plays of the eastern US between 2005 and 2010, average
distances of drilled hydraulic fracturing wells from freshwater streams was determined to
be ~300m (Entrekin et al., 2011)This close proximity to freshwaters, coupled with large
FPW production, empasizes the need to critically assess the hazards of FPW release into
aguatic systems.

FPW is a complex heterogenous hypersaline solution composed of the injection
fracturing fluid chemicals, geogeniterived metals and organic chemical species, and
potental transformation chemical products from wietire conditionsi(e., high heat and
pressure]DiGiulio and Jackson, 2016; Folkerts et al., 2020a; He et al., 2017a; Lester et al.,

2015. Many sublethal effects on aquatic organisms following FPW exposure have been
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characterized and documented, including increased developmental defoffratiests et
al., 2017a; He et al., 284), impacts to cardiwespiratory functioning and performance
(Folkerts et al., 2017a, 2017b, 2020&duced reproductive outp(if. A. Blewett et al.,
2017a) and altered gill morphologyf. A. Blewett et al., 2017b)The earliest reports of
FPWinduced suHethal toxicities observed were of increased oxidative stress and
xenobiotic metabolisr(iT. A. Blewett et al., 2017b; He et al., 2017a, 201 7ihe
vertebrate liver is the primary site of detoxification processes, where xenobiotics such as
organic chemical species are metabolized and eventually excreted following Phase | and/or
Phase Il reactios (Grant, 1991; van der Oost et al., 2003; Xu et al., 2d¥)osure to
FPW dilutions of 2.5% in zebrafish embryd3afio rerio) and 7.5% in rainbow trout
(Oncorhynchus mykisfiave been shown to increase ethoxyresoiQfateethylase
(EROD) activity(T. A. Blewett et al., 2017b; He et al., 2017a, 201@h)extensively used
biomarker assay for the cytochrome P450 1A (CXPhetabolic enzyme and aryl
hydrocarbon receptor (AhR) agonistic actiitWhyte et al., 2000)Liver tissue from trout
exposed to FPW has also shown increased levelgodia udpgt( u r i ddipmogphe5 Nj
glucuronosyltransferase), agdt(glutathioneS-transferase) mRNA expressifide et al.,
2017b) indicating Phase | and 1l metabolism induction. In addition to xenobiotic
transformation, the liver is a key metaloadirgan involved in the storage and mobilization
of energy(Rui, 2014) Glucose is stored poeptrandially as glycogen but may also be
converted to fatty acids or amino acids for downstream energetic use.rfanhge
glycogenolysis and glycolysis result in the catabolism of glycogen and glucose,
respectively, into pyruvate for ATP generat{®tui, 2014) During periods of fastingle
novoglucose synthesis (gluconesgsis) occurs from multiple precursors, including
pyruvate, lactate, and/or amino acids, the latter of which can also be utilized to provide
energy directly(Rui, 2014) Given that the liver is a multifacetedgan involved in
multiple roles from Phase | and Il metabolic processes to energy production and storage,
we hypothesized that following FPW exposure, there is a metabolicdftberein
hepatic nutrient metabolism is altered as energy is diverteddswiatoxification.

Rainbow trout are a useful bioindicator species for aquatic pollution and have an
environmentally relevant habitat range that geographically overlaps with potential

hydraulic fracturing activities and FPW spi{slessi et al., 2017; Kondash et al., 2018;
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MacCrimmon, 1971)To assess the metabolic capacity of the liver, we used radiotracers to
measure the hepatocyte nutrient uptake capacity of both glucose and alanine in rainbow
trout. We complemented these studies with measurements of gene expression and activity
of key enzymes involved in hepatic metabolism (pyruvate kinase-[BKtolysis;
phosphoenolpyruvate carboxykinase [PEPCIgJuconeogenesis; glutamate

dehydrogenase [GOH amino acid catabolism; lactate dehydrogenase [LD&tjaerobic
metabolism). Further assessment of cellular health was conducted by histological analysis
of liver tissues. To examine the potential for effects of exposure and also for the ability to
recover, we analyzed the above endpoints after both an acuté&R8V exposure and after

a 3week recovery period in control freshwater.

4.2 MATERIALS AND METHODS

4.2.1Hydraulic Fracturing FPW Sample

For this study, a hydraulic fracturing FPW sample coligédtem a horizontal
hydraulically fractured well in the Devoniaaged Duvernay formation (around Fox Creek,
AB, CAN) was employed for all whole effluent FPW exposures. This FPW sample was
collected Sh-post well stimulation (when the well was brought iptoduction) and put
into 201, air-tight sealed industrial foedrade polyethylene plastic buckets, transported to
the University of Alberta, and stored at room temperature until use. Inorganic
characterization of the FPW sample (Tab#l) was performedia inductively coupled
plasma (ICP) MS/MS using an Agilent 8800 Triple Quadrapole {OI3-MS. FPW
polycyclic aromatic hydrocarbon (PAH) analysis (Tab#2) was performed using gas
chromatography MS (GQ MS) with selective ion monitoring. Specificati® concerning
both ICRMS/MS and GECMS analyte quantification methods, instrument details,

detection limits, and precision/accuracy can be found in the SI (see also F4Bies).

4.2 .2 Animal Maintenance

Juvenile rainbow trout (hepatocyte fluxes: 136.51.2g, 23.0+ 2.4cm; enzymatic
and molecular assays: 13B.2g, 10.4+ 1.8cm) originally obtained as embryos from the

Raven Creek Trout Brood Station (Caroline, AB, CAN) were reared indoors in flow
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through 500 tanks in dechlorinated University ddberta facility freshwater (moderately
hard: [N&] = 14.6mg/l, [C&*] = 55.9mg/I, [Mg?'] = 15.3mg/l, [K*] = 2.5mg/l, pH: 7.9,
conductivity: 395t 0.5¢ S/ ¢cm, di s s o k0.l gereyabhaerdness:7 . 5
186 mg/l as CaC@q salinity: Oppt). Reamg/maintenance tank flothrough water was

kept at 10t 1 °C with constant aeration and on al#ight:10h dark photoperiod. Trout
were fed daily a satiating amount of EWOS Vitenéh (smaller fish for enzymatic and
molecular analyses) ormim (larger fi$ for flux analyses) pellets (Cargill Inc., MN, USA).
All animal use was approved by the University of Alberta Animal Care Committee
(protocol #AUP00001334).

4.2.3Exposure Design

For all exposures, rainbow trout (fastedmBrior) were exposed for 48in 10l
tanks (2 fish per tank for hepatocyte flux exposures, 5 fish per tank for enzymatic analyses
exposures) to either control freshwater, a low 2.5% or high 7.5% diluted FPW solution or
saline control (SC) which contained the same major cation and emmzentrations (Na
ca&*, Mg?*, K*, and Cl) as the FPW sample (s€ableS4-1) and was diluted to 7.5% to
ionically match the higher FPW exposure. Exposures to SC were performed to control for
any potential salinitynduced effects. Chosen FPW dilutions match what have been used in
previous studies which are both sebhal and, &7.5%, have induced toxicological effects
before(T. A. Blewett et al., 2017b; Folkerts et al., 2019; He et al., 20Abjilutions
(FPW and/or SC) were made using dechlorinated University of Alberta facility water.
During exposures, all tanks were outfitted with constant aeration, and checks for fish
mortality were made every 24 Details on water exposure chemistry and organism
morality can be found in Tabl§4-6. FPW dilutions were chosen based on FPW lethal
concentration causing 50% mortality (8@&.Cso) values of similar FPW samples and
dilutions used in previous studi@=lkerts et al., 2019; He et al., 2017B)I exposures
were conducted with six replicates per treatment a 10C and on a 14 light:10h dark
photoperiod, and no feeding occurred. Followinghd&posures, fish were immediately
euthanizedria cephdic blow and decapitation (and subsequently liver tissue was harvested
for analyses), or they welaed200rtanksforf erred t o

enzymatic/molecular fish and hepatocyte flux fish, respectively). Recovery tanks were
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maintained orfresh, flowthrough dechlorinated University of Alberta facility water fer 3
weeks at 1& 1 °C. Seventeen days into this recovery period, fish were fasted to ensure
that by the end of the recovery period, equal periods of fasting occurred between the two
exposuretype groups (48 fasting + 4& exposure = 96 total). At the end of 4B and 3
weeks of recovery, fish were euthanized, and tissues were harvested. For
enzymatic/molecular fish, livers were immediately harvested andfilazén in liquid
nitrogen, whereas hepatocyte flux fish had caudal blood samples collected prior to liver

perfusions and hepatocyte isolation (see sectidd).

4.2.4Primary Hepatocytel solation

Primary hepatocytes were collected using previously established protocols
(Mommsen etl., 1994) Chemicals used for all employed assays and analyses were
obtained from MilliporeSigma (MS, USA) unless otherwise stated. Briefly, following
perfusion with modified Hank's medium (Sol 1 in mM: 137 NaCl, 5.4 KCI, 0.81 MgSO
0.44 KHPQ4, 0.33 NaHPQ4, 5 NaHCQ, 10 HEPES, pH.6) into the portal vein,
collagenaseontaining (~75QJ/ml) Hank's medium (Sol. 2) was perfused through for
15min. The liver was then minced with a razor blade and incubated on a shaking plate at
room temperature for i. The cells were passed sequentially through coarses(26) |,
thenfine (5 m) f i |l t er s, an g, 4°6,etmin)cThestpernafant ggasd ( 2 0 C
then discarded, and the pellet gently resuspended in modified Hank's solution containing
2% bovine sarm albumin and 1.5nM CaCk (Sol 3). The cells were washed and
centrifuged (20&g, 4 °C, 4min) an additional four times, with the supernatant discarded
each time and the pellet resuspended in Sol 3. After the final wash, cells were assessed for
viability using Trypan blue exclusion, counted using a hemocytometer, and diluted to the

desired concentrations.

4.2.5Hepatocyte Nutrient Fluxes

Immediately following isolation, the hepatocytes were mixed (1:1, v:v) with the
appropriate nutrient fluxing solutiomitially, concentratiordependent studies were run
with Oi 8 mM glucose in Sol 3 with 0.5 Ci A@d-glucose (Perkin Elmer) and D mM

alanine in Sol 3 with 0.2 Ci anl-alanine (Perkin Elmer). These experiments showed
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concentratiordependent uptak@ata not shown). Therefore, all subsequent fluxes were
conducted using &'M glucose or 0.81M alanine {.e., concentrations that yielded less
than the measured hatfiaximal transport rate to ensure increases/decreases in transport
could be observed). Terminate the flux period, 1 volume of stop solution

(glucose= 100mM glucose with 4nM phloretin in Sol 3(Craik and Elliott, 1979)

alanine= 100mM alanine in Sol 3) was added to the hepatocyte mixture. The solutions
were gently mixed by pipetting and centrifuged (3@030s). The supernatamtas
discarded, and the pellet was resuspendedcihdf stop solution before second
centrifugation (750<g). The supernatant was removed entirely, and the weight of the
remaining pellet was determined. The cells were then suspended in minute volumoks of S
1 and transferred to vials containingnd Optiphase scintillation cocktail (Perkin Elmer,
USA). The samples were vigorously agitated and left overnight in the dark prior to
recording the counts per minute within each sample (LS6500 Beckman Coulteratéh

of hepatocyte nutrient uptake (J) was calculated as folldw€PM/SAxM,

whereCPM is the counts per minute within each samplajs a measure of the specific

activity (CPM per mmol of nutrient), aridd represents the mass of the pellet (mg).

4.2.6 Hepatic Enzyme Assays

For all enzyme assays (unless otherwise noted), frozen liver tissue was pulverized
under liquid nitrogefMommsen et al., 1980Pulverized samples were homogenized in
ice-cold homogaeization/extraction buffers and centrifuged. Aliquots48¢l depending
on the assay) were then plated in triplicate into &20tf assay buffer. Kinetic assays
measuring the conversion of NADH to NAWere measured using a microplate
spectrophotometer ffectromax 190, Molecular Devices, Sunnyvale, CA, USA) in clear,
flat-bottom 96well microplates for all enzymatic assays except for EROD assays. For
EROD assays, aliquots were plated int@&ck well, clear bottom plates and background
fluorescence was rdaat 535nm excitation/59hm emission using a Victor3V Multilabel
Counter (Perkin Elmer, USA). Values are expressed as relativeHalige to control. All
enzymatic activity was normalized to each respective sample's homogenate protein content

using Bradord reagent as per manufacturer's instructions (Millifgigena, USA).
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Specifics pertaining to each kinetic assay procedure can be found in the Supporting
Information (SI).

4.2.7Determination of Plasma Glucose Content and Osmolarity

Plasma (2@ | ) platedslongside 2501 gl ucose aMMglp buffer
1.5mM NAD, 2 mM ATP, 2.4U/ml glucose6-phosphate dehydrogenase all dissolved in
250mM triethanolamine hydrochloride) and an initial read was obtained atrg40
Hexokinase (3J/ml) was added teach sample, and following a friin incubation period,
the plate was reead at 340m. The glucose concentration is proportional to the change in
absorbance and is calculated using a glucose standard curve. Plasma osmolality was
measured using a Vapro \@p pressure osmometer (Model 5520; Wescor, Logan, UT,
USA).

4.2.8 Quantitative Real Time PCR

Total RNA was extracted from trout liver tissue, and cDNA was prepared for
guantitative reatime PCR (qPCR) using SYBR green master mix analyses (Applied
Biosysems, USA). Information on RNA extractions, cDNA synthesis, and qPCR reactions
can be found in the SI. Information on gene targets, primer sequences, and accession
numbers can be found in Sl Table 7. Transcript expression changes were determined
t hr o u dgranalgsegSchmittgen and Livak, 2008ising TATA-box binding protein
associated factor 12atal? as an endogenous control. SeauFég4-1 for details of

endogenous control stability and primer efficiency validations.

4.2.9Tissue Fixation and Histology

Upon dissection, liver samples were immediately placed in 4% paraformaldehyde
(pH 7.4) on ice and fixed overnight at@. The followingday, samples were placed into
two washes of 70% ethanol prior to serial dehydration and paraffin embedding. The
samples were sectioned on a microtome (m) and placed on gl ass sl
with hematoxylin and eosin (H&EY.0 eliminate observebias, a blind setip was utilized
and, stained tissues were viewed under a Zeiss Scope Al microscope (Zeiss, GER) with

Images captured on an optronic camera.
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4.2.10Statistics

The normality of all data was assessed using Shajgilotest, while data was
tested for equal variansga Brown-Forsythe, and datasets were transformed if necessary.
For all statistical and plotting analyses, Prism v.6.0 software (GraphPad Software Inc.,
USA) or SigmaPlot 13 (Systat software Inc., USA) were used. Data wereeakses8y)
oneway ANOVAs with treatment condition as a factor. HeBiakposthoc multiple
comparisons were then performed to determine significant differences between treatment
conditions, where significance was concluded wherD.05. All data are preseed as
meant SEM.

43 RESULTS

A 48 h exposure to all treatments (SC, both FPW dilutions) resulted in a significant
increase in plasma osmolality immediately pesposure (33& 2 mOsm) in comparison
to control treatments (314 mOsm;p = 0.001). Follaving a 3week recovery period in
control conditions, no significant differences were noted between FPW or SC treatments
(Figure4-1A). Plasma glucose was not altered between exposure groups after elther 48
(1.2£ 0.04mM) or 3weeks of recovery (1.4 0.08 mM; Figure4-1B).

A significant ~3.2 and 8-&ld upregulation in EROD activity compared to
freshwater controls was observed in trout S9 fractions from FPW 2.5% and 7.5% liver
samples, respectivelp £ 0.008). However, after &eeks, EROD activity inlbtreatments
had returned to control levelBigure 42A). Expression of hepatiyplawas significantly
increased in both FPW 2.5% and 7.5% treated fish following dBexposure, with the
highest significant expression in FPW 7.5% tissue sample®(01). However, after the
3-week recovery periogtyplatranscript expression returned to control levels. Expression
of cyplblwas unchanged between treatment groups of bothat®®l 3week recovery fish
liver samplesKigure 42B).

Control and S@reatedivers presented standard histology, including a
homogenous basophilic cytoplasm, round nuclei with a centrally located nucleolus, weak
nucl ear polari zat i on,8hepatd cetisBigueegd3AdDn.al Or oset
Evidence of cytoplasmic vacuolatiavas observed in the C/SC fish in thev8ek recovery
fish (Figure 43B, D). Histological aberrations were noted within the F@ated fish
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wherein cytoplasmic vacuolation was noted in the 2.5% FPW exposed fish affter 48
(Figure 43E, B. The morphologial abnormalities appeared exacerbated in the fish
exposed to the 7.5% FPW and persisted throughout#eeR recoveryFigure 43G, H).

Following 48h exposures, trout hepatocyte glucose uptake was increaseh®.8
12.9fold in FPW 2.5% and 7.5% expasésh, respectivelyq < 0.001). Significant
decreases (2-#ld) were also observed in SC exposed fish followindn4&posure
(p<0.001). However, after the\Beek recovery period, no significant differences were
noted between treatmentsigure 44A). A significant decrease was observed for
hepatocyte alanine uptake in FPW 2.5% exposed fish relative to controls dfter 48
(p=0.002). However, after the\Beek recovery period, only the 7.5% FRaXposed fish
showed a significant 39% decrease in uptake o = 0.02;Figure 44B).

Relative PK and LDH activity remained unchanged from controls both after 48
and 3weeks Figure 45A, D). FPW exposure generally decreased liver PEPCK activity,
with a 30% decrease observed followingr&xposure to 2.5% FPYj = 0.04) and~ 20%
decrease in FPW 7.5% exposed fish at the end of-iteeR recovery period
(p=0.03;Figure 45B). Conversely, after the-®eek recovery period, FPW treatment
generally increased trout liver GDH activity, with statistically significecreased activity
observed in FPW 7.5% samples compared to SC onioldZhangep = 0.02;Figure 4
5C). However, no significant differences in GDH activity were observed immediately
following the 48h exposure period~gure 45D).

Despite generdtends of reduced hepapepckiranscript expression and
increasedydhtranscript expression in FPW exposed fish, there was no statistically
significant determined change in transcript expression of any nutrient/energy dynamic
related enzymes across tmant groups of the 48 or 3week recovery trout liver samples
(Figure 46Ai D).

4.4 DISCUSSION

The effects of FPW on fish after aacute exposure (48 were studied to
determine how organismal energetics and nutrient handling may be affected by FPW
expasure. Furthermore, rainbow trout recovery capacities were additionally investigated by

observing changes to fish energetics and nutrient handling followingeeB recovery
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period after initial acute FPW exposures. Exposure to FPW resulted in bothesasear
detoxification enzymes and concomitant alterations in hepatic metabolism and nutrient
transport. However, within &eeks, these effects had been mitigated and generally
returned to control values.

The highly saline nature of FPW 6% seawater) isvell documented and is a
significant factor governing toxicity in several freshwater organi@m#. Blewett et al.,
2017a, 2017b; Delompré et al., 2019; DiGiulio and Jackson, 2016; Folkerts et al., 2019,
2020a; He eal., 2017a, 2017b; Lester et al., 2013¢rein we report the expected outcome
of elevated plasma osmolarity following exposure to FPW (high in ionic content; $éble
1) and the saltmatched controls (Fige4-1). This osmotic stress was not accompeig
alterations to fish plasma glucose, a result contrasting previous studies of teleost exposure
to petroleum product&Simonato et al., 2011, 2008)ertebrate glucose concentration is a
tightly regulated biological process, whereby plasma glucose content is maintained within a
narrow rage through the mobilization and deposition of glucose stores (reviewed
in Polakof etal., 2011) The apparent lack of trout plasma glucose response may indicate
that changes to energy store mobilization and dynamics within the exposed organism are
still occurring, likely originating at the liver given its role as the principal enexyage
organ.

FPW contaminant exposure often elicits changes in the liver as a result of the
xenobiotic transformation that occurs within this organ. After exposure to both dilutions of
FPW (2.5% and 7.5%), we observed a significant increase in liver EROIty
andcyplagene expression in the #&reatment only (Figre4-2). This is an expected
effect of exposure to FPW, given the presence of PAH's in these samplesSZaple
These data are also consistent with previously published reports ipehisswherein
48 h exposure induced significant increases in EROD activity after exposure to 7.5% FPW
(T. A. Blewett et al., 2017b; He et al., 2017bjkewise, similar increases gyplamRNA
expression following FPW exposure in trout have also been obsgteest &, 2017b)

Parallel increases in botdyplamRNA and EROD activity are indications of aryl
hydrocarbon receptor (#R) binding and Phase | metabolism, processes which were
rectified following the 3week recovery period. These biochemical alterationsfiea

accompanied by cytological modificatio(®u et al., 1999; Hinton et al., 2008)hich may
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Impact hepatic function and lead to decreased individual fithess. Furthermore, the high
concentration of a some metagsd.Fe, Sr, and Ba) in our FPW sample (see T&ldi&)
may have additionally contribudéo hepatotoxic effects, as has been seen in other studies
(Atli and Canli, 2003; Liu et al., 2019 owever, given the dilutions of FPW used
presently, metalare thought to have played a reduced role in hepatotoxic events.
Histopathological changes were noted afteh48 the FPW exposed fish only, indicating
that those changes were likely driven by the organic content, as SC exposed trout displayed
liver patrenchyma consistent with that of control animals (Fegl-3). In the FPW exposed
groups, there was evidence of cytoplasmic vacuolation with additional vacuolation evident
in the 3week recovery fish from all treatment groups, including the control. Lissue
vacuolation may be indicative of energy depletion and inhibition of protein synthesis
(Hinton and Lauren, 199@r be associated with increased glycogenpmd lenergy stores
(Schwaiger et al., 1997; Wolf and Wheeler, 2018yen the progressive appearance of
vacuolization only observed in FR#xposed fish following the 48 exposure, it is
reasonable to conclude that these fish may experience heightened energy demands given
the added burden of detoxification (leading tplddon of reserveqBeyers et al., 1999;
Gourley and Kennedy, 2009y acuolation observed in®eek recovery control fish may
be caused by energy allocation processes during this period of growth. Captive fish tend to
have a relatively high abundance of valation due to excess energy provisions. (feed
rations) relative to the physical demands of captive(lfEaguson, 2006; Gingerich, 1982;
Wolf and Wheeler, 2018 herefore, regular feedings during thisv8ek recovery period
may have provided additional O0excessd6 and
vacuolation.

Alterations to liver morphology, howeredo not clearly indicate if a metabolic
impact is occurring in an organism. If the liver itself is responding to increased energetic
demand and a need for energy mobilization, cellular nutrient sensitivity and uptake are
expected to change accordinglyedpite more variable flux patterns observed with the
amino acid alanine, hepatocytes from FPW exposed trout displayed a general decrease in
alanine uptake and a clear trend of increased cellular glucose uptake 8-\, B). It is
possible the FPVéxpo®d fish consumed more hepatic glycogen stores to maintain

systemic glucose levels during times of increased xenobiotic metabolic processing prior to
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flux analyses. This glycogen consumption would limit internal glycegediated cellular
glucose productiopotential and thereby enhance the glucose gradient between the
extracellular and intracellular environments when compared to C/SC animals. A larger
gradient would stimulate uptake rates to compensate for diminished cellular glucose levels
and depleted gbogen stores. Comparatively, within C/SC animals, hepatocytes would
continue to liberate glucose within the cell and diminish inwdirected glucose gradients.
Alternatively, increased hepatocyte glucose uptake in feRgdsed fish could be in
response tonaintaining plasma glucose levels, or an increased cellular energetic need, or a
combination of bothTo identify whether key metabolic changes were occurring, we
analyzed the activity of enzymes important in multiple cellular energy pathways.

Notably, fih were able to maintain aerobic metabolism as LDH activities,
andldh expression were unchanged across all exposure regimessHepD, 4-6).
Glycolytic activity was also unchanged across treatment groups regardless of time, as
evidenced by PK activitgndpk mRNA abundance (Figes4-5A, 4-6). It is possible that
in this study, hepatocytes (even those isolated from fish exposed to FPW) had sufficient
glucose to act as a substrate for glycolysis throughout the exposure regime. Indeed, the
consistent levs of plasma glucose suggest that glucose homeostasis was maintained
likely via gluconeogenesis or glycogenolysis. Gluconeogenesis, measured by the pathway's
ratelimiting enzyme PEPCK, was generally decreased following FPW exposure both in
terms of actiiiy and mRNA expression (Riges4-5B, 4-6), although the latter was not
statistically significant. It has previously been shown that glucose can disrupt
gluconeogenesis while leaving PK activity unaffeqteeliu et al., 1976)However, for
glucose to inhibit glucagngenesis while not affecting PK activity, intracellular levels must
be sufficient to maintain metabolism after FPW exposure; a situation seemingly in
disagreement with our aforementioned increasdiepatocyte glucose uptake rates, which
suggests theseelis require additional energy. Perhaps FPW exposure elicits a greater
energy demand, leading to the consumption of glycogen in hepatocytes. Then, when given
excess glucose, these cells readily acquire glucose to replenish glycogen stores. Indeed,
such glgogen depletion is a common adaptive hepatocyte response to xenobiotic exposure
(Arnold, 1995; Eurell and Haensly, 1981luth and Hanke, 1985; Hinton et al., 2008)

Unfortunately, enzymes contributing to glycogenesis and/or glycogenolysis were not
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examined within this study but represent an avenue for potential research. Elevated GDH
activities observed after\Beeks (Figire 4-5C) may likewise contribute to gluconeogenesis
by providing additional substrates in the form of amino agftdench et al., 1981; Walton

and Cowey, 1982)This compensatory action is likely required as other energy stores are
depleted with the added stresses of detoxification alongside decreased PEPCK
activity/pepckexpression.

When considered in an environmental context, it must be recognized that the
experimental fish used in the current study were held in a captive environment where
nutritional food was consistently provided, and energy exertion wasal. Most wild
fish undergo periods of food deprivation as a result of fluctuations in the food supply,
season, and/or spawning migratigtemre et al., 2002Rainbow trout populations are
found across North American liegs which experience seasonal climatic fluctuations.
Changes to abiotic factors (such as temperature and sunlight) are known to affect numerous
fish behavioral and physiological parameters, including fish feeding rates, activity,
spawning behavior, and ladar nutrient dynamic¢Berg and Bremset, 1998; Bremset,

2000; Gordon and McLeay, 1978; Jain, 2003P&trre et al., 1998 urther, pe-fasting

diets have been shown to have a profound impact on fish metabolism at the onset of fasting
(Hilton, 1982) Since hydraulic fracturing practices also occur and are expected to intensify
in these same North American regidAdessi et al., 2017; Gagnon et al., 2016; Kondash et

al., 2018) wild fish without sufficient energy stores could react more adversely to acute or
chronic FPW exposures. Thus, results observed immediately following acotsuex®

(and additionally following recovery periods) may be exacerbated in wild organisms.

45 CONCLUSIONS

Overall, our results indicate that while acute exposure to FPW may lead to some
alterations in hepatic metabolism, metabolic homeostasis is relatively achieved after a 3
week recovery period. By analyzing hepatocyte alanine and glucose flux, recordsg gros
hepatic tissue morphological aberrations, and determining changes to key energy
homeostasis enzyme expression and activity, we demonstrate that FPW exposure elicits
immediate impacts on the nutrient handling physiology in affected organisms which may
be corrected for following sufficient recovery. However, whether these organisms achieve

full naivety to the exposure following certain recovery periods is unknown. These are key
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ecotoxicological elements to consider when assessing potential impacts ofibydrau

fracturing to environments where spills of FPW into surface waters occur. In light of our

results, we suggest further examination of potential FPW effects on natural populations

should be undertaken to more fully understand and appreciate how FPWrexglosnges

organism energy dynamics and nutrient handling. This study is the first to examine the

effects of FPW on nutrient and energy dynamics in this key indicator species. Our results

may serve to better inform regulators of seasonal periods andmmental conditions

where even short term ndethal exposures to hydraulic fracturing (and risks of spills

associated with such activity) may prove detrimental to organisms and the environment.
The Chapters of my thesis thus far have focused on invBsggequatic organism

baseline toxicity and characterizing numerous cruciallstital toxicological responses of

fish acutely exposed to FPW the following Chapters of this thesfecus shifts to

investigatingthe potential for sutbethal exposures tonpact cardierespiratory

development and function in fish, and whether FR¥Hiated impacts to cardio

respiratory parameterssult inreductiors to overall fitness in a variety of fish species

Using tools developed (e.g. swim tunnels) to investigatiénaental effectgo fish fithess

from even short term sulbthal exposuregesearch performed in the following Chapters of

this thesis provide a comprehensive examination of immediate and latent effects of FPW

exposure on cardicespiratory physiology ifish at multiple levels of biological

organization.
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Figure 4- 1. Plasma osmolality (a) and glucose (b) content measured in rainbow trout after
a 48h exposure to control, saline control, a 2.5% dilution of hydtrdrdcturing flowback

and produced water (FPW), or a 7.5% dilution of FPW immediately following exposure or
after a 3week recovery period in control water. Data are presented as means + SEM
(n=5i6). Different letters denote a significant differenceutidsg from FPW exposure
(p<0.05).
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Figure 4- 2. Fold change in ethoxyresorufid-deethylase (EROD; a) activities or relative
MRNA abundance afyplaandcyplbl(b) in rainbow trout liver following a 48

exposure to saline control, 2.5% hydraulically fractured flowback and produced water
(FPW), or 7.5%PW, relative to control. Activity or abundance was measured
immediately following exposure (48 and after a-8veek recovery period in control water.
Data are presented as means + SBEM %i 6). Significant differences (g 0.05) are

denoted by differig letters.
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Figure 4- 3. Hematoxylin and Eosin stained light micrographs of representative liver
sections from rainbow trout acutely exposed and immediately sampled afier4fiven a

3 week (w) recovery period following exposure to: controt @ h; b= 3 w), saline
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control(c=48h; d=3 w), 2.5% FPW (e 48 h; f=3 w), or 7.5% FPW (g 48h; h=3
w). Pointed lines demark vacuolation.
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Figure 4- 4. Rates of glucose ddcos¢ @) and alanine {dning b) uptake into hepatocytes
retrieved from rainbow trout exposed for 480 control, saline control, a 2.5% dilution of
hydraulic fracturing flowback and produced water (FPW), or a 7.5% dilution of FPW
immediately following exposure or after axgek recovery period in control water. Data

are presented as means + SEM-=(4i 6). Different letters denote significant differences
(p<0.05).
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Figure 4- 5. Fold change in pyruvate kinase (PK; a), phosphoenolpyruvate carboxykinase
(PEPCK; b), glutamate dehydrogenase tGD), and lactate dehydrogenase (LDH; d)
activities in rainbow trout liver following a 48 exposure to saline control, 2.5%
hydraulically fractured flowback and produced water (FPW), or 7.5% FPW, relative to
control. Activities were measured immediatafier exposure (4B) or after a 3veek

period of recovery in control water. Data are presented as means +H1ISEBNG).

Significant differences (g 0.05) are denoted by differing letters.

106



Il Control

a Saline Control
b B FPW2.5%
FPW 7.5%

S : - :
0§ 15 S5 15
g5 : O &
o : x g

© ] : O T 1 : T
53 Rz WERT g9 .

: : T

25 06
w® ® 0.5 > 0.5 :
° 8 s 8O
X s ° 5

<" 0.0 : ' . x x 0.0 : : \&-l

A - AN
bib nf\ bib ‘b\y\

c d
o : o S ;
°° 15 ! 5S 15
$3 " s3 " T
S | T z 2&e Tl
oC 1.0 T oc 10 :
2 -2 =29 .
52 05 58 05
8 o0 2 0

o ' \&' o v ' \l-'

D S
N oS NS oS

Figure 4- 6. Relative mMRNA abodance of a) pyruvate kinagek], b)
phosphoenolpyruvate carboxykinagegch, c) glutamate dehydrogenasglk), and d)
lactate dehydrogenashlf), in rainbow trout liver acutely exposed (BBto saline control,
2.5% FPW, or 7.5% FPW relative to contrAbundance was measured immediately
following exposure (48) and after a-8veek recovery period in control water. Data are

presented as means + SENH5I 6).
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CHAPTER 5: Cardio-Respirometry Disruption in Zebrafish (Danio
rerio) Embryos Exposed toHydraulic Fracturing Flowback and
Produced Water

Cardiac-related Gene
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Folkerts, E.J., Blewett, T.A., He, Y., Goss, G.G. (2017). Carelspirometry disruption in
zebrafish Danio rerio) embryos exposed to hydraulic fracturing flowback and produced
water.Environmental Pollution231, 14777 1487. DOI: 10.1016/j.envpol.2017.09.011.
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5.1 INTRODUCTION

Hydraulic fracturing processes and thefilects on the environmehtave recently
gained public and private interg&oudet et al., 2014; Gehman et al., 2016; Theodori et
al., 2014) Public perceptions and concerns, as well as indastegted initiatives, have
recently accelerated research into how hydraulic fracturing processes affect environmental
parameters, such as air, geological, and ground/surface water q@&liiesrn et al.,
2014; Entrekin et al., 2011; Kargbo et al., 2010; Lauer et al., 2016; Llewellyn et al., 2015;
Osborn et al., 2011; Vengb et al., 2014; Vidic et al., 2013; Vinciguerra et al., 20Tb)
date, few studies have investigated the effects and associated potential toxicities of
hydraulic fracturing (HF) flowback and produced water (FPW): a wastewater solution
formed after a ydraulically fractured well has been opened to produce oil and/or natural
gas. FPW is composed of injected HF fluid components (e.g. surfactants, biocides, clay
stabilizers, etc.)deep formation watghyper saline), secondary4pyoducts of downhole
reacions within the formation, and petroleum contaminants from the form@digsiulio
and Jackson, 2016; He et al., 2017a; Lester et al., 2bilé)e Duvernay formation
(located along the border of eastern British Columbia and western Alberta, Canada),
hydraulically fractured wells typically use tgr volumes of water ranging between 1 and
10 million liters per well, but volumes in excess of 100 million liters have been recorded
(Alessi et al., 2017; Kargbo et al., 201Q)is estimated that 3@0% of the volume returns
as FPWAlIessi et al., 2017)and thus, storage and transporthad highvolume industrial
waste is currently a controversial topic. When spills and releases of FPW to both flowing
(rivers, creeks, etc.) and more stagnant (marshes, muskeg, etc.) surface water bodies have
been documented, these releases have the @btentie costly in terms of environmental
impact and remediatiofAlessi et al., 2017; Entrekin et al., 2011; Goss et al., 2015)

FPW salinity from this formation (up to 24®t) can far exceed that of sea water
(D33 ppt), and ibserved to be a major mechanistic mode of toxicity for
exposedreshwater organismd. A. Blewett et al., 2017a, 2017b; He et al., 2017a, 2017b)
However, other potentially harmful chemical species are present in FPW. These may
include organic petrolewrelated hydrocarbon speciesg.epolycyclic aromatic
hydrocarbons; PAs), metals (lead, arsenic, nickefadionuclides, and industrial fracturing

additives such as biocides, surfactants, and poly(beddlette et al., 2015; Ferrar et al.,
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2013; Harkness et al., 2015; He et al., 2017a; Stringfellow et al., . 2dbdd@over, FPW

often forms significaniron oxideprecipitates upo reoxgenation at the surface and these
have been shown to be associated with a different complement of organic chemical species
and cause differential toxicitHe et al., 2017a)The aforementioned listed chemicals of
concern may also stibthally affect organism health, even after acute FPW exposures.
Previous studies have shown numerplgsiological responsese affected by FPW
exposure in multiple freshwer species including alterations to

cellular detoxificationmechanisms, increasesadridative stressesponses, and decreased
reproductive output effec(d. A. Blewett et al., 2017a, 2017b; He et al., 2017a, 2Q17b)
each reflecting the complex and heterogeneous nature of FPW and its inductive hazard
potential.

Fish embrys serve as an important exposure toxicological model for human and
environmental health as they are excellent indicators of contamination and are generally
considered a more resistant life stage than larval (immediately following hatching) and
juvenile stges(Embry et al. 2010; Woltering, 1984)Additionally, given that FPW
contains significant sediments upon reoxygenation, fish embryos are a good model to
examine the effects on benthic organisms of prolonged or chronic exposure to sediment
containing mixture¢Baker et al., 1991; Entrekin et al., 2011; Hollert et al.,

2000) Industrial waste wateand spill solutions have been shown to elicit developmental
deformities in exposed fish embryos including pericardial edema (PEpgolkedema

(YSE), and tail/spine curvatures$T) (He et al., 2012a; Incardona et al., 2013; Philibert et
al., 2016; Sfakianakis et al., 2019hese deformities negatively impact physiological
functioning of the organism and are often usethdges when determining
constituensublethal effects.

Currently, knowledge is very limited on fish embryonic metabolic changes in
response to industrial waste amgjanic contaminargxposure. Organogenesis is a vital
period within the embryonic statehere disturbances to cardiovascular development may
negatively impact embryonic respiration and oxygen handling. In zebrafish, primary heart
and related cardiovascular systems are some of the first tissues to develop fronh5 to 48
post fertilization (hpf) but epicardium development extends further into development to 72

hpf (Bakkers, 2011; Glickman and Yelon, 200&)terations to cardiac development may
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not only affect emtyonic survival, but may potentially affect later kétage fitness
parameters. Interestingly, exposure to petrolealated contaminants has been shown to
alter cardiac physiology and cardiomyocyte gene expression profiles responsible for
cardiac electrohemical propertie@rette et al., 2014; Edmunds et al., 202bang et al.,
2013) and therefore, embryonic respirometry may serve as a usefldthabendpoint
when assessing toxicity of pollutants in the environment.

The prominenceand increasing practice of hydraulic fracturing in oil and gas
extraction necgsitates more thorough investigation into the potential impacts of this
process on the environment. Previous investigations have established initial baseline
toxicities of FPW in zebrafish embryoB#nio rerio), rainbow trout Oncorhynchus
mykis3 anddapmia (T. A. Blewett et al., 2017a, 2017b; He et al., 2017a, 2017b)
However, more rigorous studies exploring dethal responses to FPW are required to
thoroughly understand potential impacts of FPW exposure on developmental toxicity in
vertebrates, including wild fish and humans. $ethal analyses will add to a mecharusti
understanding of FPW hazard, and potentially stimulate development of practical field
assays and biomarkers of exposure. This study aims to understand the effects of FPW
exposure on respiratory capacity in embryonic zebrafish after acutkstbabexpsure at
24 hpf.

5.2 MATERIALS AND METHODS

5.2.1 Animal Species

Adult zebrafish (wildtype, strain AB) housed in 30tanks P25 fish/tank; 1
light:10 h dark photoperiod) were bred to produce viable embryos in the University of
Alberta zebrafisHacility. All animal use was approved by the University of Alberta
Animal Care Committee under protocol AUP00001334. Fertilized embryos were collected
and randomly distributed to multiple Petri dishes incubated &€a8 zebrafish facility
water (pH: 7.4conductivity: 168.%0.5¢ S/ ¢ m, t e mptePCadissolvedl: 28 . 5
oxygen: 7.5t 0.5mg/L, general hardness: 1#g/L as CaC@) salinity: Oppt) until FPW

fraction exposures 24 later.
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5.2.2FPW Sample

A 7-day post stimulation FPW sample from a honiatly-fractured well (Duvernay
formation, Fox Creek, Alberta, CANyas used for fractionations and exposures in the
current studyDetails on sample inorganic and organic characterization can be found in
previous studiegHe et al., 2017a, 2017bjwo fractions of our FPW sample were
generated and ad for zebrafish embryonic exposures. Briefly, a sedidfrest fraction
(FPWLSF) was created by centrifuging raw FPW in an Eppendorf B8déntrifuge
(Eppendorf, Hamburg, GER) at 3280@or 10min and vacuum filtration through 0.22m
filter (Sarstedt, Noh RhineWestphalia, GER). Our sediment containing fraction (F8W
consisted of the raw FPW sample. Additionally, a salt control (SW) matching imajor
concentrationgNa, Mg, K, Ca, and CI; Sigma&ldrich, MO, USA) in the raw FPW
sample was made (sealdleS1[Table S31] of He et &, 2017a, 2017for composition) to

account for any saline influenced responses.

5.2.3Experimental Design and Exposures

Zebrafish embryos were exposed 24 hpf to the following treatments conditions:
FPWS, FPWSF, SW (saltwater matched control) andtcol (zebrafish facility water) at
two different dilution concentrations of 1.25% and 2.5% (developmental deformity
analyses) and 2.5 and 5% (all other analyses). Zebrafish embryos were then exposed to
experimental conditions for 24 and KBAIl treatmems were run in parallel with each other
(n=6 for each fraction exposure treatment for all assays and analyses). Fifty percent water
volume replenishments were performed every 2dr 48h exposures.

For developmental deformity analyses, 15 embryos expesed to the 4 treatment
conditions (see above) in 104L of fraction dilution solutions in 250L glass beakers
(Corning, NY, USA) 6 =6). Solution pH of control and treatment conditions were
7.3+ 0.23 during exposure duration. Following exposure iation, embryos were
removed from exposure beakers, washed 3 times with clean zebrafish facility water (see
above), and placed into respective wells ohaedl plate (ThermoFisher Scientific, MS,
USA) containing 4nL of fresh zebrafish facility water. ey percent water replenishments
were made every 24 in 6-well plates until embryos reach 120 hpf, where developmental

deformity recordings were made.
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For embryonic realime quantitative PCR (QPCR) analyses, similar exposure
conditions of 15 embryos irDD mL of fraction dilution treatment solutions in 25L
glass beakers (1 6) were used. Following exposure termination, embryos were removed
from initial exposure beakers, washed 3 times with clean zebrafish facility water, and snap
frozen in 1.5mL centifuge tubes usingiquid nitrogenand stored &t 8 T for later gPCR
analysis.

Embryonic metabolic rate (Mpanalyses were performed by exposing 10
zebrafish embryos (24 hpf) to the exposure treatments (see above)ntL Id0raction
dilution solutiors and controls in 2061L glass beakers. Following exposure termination, 5
embryos were removed from respective exposure beakers, washed 3 times, and assayed for
immediate embryonic/larval Manalysis or for MQ@at specified time intervals post
exposure tamination. Zebrafish embryonic/larval M@nalysis was made at 48, 72, 96,
and 120 hpf (= 6).

5.2.4Developmental Deformity Analysis

After exposure termination, embryos were washed 3 times and sequentially cultured
in 6-well plates until 120 hpf. Obserans and removal of dead embryos/larvae were
made daily (total of 5 embryos found dead across all replicates). At 120 hpf, larval
measurements of percent pericardial edema (PE), yolk sac edema (YSE), tail/spine
curvature (TSC), and heart rate (HR) weraleméPercent PE, YSE, and TSC was
determined by observing larvae under an Observer Al inverted microscope (Zeiss, Baden
Wirttemberg, GER) and recording occurrences of malformation. All degrees of larval
deformities were included in deformity analysis. Laivaart rate (HR) was determined by
recording the number of ventricular contractions per minute using the above stated
microscope fitted with a MRm camera and associated AxioVision Release software (V
4.7.2).

5.2.5Embryonic/Larval Metabolic Rate Analysis

Embryonic/larval MQ was determined using a senslish reader (SDR) system
(Loligo Systems, Viborg, DEN). Recordings, using PreS&®DR v38 software (Loligo

Systems, Viborg, DEN), were made immediately after exposure termination and
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subsequently in larvaevery 24h to 120 hpf. Larvae not immediately used for

MO: analysis were kept in 150L of zebrafish facility water (50% replenishments made
daily) until chosen for analysis at specified time points. Observations and removal of dead
embryos were made dgi{total of 6 embryos found dead across all replicates). At each

24 h period, 5 washed embryos were placed into wells ofweétMoptical fluorescence

glass sensamicroplate, wells were filed with 7501 of fr esh, aerated z:«
water, andlten immediately sealed using parafilm and a silicon gel pad cover. Sensor
microplates with sealed wells were placed onto SDRs and int6d@ Risubator in

complete darkness foril Using PreSeris SDR_v38 software, embryonic/larval

MO: calculations werenade between 5 and 2&in of well & measurements. Recordings
below 70% air @saturation levels were not included in analyses.i&a was corrected

for both volume of water and mass of embryos, and expressed asghgh3. To control

for backgroundevels of respiration, i3 wells on the microplate were filled with water

with no embryos placed inside.

5.2.6 Embryonic Quantitative Real-Time PCR

Abundance of mMRNA for genes coding for proteins and transcription factors of
interest were quantified usimPCR. Total RNA was extracted from 10 zebrafish embryos
using the MasterPure RNA Purification Kit (Epicentre Biotechnologies, WI, USA). Briefly,
recombinant DNase | (Ambion) and %@eaction buffer with MgCl(ThermoFisher
Scientific, MS, USA) were added embryo samples prior to a &tin incubation period at
37 °C. The reaction was terminated with B0/ ethylenediaminetetraacetic acid and
samples were stored in nucledsse water (nofDEPC treated, Ambion) containing
SUPERasén RNase Inhibitor at 2 @. Total RNA was quantified using a NanoDrop
ND-1000 spectrophotometer (v. 3.8.1, NanoDrop Technologies, USA), and RNA integrity
was assessed on a 28tmaldehydd agarose gel with ethidium bromide. Following RNA
extraction,0.2 g of RNA s a igareday cDINA symthesisaising the
RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific, MS, USA) and were
stored at 2 I until further analysis.

Quantitative reatime PCR (gPCR) was performed in-@gll plates using an ABI
7500 Reallime PCR system (Applied Biosystems, CA, USA). Gene specific primers were
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designed against target genes using Primer Express v3.0.1 software (Thermofisher

Scientific, MS, USA). Primer gene targets, accession numbers, and sequences can be found

in Table5-1. Pimer efficiency validations, determined by serial dilution slope calculation
after @CT and | og input rFogeSek kdivlualPER al yses
reaction mixtures containeds5sl of SYBR Green master mix (Ap
City, CA,USA), 25 | ogdM 3pr2i mer sletecf @bMA 2disfreet ed i n
water. PCR reactions were denatured at®@%or 10min prior to first thermal cycle

initiation. A 2-step PCR thermal cycle, consisting of a denaturation step @ @& 2 min

and an annealingxtension step of 6€C for 1 min, was employed for 40 cycles and
transcript expression changes determined by
phosphatelehydrogenas@adpl) as an endogenous cont(8chmittgen and Livak, 2008)

5.2.7Statistical Analyses

All data were tested for normality by use of the Shapitk test
andhomogeneityof variance assessed bgeuof Levene's test (SigmaPlot 13.0, Systat
Software Inc., CA, USA). When necessary, data werg-lwsgnsformed to meet
assumptions of parametric tests. Noansformed data are represented in all figures. Prism
6.0 was used for all other outlined statiat analyses (GraphPad Software Inc., CA, USA).
Significant statistical differences found in developmental deformities were evaluated by a
oneway ANOVA. Effects of FPW fraction type on embryonic/larval & multiple
stages of development were testedibg of tweway ANOVA. Effects of FPW dilution
and fraction type exposures on gene of interest transcript abundance were tested by use of a
two-way ANOVA. No interactions between factors were found for alltvay ANOVAs.
Significant differences found dung ANOVA analyses were followed up with Holm
Sidakposthog multiple range tests. All data are expressed as m&hk.M, and

differences were considered statistically significart @0.05.
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5.3 RESULTS

5.3.1Developmental Deformities

PE, YSE, and TS@eformities (Figire5-1) were observed in developing zebrafish
embryos after subethal exposures to FPW fractions. Exposure to 2.5% dilutions ofFPW
SF and FPWS fractions significantly induced developmental deformities in zebrafish
embryos (Figre 53). After 24 h exposures to 2.5% S fractions, PE occurrences increased
5 and 8fold over control and SW fractions, respectively. This trend was amplified after
2.5%, 48h S exposures, where 47 andfbR increases in occurrences of PE were
observed over cordland SW fractions, respectively. SF fraction exposures followed a
similar trend, where significant increases of PE were observed after 2.50&exg¢8sures
compared to control and SW conditions. Significant increases in percent occurrences of
YSE and TSGwvere additionally observed after 2.5%,#8F and S exposures.
Furthermore, significant reductions in HR were observed after 2.5% S5#8and S
exposures compared to control and SW exposures. No significant changes in
developmental deformity occurrenogsre observed after both 24 andh8xposures to
1.25% FPW fraction dilutions. (Rige 5-2).

5.3.2Embryonic/Larval MO > Analyses

Exposure to FPWEF and FP\AS fractions significantly decreased embryonic/larval
MO: rates (Figire5-4). Acute 2.5%, 24 and2.5%, 48h exposures to S fractions
significantly reduced respirometry rates at all time points in embryos/larvae compared to
control conditions. Larger decreases were observed in 5% ggosures, where both SF
and S fraction exposed embryos had sigaifitly reduced M@compared to control
embryos/larvae. Embryos exposed to 5%h4&Bfractions also displayed significantly
reduced MQ compared to SW exposed embryos/larvae. Finally, acute 5% S#8and S
exposures significantly reduced embryo/larval M@tes at all time points compared to

both control and SW conditions.
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5.3.3Transcript Abundances of Target Genes

Expression of select cardiac and developmental genes were assessed following
2.5% and 5% FPW fraction exposures for 24 ant dB8igure 5-5). Significant reductions
in atp2a2aexpression were observed in all FFS\éxposures compared to control and SW
exposures, with a largest 5id@d atp2a2areduction occurring in 5%, 48S exposures.
FPW SF fraction exposures followed a similar trend, wilbrgest 2.5
fold atp2a2areduction occurring in 5%, 48 SF exposures. Significant reductions
in tnnt2aexpression were recorded for all 5%,8xposures of SW, SF, and S fractions.
Significant inductions ofhkx2.5were observed for 5%, 24SF exposureand 5%, 4& SF
and S exposures compared to control and SW conditions. No significant changes in

expression were observed faniclin any exposure conditions.

5.4 DISCUSSION

The present study is one of the first to investigate FP\Alethhl toxicity usng
developmental analyses, respiratory parameters, and expression of cardiac responsive
genes in zebrafish. Dilutions of FPW used for exposures were environmentally relevant
and have previously been shown to elicit-$ethal responses in rainbow troutdan
zebrafish(T. A. Blewett et al., 2017b; He et al., 2017a, 201 7thus, determining how
relatively novel contaminants, such as FPW, interact with and affect embryonic physiology
is vital for ensuring both human and environmental health. In mangoemental spill
scenarios of crude oil and other petroleum related chemical species, organics are of major
concern. Organic characterization of our FPW sample has revealed numerous PAHs and
other organic species to be preggte et al., 2017a, 2017b) both FPWSF and S
fractions. Similar responsef these two fractions suggests that exposure to organics
present in FPW may potentially be responsible for eliciting many of these responses

observed in developing vertebrates.

5.4.1 Developmental Deformity Analysis

Characterized by PE, YSE, and TSQydd zebrafish deformities observed after
embryonic FPW exposure at 24 hpf are similar to those seen in fish larvae exposed to

similar oil and gas industry wastewaters and spill scenarios, such as oil sands produced
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waters (OSPW) and oil exposui@te et al., 2012a; Incardona et al., 2015, 2013)
Chemicals known to cause these deformities in developing fish after such spills and
exposures are primarily organic derived, such as PAHs and digdenst al., 2017a,

2017b; Incardona et al., 2013; Philibert et al., 2016; Raimondo et al., 2014; Sgrhus et al.,
2015) These compounds are known agongtthe aryl hydrocarbon receptor (AhR),
resulting in specificytochromeP450 inductions and activation, namely CYP1A, and to a
lesser extent, CYP3A family monooxygenaflasckert et al., 2013; Naspinski et al., 2008;
Tseng et al., 2005; Xu et al., 2008xtivation of CYP1A and CYP3A gene pathways and
subsequent substrate transformatias been shown to generagtactive oxygen
speciefROS)(Penning et al., 1996; Zangar, 200@dtentially causing endothelial cell
damage and apoptosis, tissue necrosis, and overall organ system com({Camiss| et

al., 1998; Fernande3alguero et al., 1996; Incardona et al., 2004; Tithof et al., 2002)
add to the toxicological complexityf 8PW, it should be noted that smaller PAHs found in
FPW, such as the-Bhged PAHphenanthrene, may illicit development deformities
independent of the AhR pathway in multiple different developing fish tissue and organ
systemgBrette et al., 2017; Incardona et al., 2Q@8}kulting in shared developmental
phenotypes such as PE and bradycardia.

In the current study, significant inductions of developmental deformities in
zebrafish larvae at 120 hpf were observed irBNV fractions treatments at 2.5% dilutions
for 48 h acute exposures (kige 5-3). Additionally, significant inductions of PE only were
observed when 2.5% dilutions of FPW fractions were exposed to embryoskor 24
(Figure5-3A). This suggests occurrence of PE may be a more sensitive developmental
marker for FPW exposure compared to YSE and TSC. Furthermore, adutePA8
exposures (2472 hpf) cover a larger interval of time during the zebrafish critical tissue and
organdeve o pment al Awindowo, as total =zebrafish
occur between 5 and 72 hjifakkers, 2011; Glickman and Yelon, 2002hd therefore
48 h exposuresre theorized to be responsible for the increased occurrences of
developmental defects. Thus, PAH induced impairment of fish cardiac fulieiicken et
al., 2011, Incardona et al., 2006; Yu et al., 20h8y be caused by tissue damage and
disturbances to excitatiecontraction coupling events in cardiomyocy{Bsette et al.,

2014) Additionally, recent transcriptomic analysis of weathered crudexpibsure on
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Atlantic haddock Melanogrammus aeglefinuembryo developmeriSgrhus et al.2017)

has revealed biological pathways related to PAH exposure toxicity including effects on
cardiac form and function, ion regulation, and fluid balance. These results further support
the notion of PAHSs in chemical complex mixtures, such as FPWarglg responsible for
developmental deformities observed in exposed larvae. Correspondingly, 2.5% dilutions of
FPW after 4&h exposures significantly reduced HR in zebrafish larvae compared to both
fresh water and salt control conditions. Mechanismsrmkiecreases in larval HR to
pericardial edema remain unresolved, although HR is know to be affected by numerous
other factors including heart weight, cardiac cell numéehythmia, and heart structure
(Antkiewicz et al., 2005; Henry et al., 1997; Incardona et al., 2009, 2004; Teraoka, 2002)
Clearly, more analysis is needed to determine the dominating factors contributing to
loweredlarval zebrafish HR after FPW exposure.

5.4.2Embryonic MO  Alterations

As previously stated, embryos, and benthic aquatic species in general, are useful
exposure models in many industrial spill scenarios due to many pollutants containing
sediment and sditig physiochemical characteristi(Baker et al., 1991; Hollert et al.,
2000) Embryos offer a unique perspective on toxicological potential and adverse outcome
pathwaysas their relatively high surface argavolume ratio characteristics may enhance
toxicantbioavailability. As a result, embryos are a particularly susceptible exposure model
system. The development of PE after FPW exposure clearly implicates cardiaastags
outcome, while observations of reduced HRs further support the hypothesis that
cardiotoxicity is a major contributor to FPW toxicity in zebrafish embryos. Embryonic
metabolism and respiration, measured frequently by yolk sac disappearance and flow
chamber water £decreases, respectively (reviewedRimmbough, 198&ndKamler,
2008) are two essential and intimately linked physiological processes for embryo survival,
and are particularly sensitive to numerensironmental disturbancéBarrionuevo and
Burggren, 1999; Finn et al., 1995; Firat et al., 2003; Hardy and Litvak, 2004; Hunter et al.,
1979; Ojanguren et al., 1999; Rombough, 1988b)

Exact mechanistic modes of toxicity on cardiac function and morphology during

development &ér PAH and other petroleum related compound exposures are relatively
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unknown. However, recent efforts to determine molecular and physiological properties
responsible for PAH developmental toxicity have been undertaken and are beginning to
reveal biologichmechanisms responsible for developmental effects observed (reviewed
in Incardona, 2017)Aside from general organic metabolite oxidative tissue damage as
outlined earlier, PAH and organic toxicity is thought to be structurerstemtLow

molecular weighPAHSs (four or fewer rings) are widely considered to elicit cardiovascular
toxicity via nonpolamarcosis: membrane integrity disruption caused by the incorporation
of hydrophobic organic compounds (reviewedimn et al., 2000; Wezel and
Opperhuizen, 19950riginally thought to perturb lipid bilayers and actions of liggated
ion channelsn central nervous system cell typ&scher and Hermens, 2002; Franks and
Lieb, 1999) it is now suggested that that 3 andrged PAHSs also act specifically to
disrupt cardiac functio(Brette et al., 2017; Incardona et al., 2004; Park, 2002H

analysis of our FPW sample revealed the presence of 3 and 4 ring (Pi&Hesal., 2017a,
2017b) suggesting the above mentioned Riduced cellulasublethal effectanay

occur after zebrafish embryonic exposure.

In the present study, sediment containing fraction exposures significantly sktrea
zebrafish MQ rates compared to control conditions in all exposure regimensréSes),
while FPWSF exposures only showed significant effects at 5% dilutions. These results
agree with many recently published studies demonstrating cardiovasculaspindtory
alterations in fish exposed to organic petroletated compounds or oil fractiofide et
al., 2017a; Incardona et al., 2015, 2009; Mager et al., 28&thpugh salinity has been
observed to affect metabolic processes in fish emkBasvn et al., 2012; Ern et al.,

2014; Morgan et al., 1992)esearch into salt effects on embryo respiration is limited. Of

the studies which have recorded @nsumpibn over increasing salinity, no effects have

been observed in fish embry(Brown et al., 2012; Kinne and Kinne, 196Eurthermore,
across multiple adult fish species, salinity does not appear to affect oxygen uptake rates in
any observale trend (reviewed iMorgan et al., 1992)Thus, it is not surprising we did

not see any significant effect of our salt control treatments on zebrafish embryo respiration
rates. Our findings that FPA®F and PW-S exposures induced significant reductions in
embryonic/larval MQ compared to SW controls at higher FPW fraction concentrations

further supports our hypothesis that organics (overview of chemical characterizations
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available inHe et al., 2017a, 2017b) our FPW fractions, and hasalinity, are eliciting
cardiovascular toxic effects in developing fish. Collectively, our developmental and

MO: analyses suggest FPW exposure induce cardiac defects in developing zebrafish
embryos and larvae which alter early embryonic respiration.rGhet fractions

containing both sediment andganic contaminantslicit greatest M@disturbances,

organics are theorized to be main chemical components causing the metabolic impairment

upon FPW exposure.

5.4.3gPCR and Gene Transcript Expression Changes

To further characterize that the impairment of normal cardiac functioning may be
responsible for inhibition in embryonic and larval Mé&iter FPW exposure, transcripts
coding for specific cardiac structural and electrophysiological proteins, as wdkizsire
transcription factors, were assessed for changes in abundanoe 8-t). Low molecular
weight PAHs are theorized to alter electrophysiological cardiomyocyte properties by
disturbances to the lipid bilayéBrette et al., 2017, 2014; Escher and Herm2862)
However, wedemonstratéhat changes in key cardiac structural and electrogenic protein
expressions after FPW exposure may additionally contribute to altered cardiac function and
changes in embryonic/larval MOIn vertebrates, calcium (€% circulation and handling
in cardiomyocytes is an essential process responsible for cellular repolarization events and
action potentials, resulting in cardiac tissue alternans and hear{lpeatsiona et al.,
2009; Sato et al., 2006; Weiss et al., 20@d)ring systole, action potentials initiate a
minor flux of C&* into the ventricular myocytes though the sarcolemmgjde
Ca?* channel stimulating a major €aelease from stores in tisarcoplasmic
reticulum(SR) through the ryanodine receptor (RyYRabiato, 1983)During diastole and
cardiac muscle relaxation, €as transferred back into the SR via SR CATPases
(SERCA2a, encoded atp2a2ain zebrafish) and sarcolemmal sodium
(Na")/Ca* exchangers (NCX1HBers et al., 1996; Fabiato, 198B)ecreased Cauptake
and expression of SERCA2a have been observed to be major features of cardiomyocyte
dysfunction and heart failuf€hen et al., 2004; Frank, 2003; Zhu et al., 2008)

Furthermoretnnt2ais a gene in zebrafish identified as being essential for myaagin
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activity, sarcomere assembly and cardiomyocyte contracti{@plan and Hamroun, 2013;
Nesanand Vijayan, 2012; Sehnert et al., 2002)

After exposure to FPV® at either 2.5%rdb%, zebrafish embryos significantly
reduced expression afp2a2a(Figure5-4A), while for FPWSF, only the 5% SF fraction
exposures resulted in a decreasatpRa2atranscript abundance regardless of exposure
duration. Our results agree with previous studies which have shown disruptions to
Ca&"* release and/or reuptake from internal stores after exposure to water accommodated oil
fractions(Brette et al., 2014)where decreases @p2a2atranscript abundance and overall
Ca* ATPase activity were noted after exposure to the smaleng@d PAH phenanthrene
(Edmunds et al., 2015%imilar changes ithnt2agene expression weretea in both SW
controls and each FPW exposure suggesting that this may be a genetic response more
sensitive to hypertonicity inducgxkrturbationghan FPW.

The homeobox transcription factakx2.5 is an evolutionarily conserved and
essential factor fodevelopment and differentiation of cardiomyocyt@kazawa and
Komuro, 2003; Bodmer, 1993; Zhang et al., 20I3ansgenickx2.5knockdown and
knockout experiments in a number of vertebrate species produce a common cardiac
phenotypic fate of arrested hearorphogenesiand retarded cardiogenic growiBartlett
et al., 2010; Fu et al., 1998; Tanaka et al., 199@¢restingly, following 5%, 4& SF and
S exposure, significant increaseskx2.5transcript abundance (rather than decreases)
were observed in our exposed developing zebrafish embryas€bigpC), contrasting
observations in other embryonic organictaminant and PAH exposure experiments
(Jamali et al., 2001; Y. Zhang et al., 2012a; Zhang et al., 2Gb&)mical specifics,
exposure onset and duration, and species differential responses may account for these
contrasting observations. Further, cultunéct2.50verexpressing mutant rat neonatal
cardiomyocytes display increased apoptosis r@asahara et al., 2003)hile zebrafish
embryos injected withkx2.5RNA developed hyperplastic hearts, a condition associated
with deleterious symptoms such as congestive heart failure and arrhythmia, often resulting
in death(Chen and Fishman, 1996; Lorell and Carabello, 2000; Zhu et al.,. 20@%e
results validate the associationridx2.5expression and hindered cardiogenesis and

functional effects.
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5.5 CONCLUSIONS

The present study investigates the potentiallsthal toxicities of FPW exposure in
embryonic zebrafish, with a focus on cardiorespirasutylethal effects. Fractionating
FPW into distinct separations has allowed us to begin to parse out the chemical and
compositional constituents contributing to g lethal responses observed. Increases in
developmental deformities, decreased embryonic respiration, and changes in transcriptional
expression of key cardiac related genes reveal that organics present in our FPW sample
contribute significantly to theub-lethal responses observed. Together, our results indicate
that even at relatively low, stibthal levels of FPW exposure (25%), significant sub
lethal cardiorespiratory responses in zebrafish embryos are noted. Provided that zebrafish
are generally@nsidered a more robust and relatively less sensitive species to
contaminants, such as PAHacardona et al., 2014; Philibert et al., 2QX®mpared to
counterpart species in the wild, it is probable that freshwater species which spawn in areas
affected by hydraulic fracturing activities may more sevebelympacted. Future work
should investigate FPW effects on other freshwater species to address this issue to provide
ecological relevant context to the growing concern of FPW aquatic exposures. This
research will provide vital information to industry, vdgtory agencies and governments
alike to both manage hazaraind to develop appropriate remediation protocols when FPW
spills and releases occur. Our results further validate the use of respirometry as a potential
assay used for assessing-$ethal effets of industrial waste and produced water
exposures.

Determining the impacts of novel toxicant and anthropogenically derived
wastewater exposures on edifg stage organisms (i.e. embryos/larvae) is an important
step when beginning an investigation itie toxicity of such compounds and solutions.
Detrimental impacts at this basal grouping of the population structure can have significant
ramifications on the future health and viab
ecosystem. However, imps at the embryo/larval stage as a consequence of FPW
exposure may not solely remain and stop at the embryonic/larval levdéthabtoxicities
experienced during these early developmental periods may persist and affdife latage
developmental griods in organisms. Concerning the current study, impairments to-cardio

respiratory development and physiology from embryonic FPW exposures may potentially
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produce latent effects in juvenile or adult fish. Indeed, it has been shown that embryonic
exposurs to chemicals or wastewaters similar to FPW impact juvenile or adult fish fitness
and cardierespiratory biologyBrown et al., 2017; Hicken et al., 2011; Mager et al., 2014)
Therefore, future studies regarding zebrafish embryonic FPW exposures aim to determine
if impactsduring the embryonic stage persist and manifest as deleterious impairments to

juvenile fish cardierespiratory functioning.
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Table 5 1. Gene specific primer sequences used for quantitative real time PCR and

analysis of transcript expression.

Target Abbreviation Primer Se@ddnce Annealing Accession #
Temp. (°C)
Glyceraldehyde 3 gapdh F: GTAGATGTGACCCCTTTGCTGTT 60 NM_001115114.
Phosphate R: CAGGCACGTGGTGCAAAC
Dehydrogenase
Cardiac atp2a2a F: TCACGTCTTCGAGTCTCCTTACC 60 NM_200965.1
Sarcoplasmic R: CTGGTTCTCGGATAGACTGTTGAG
Reticulum C&"
ATPase 2a2a
Cardiac Troponin T tnnt2a F: CTGGTGCCTCCAAAGATTCC 60 NM_152893.1
Type 2a R: CAGCGTCTGCAGCTCATTCA
Homeobox Protein nkx2.5 F: GACGCTTCAAGCAGCAGAAATA 60 NM_131421.1
Nkx2.5 R: GTGTGGAGGTGAGTTTGAGAACAT
Cardiac Myosin cmicl F: GAGGCGGACCGTCTGATG 60 NM_131692.1
Light Chain 1 R: ATGTGCTTGATGAAGGACGTGT
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Figure 5- 1. Photograph of measured larval zebrafish developmental deformities.
Pericardial edema (A), yolkac edema (B), and tail/spine curvatures (C) were measured in
zebrafish at 120 hpf after acute embryonic (24 hpf) FP@¢sxres. Representative shown
above was exposed at 24 hpfto 2.5% FB\Waction for 4&h. Image was taken at 20x

magnification.
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Figure 5 2. Developmental deformities measured in zebrafish larvae ah paat
fertilization (hpf) after acute embryonic (24 hpf) exposure to control, salt control (SW),
sedimenifree (FPWSF), and raw/sediment containing (FF8)/hydraulic fracturing
flowback and poduced water (FPW) fractions at 1.25% dilutions for 24 ank. 48
Deformities analyzed included pericardial edema (panel A)-satkedema (panel B),
tail/spine curvature (panel C), and changes to heart rate (panel D). 6 replicates of 15
embryos per treatent exposed in L wells were performed to obtain results. Data are
presented as meaiSEM. Oneway ANOVAs between fraction exposure conditions for
each exposure duration followed by Halnsidak post hoc tests were performed to
determine significant éferences (p< 0.05) in percent deformity appearance after

embryonic FPW exposure.
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Figure 5 3. Developmental deformities measured in zebrafish larvae ah paat
fertilization (hpf) after acute embryonic (24 hpf) exposaredntrol, salt control (SW),
sedimenifree (FPWSF), and raw/sediment containing (FF8)/hydraulic fracturing
flowback and produced water (FPW) fractions at 2.5% dilutions for 24 ahd 48
Deformities analyzed included pericardial edema (panel A)-yalledema (panel B),
tail/spine curvature (panel C), and changes to heart rate (panel D). 6 replicates of 15
embryos per treatment exposed iml wells were performed to obtain results. Data are
presented as mearSEM. Oneway ANOVAs between fraction expose conditions for
each exposure duration followed by Halnsidak post hoc tests were performed to
determine significant differences §0.05) in percent deformity appearance after

embryonic FPW exposure.
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Figure 5- 4. Oxygen consumption (M£) measurements in developing zebrafish
embryos/larvae at 28C after 24h acute, embryonic (24 hpf) exposures to control, salt
control (SW), sedimeriree (FPWSF), and raw/sediment containing (FFS)hydraulic
fracturing flowback ad produced water (FPW) fractions of 2.5% (panels A) and 5%

(panels C) dilutionsr 48 h acute exposures of 2.5% (panel B) and 5% (panel D) dilutions.

6 replicates per treatment per time point of 5 fish per well were used to obtain results. Data
are preserd as meatt SEM. Oneway ANOVAs for fraction treatment at each
developmental period followed by HolimSidak post hoc tests were performed to

determine significant differences §0.05) in Q@ consumption in zebrafish embryos/larvae

after FPW exposure. @ificant differences from control and SW conditions are indicated

with (*) and (#), respectively.
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Figure 5- 5. Relative mRNA abundance of (A) cardis&rcoplasmic

reticulumCa* ATPase 2a2aatp2a23, (B) cardiac troponif type 2a (nnt2g, (C)
homeobox protein nkx2.5kx2.5, and (D) cardiaenyosinlight chain 1 ¢micl) in

zebrafish embryos (24 hpf) acutely exposed to 24 dr dé@ntrol, salt control (SW),
sedimenifree (FPWSF), and raw/sediment containing (FFS)/hydraulic fracturing
flowback and produced water (FPW) fractions at 2.5% or 5% dilutions. Transcript
abundance was determined by quantitativetrealme P CR usi ng t he @@pCT
replicates of each treatment condition were performed to obtain results. Batesented

as meart SEM. Twoway ANOVAs using FPW fractions and FPW fraction concentration
as factors at each exposure duration followed by Ho8rdakpost hodests were

performed to determine significant changes (205) of transcript abundancesziebrafish

embryos.
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CHAPTER 6: Alterations to Juvenile Zebrafish (Danio rerio) Swim
Performance after Acute Embryonic Exposure to SuHethal Exposures of

Hydraulic Fracturing Flowback and Produced Water

Folkerts, E.J., Blewett, T.AHe, Y., Goss, G.G. (2017). Alterations to juvenile zebrafish
(Danio rerio) swim performance after acute embryonic exposure tdethbl exposures of
hydraulic fracturing flowback and produced wateguatic Toxicologyl193 507 59. DOI:
10.1016/j.aquata2017.10.003.
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6.1 INTRODUCTION

Horizontal hydraulic fracturing to extract oil and natural gas reserves is predicted to
increase in practice in North American energy sedi@egnon et al., 2016 onsequently,
larger volumes of hydraulic fracturing flowback and produceen@PWw),
thewastewatesolution produced after a well has begun flowing, is being produced.
Increased production of this wastewater has led government, indastitgwners, and
environmental groups to scrutinize current methods of storage, transpo raaiib
remediation protocols when spills/leaks oc@Boudet et al., 2014; Gehman et al., 2016;
Theodori et al., 2014)n the Duvernay formation located alotige provincial borders of
eastern British Columbia and western Alberta, Canada, horizontally fractured wells can
individually produce millions of liters of FPW, resulting in large volumes of FPW to be
properly disposed qAlessi et al., 2017)With larger volumes comes increased likelihood
of spills, resulting in extensive and costly remediation effgitgrekin et al., 2011; Goss et
al., 2015; Kargbo et al., 201LFPW is known to be a complex and heterogenous mixture,
containing theoriginal hydraulic fracturing (HF) fluid constituents (biocides, polymers,
surfactants, etc.), high salt concentrations (from deep formation water sources), petroleum
compounds from the formatid®iGiulio and Jackson, 2016; Lester et al., 20H5d
products of any downhole reactioft¢e et al., 2017a)Composition of these ddrent
components can vary greatly depending on a multitude of factors including formation
geogenic characteristics, well shntlength, phase of flowback collection (early vs. late),
and initial fracturing fl ui dfteoprapmeiaryal s used
(Alessi et al., 2017; Stringfellow et al., 201Qorrespondinly, site location and time of
flowback collection can greatly affect FPW composition, although common chemical
signatures across FPW samples tested are high salt solute concentrations and presence of
geogenic constituents (e.g. organics, alkaline earthlsyehetals in general, eX¢Alessi et
al., 2017; Goss et al., 2015; Stringfellow et al., 2017)

Previous studies have identified various markers ofistiial toxicity in aquatic
organisms following FPW exposure. 89e markers includexidative stress, xenobiotic
metabolism, and reproductive effe¢ts A. Blewett et al., 2017a, 2017b; He et al., 2017a,
2017b) Many of thesesublethal effectdhave been attributed to the sediment and organic

chemical constituents present in FPW. These observations are consistent with numerous
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previousstudies on other oil and gamlustrial wastesolutions and spill scenarios,
including oil sands processfected water (OSPWJranket al., 2009; He et al., 2012a)
crude oil solutions (e.g. Exxon Valdez and Deepwater Horizon disaftera)jdona et al.,
2013;Philibert et al., 2016)and FPWT. A. Blewett et al., 2017a; He et al., 2017a
2017b) All these previous studies have concluded that organics (e.g. naphthalene acids and
polyaromatic hydrocarbons; PAHS), are at least major contributors to the toxicity observed
in each species exposed to these industrial waste spill scenarios.

The presence of sediment and sediment associated organic hydrocarbons in our
FPW sampléHe et al., 2017a, 2017bjeates the physiochemical potential for settling of
sediment when spills or leaks of FPW occur. Therefore, benthically located organisms
during FPW spills/releases to bodies of water nagtbhigher risks aéxposure antdold
particularly relevant toxicological interest when investigating FPW toxicity adverse
outcome pathways. Fish embryos, due to their sensitive developmental stage, are an
important toxicological model of exposure and faeguently used to study a range of
endpoints associated to toxic contamingAiskley and Johnson, 2004; Embry et al.,
2010) Sedment present in FPW may settle and coatcti@ionof embryos following
release into a body of watéfe et al., 2017a)Once coated, chorion oxygenzj@iffusion
may be restricted, limiting the amount of fresha®ailable to the developing organism and
creating a hypoxic embryonic environmeldiypoxiaexperienced during development has
been observed to induce metabolic depression, resulting in an arraia@bgaes(Guppy
and Withers, 1999; Storey and Storey, 20@&ditionally, fish embryonically exposed to
hypoxia have significantly decreased fithess agta@Widmer et al., 2006)Furthermore,
hypoxia experienced during developrheas been observed to effect numerous
cardiovascular physiological propertigagatto, 2005; Jacob et al., 20@2)d morphology
(Chapman et al., 2000Xebrafish cardiogenesis occuiigiB hpf,
with epicardiumdevelopment extending to Fipf (Bakkers, 2011; Glickman and Yelon,
2002) This period is considered a sensitive
endogenous and exogenous disturbances may elicidtigffects on the organism.

Swimming performance as a fish fitness index is intimately associated to essential
behavioural processes such as food capture/prey avoidance, reproduction and migration

(Hammer, 1995; Pla, 2001; Reidy et al., 2000Fommonly measured as critical
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swimming speedUcrit) (Brett, 1964) many toxicants, such as organic hydrocarbons and
metals, are reported to altge:i: in fish (Mager et al., 2014; Stieglitz et al., 2016; Thomas
et al., 2013; Yu et al., 2015)he importance of swimming performance to overall fish
health and ensitivity of this marker to toxicants has resulted in its use as a common
ecological endpoint to assess dathal toxicity in fish(Lee, 2003; Little ad Finger, 1990;
Mager et al., 2014 )Despite its acceptance as a critical indicator of fish
fitness,Ucrit analyses performed on fish after embryonic exposures to chemical toxicants
are relatively more rare compared to exposures on adult or juvehilstdigegJohansen
and Esbaugh, 2017; Stieglitz et al., 2016; Thomas et al., 28b8)ever, studies
examining swim performance in fish following weathered crude oil fraction embryonic
exposures and growth to later life stages have found swim performapeesignificantly
impacted(Hicken et al., 2011; Mager et al., 201€pnsidering this and the
sensitiveperiodicity of the embryorg stage to environmental variatiofi&mbry et al.,
2010; Incardona et al., 201 3ye tested embryonically FPW exposed zebrafish during their
juvenile life stageD 60 days posfertilization; dpf), and measured swim performance in
a Ucrit fashion as an index of fidiiness and sutethal response to FPW exposure. This
involved subjecting juvenile zebrafish embryonically exposed to FPW fractions to 2 types
of swim challenge tests. First, a claddig: swim test was employed where fish were
confronted with incremeat increases in water velocity in a stefse fashion and swam
until exhaustion. The second swim performance test used was a repeat, increased exertion
swim test where fish, previously swam througlca test, were again made to swim
through a similar siwn challenge, but with shorter time periods between step increases in
water velocity to determine if more sensitive changes to fish fithess after embryonic
exposure to FPW could be determined, as has been observed in other repeat swim
performance studiggain et al., 1998)

Swimming metabolic oxygen consumption (M@ closely tied to swim
performance in fish, and is often measured dutlpg analyse (Mager et al., 2014;
Stieglitz et al., 2016; Thomas et al., 2018erations to MQ often involve changes to
metabolic capacity and respiratory efficiency and are chbgeeveral known nen
xenobiotic stressors, such as temperature and hyf@simirmann and Steffensen, 1997)

However, many toxicants including organic pollutants, metals, and other anthropogenic
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contaminants, are also known to affect Mfish (Scott and Sloman, 2@). Changes to

fish respiratory capacity measured by aerobic scope (thedi®rence between fish
standard/maintenance routine swimming metabolic requirements [standard metabolic rate;
SMR] and maximum, active metabolic requirements [active metatadéc AMR]) may

reflect alterations to fish physiological functioning and fitness, ultimately resulting in
decreased swim performan@@rett, 1964; Shingles et al., 2001; Thomas et al., 2003)

the present study, we use a modified aerobic scope measurement termed factdiakreal
aerobic capacity @AC), measured as the quotient of AMR and routine metabolic rate
(MO2 during routine, freeswimming behavior; RMR), to measure changes in juvenile
zebrafish aerobic potential in response to FPW exposure.

As the practice of HF continues to increase, the potentials of FPW release events
to aquatic ecosystentsecomes greater accordinghdessi et al., 2017; Entrekin et al.,
2011;Goss et al., 20150ur previous study associated embryaracdio
respiratorytoxicity to organics present in FP{olkerts et al., 2017aja appearance of
pericardial edema developmental deformities, reduced embryonic metabolic rate, and
alterations in caliacrelated gene expression. By analyzing juvenile zebrafish fithess after
acute embryonic FPW exposure, our aim was to determine if embryonic hypoxic effects are
observed immediately after FPW exposure, and determine if hypoxic or other
cardiovascularféects persist and affect key physiological parameters needed in later life

stage fish fitness.
6.2 MATERIALS AND METHODS

6.2.1 Animal Species

Adult zebrafish (wildtype, strain AB) housed in 30tanks O 25 fish/tank; 1
light:10 h dark photoperiod) ahe University of Alberta (U of A) zebrafish facility were
bred to produce viable fertilized embryos for study. All animal use was approved by the U
of A Animal Care Committee under protocol AUP00001334. Fertilized embryos were
collected and incubated 28 °C under fluorescent facility lighting with zebrafish facility
water (pH: 7.4, conductivity: 16860.5¢ S/ ¢ m, t e mptePCadissolvedl: 28 . 5
oxygen: 7.5 0.5mg/L, general hardness: 1#g/L as CaC@ salinity: O ppt) until FPW

fraction exposure 24hr later.
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6.2.2FPW Sample

A 7-day post stimulation FPW sample from a horizontathctured well (Duvernay
formation, Fox Creek, Alberta, Canadeds used for exposures in the current stdayo
treatments associated with our FPW sample were craatedsed for zebrafish embryonic
exposures. The first, a sedimdree fraction (FP\ASF) was created by centrifuging raw
FPW on an Eppendorf 5810 R centrifuge (Eppendorf, Hamburg, GER) ag3220
10 min and subsequent supernatant vacuum filtratiorughi®.22 m f i | t er ( Sar st
North RhineWestphalia, GER). The second termed sediment containing fraction-&PW
consisted of the raw FPW sample. Inorganic and organic chemical characterization details
of these FPW fractions can be foundhfe et al., 2017a, 2017\ salt control (SW)
matching tle major ion concentrations (Na, Mg, K, Ca, and ClI; SigiAidrich, MO, USA)
in the raw FPW sample was also made to account for any saline influenced responses (see
Table S1Table S31] of He et al., 2017a)

6.2.3Experimental Design and Exposures

Zebrafish embryos (24 hpf) were exposed to the following treatments conditions:
FPWS, FPWSF, SW and control (zebrafish facility water) for two eli#int acute
exposure durations of 24 and H&. Zebrafish embryos were exposed to 2.5% FPW, 5%
FPW, SW and control conditions for both exposure durations. All treatmentsuwmere r
parallel with each other and a paired control (zebrafish facility wéter) for each
fraction exposure treatment for all assays and analyses). Fifty percent water volume
replenishments were performed every24or each assay, exposures were performed at
the same time, with random pairing of male and female zebrafishdm aiffspring.
Subsequent selection of embryos for exposure was similarly random, with no selection
criteria used besides ensuring embryos had in fact been fertilized (performed by observing
under a steromicroscope).

For reailtime quantitative PCRgPCR)analyses, 10 embryos were exposed in
100mL of fraction dilution treatment solutions in 26fL glass beakers (10 embryos used

for each RNA extraction per replicates 6 for each treatment condition). Following
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exposure termination, embryos were removedifinitial exposure beakers, washed 3
times with clean zebrafish facility water, and stiagzen in 1.5mL centrifuge tubes using
l i qui d nitr ogeQfordatedgPGRtanalysssd at 1 80

For juvenile swim performance and re¢mhe aerobic capacitgnalyses, 5 zebrafish
embryos per treatment replicate were exposed imilOOf fraction treatment solutions in
glass beakers. Following exposure termination, 1 embryo was removed, washed 3 times
with clean zebrafish facility water, and placed into indiabglass beakers containing
fresh facility water and grown to 120 hpf#£ 6 for each treatment condition). Once grown
to 120 hpf, larval zebrafish of same embryonic exposure treatments were collectively
placed into 1€L tanks containing facility water.ahks were placed on a fletlirough
circuit in the U of A zebrafish facility and embryos were reared td&@ post fertilization
(dpf). Fish at this stage had an average length afrd.@-0.2 cm) and weight of 0.14§
(= 0.05Q). At 60 dpf (£3 d), 6 fsh with no observable deformities from each treatment

group were analyzed for swim performance and metabolic capacity.

6.2.4Embryonic Quantitative Real-time PCR

Transcript abundance was quantified using quantitativetimalPCR (QPCR).
Total RNA from 10zebrafish embryos was extracted using the MasterPure RNA
Purification Kit (EpicentréBiotechnologies, WI, USA). Briefly, recombinaDNase
| (Ambion) and 10x reaction buffer with MgGI(ThermoFisher Scientific, MS, USA) were
added to embryo samples priora 30minute incubation period at 3T. Reaction was
terminated with 50nM ethylenediaminetetraacetic acid and samples were stored in
nucleaseree water (nofDEPC treated, Ambion) containing SUPER&s&Nase
| nhi bi t°G.rTotaed RNA was Quaniéd using a NanoDrop ND
1000spectrophotometdr. 3.8.1, NanoDrop Technologies, USA). RNA integrity was
assessed on a aéaosde witheahldidne diommdiee Following RNA
extraction,0.2 g of RNA sampl es -dagdaDBA synhdsi$ usingtthred t o s
RevertAid First Strand cDNA Synthesis Kit (ThermoFisher Scientific, MS, USA) and were
st or e d°C antil futh@r@nalysis.

Expression analysis was performed using an ABI 7500-Rez PCR system

(Applied Biosystems, Foster City, CA, B Gene specific primers were designed against
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target genes using Primer Express v3.0.1 software (Thermofisher Scientific, MS, USA).

Primer sequence and target information can be foufidlate6-1. Primer efficiency

validations, determined by serialdilu on sl ope calculation after
regression analyses, can be found iruFeg6-1. Individual PCR reaction mixtures

contaned® | of SYBR Green master mix (Applied B
25¢ | oM 3pr2i mer s lef tDNA dilated th nuZleaSéree water. PCR

reactions were denatured at @ for 10minutes prior to first thermal cycle initiation. A 2

step PCR thermal cycle, consisting of a denaturation step ¥ @& 2minutes and an
annealingextension step of 68 for 1 min, was employed for 40 cycles and transcript
expression changes det eglyceraidehyle phpsplateeCT anal y
dehydrogenas@adph) as an endogenous cont(8chmittgen and Livak, 2008)

6.2.5Juvenile Zebrafish Swim Performance

Juvenile zebrafish swim performances were conducted inla tdriable speed
swim tunnel outfitted with a DA@/ control device and AutoRpsE 1 s oft war e ( Lc
Systems, Viborg, DEN). Unit seip consisted of a sealed-LGwim tunnel submerged in
a 45L buffer tank supplied with aerated 28 (£ 0.5°C) U of A zebrafish facility water.
Juvenile zebrafish were fasted-B4rior to swim perfanance and metabolic rate analyses.
Fish were placed in the swim tunnel and immediately acclimated foridtfo the swim
tunnel with a 4.£m/s swim velocity. After 45nin, water velocity step rarpps
andUcrit/ Umax (Maximum swimming speednalyses werperformed.
During Ucrit experiments, individual fish swim trials consisted of siége increments in
swimming velocities of 4.8m/s every 5nin until exhaustion. Durinmaxexperiments,
individual fish swim trials consisted of stegse increments in sswwming velocities of
4.5cm/s every Imin until exhaustion. Fish exhaustion was determined after fish rested on
the swim tunnel back gate forseconds and could not be stimulated to resume swimming
after decreasing water velocity ta@/s. FollowingUcrit experiment completion, fish were
immediately placed into a respirometer (information listed in seétg) for active
met abolic rate anal ymngandthea pfrned to thensavimdunnel 2 0 1
for Umaxanalyses. Fish were acclimateditd cm/s water velocities for 4&in prior

to Umaxexperiments begun. Critical swimming speeds were calculated using the equation
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described in{Brett, 1964) Uciit = [Ur + (T/t) * dU]/cm, whereUs (cm/s) represents the

highest maintained swim velocity for an entire step, T (S) represents time spent at the
maximum achieved swim velocity, t (S) represents the time interval of each step,

anddU (cm/s) represents the swim speed increment éaoh step. Fish crosgctional

area was less than 5% of swim tunnel diameter, thus solid blocking effects were not applied
to Ucrit andUmax values. Once swim trials and metabolic rate analyses were concluded,
individual fish were euthanized using an alese of MS222 (1g/L), dried via blotting on
absorbent paper, weighed, and measured for lebgthandUmaxSwim speed values were
subsequently corrected for standard body lengths of each individual fish, and represented
as body lengths per second (B)L/It is important to note thatci/Umaxvalues can vary
depending on a multitude of factors (outlinedHiammer, 1995)For purposes of this

study, swim performance observations are for the majority compared solely against trends

observed in similar xenobiotic exposure studies.

6.2.6 Juvenile Zebrafish O, Consumption and Determination of RMR, AMR, and F~
nAC

Juvenile zebrafish £consumption was measured using a modifiedhb0stand
alone respirometer immersed in all,paquebuffer tank supplied with aerated 28
(x 0.2°C) water. Respirometer was fitted with both a Class A pt1000 temperature probe
and a Witrox Il Q dipping probe connected to a WitroXilker opticoxygen instrument
and Witrox Viewer software (v1.0.0)(Loligystems, Viborg, DEN). Unit set up was
placed on top of a magnetic stir table, with a small stir bar slowly spinning inside the
respirometer to ensure water mixing occurred during k©ordings.

Prior to placement into swim tunnel and commencement af dnals, juvenile
zebrafish were placed first into the respirometer and RMR was establishegwiireaing
fish RMR (mg Q kg'! hr'!) was calculated by measuring the rate pti€crease inside the
respirometer chamber from 380 min. Recordings before 3@in were not included in
RMR determination to ensure fisitcclimationand stable M@readings occurred. Fish
AMR was determined immediately following completionl&fi analyses by netting fish
out of the swim tunnel and swiftly placing into the respirtanehamber. AMR (mg

O kg't hr'!) was defined as the change inf@llowing the immediate placement of fish in
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the respirometer chamber, reflecting fish M maximal sustainable speeds during
the Ucrit analysis. FtAC was calculated as AMR/RMR (similew factorial aerobic scope
in Shingles et al., 2001; Thomas et al., 20I8)ring both RMR and AMR determination,

any fish MQ recordings below 70% air3aturation levels were not included in analyses.

6.2.7 Statistical Analyses

ShapireWilk tests were applied to all data tottés normality and homogeneity of
variance was assessed by use of Levenebs te
Jose, CA, USA). When necessary, datadégnsformation was performed to meet
assumptions of parametric tests. Noansformed da are represented in all figures. Prism
6.0 was used for all other outlined statistical analyses (GraphPad Software Inc., San Diego,
CA, USA). Transcript abundances were tested by use of-avaycANOVA, followed by
a HolmSidak post hoc, multiple rangest with FPW fraction type and FPW dilution
percentage as independent variables. Juvenile zebthfigbmax, RMR, AMR, and F
rtAC were similarly tested by use of a tway ANOVA, with FPW fraction type and
exposure duration as independent variablesinkwactions between factors were found for
all two-way ANOVAs. All data are expressed as meah E.M. Differences were

considered statistically significant gt00.05.
6.3 RESULTS

6.3.1 Transcript Abundances of Target Genes

Hypoxiaresponsive genganscript abundance was significantly affected after acute
FPW fraction exposures (Rige6-1). Acute exposures (24 of 5% FPWSF and FP\AS
fractions significantly increased the expressioemdacompared to control conditions in
zebrafish embryos. Filrermore, 5% acute exposure with FFBN fractions (24)
significantly increased the expressiorepbaover SW controls (Figre 6-1B).
Largestepoaupregulation was observed in 5%, 8&PWSF and FPAS fraction
exposure embryos, where approximatelip[@l increases in expression were observed over
freshwater control and SW control treatments ((Fégh-1B). Transcript abundances of
bothhbbel.l(Figure 6-1A) andhiflaa(Figure 6-1C) were not significantly different

among any of the treatment groups.
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6.3.2Swim Performance

Juvenile zebrafish swim performance was significantly altered after acute
embryonic exposure to FPW fractions (ligs6-2, 6-3). JuvenileUqit values were reduced
significantly after both 24 and 48embryonic exposures to 2.5% FF3¥ add FPWS
fractions compared to control conditions (lig6-2). Additionally, juvenile fish exposed
to 2.5% S fractions for 4B displayed a significant 19.1% reductiorligi: performance
compared to SW control conditions. Similarly, all juverilg: values were significantly
reduced after 24 and 48embryonic exposures to 5% FPS¥ and FPAS fractions
compared to control and SW control conditions, with signifiddyt reductions of 18.4
and 22.4% occurring in 5% FR®F and FP\AS exposed fish for 4B, respectively.
Greatest decreases to swimming performances were obsetvyggk analyses, where all
FPW:SF and FPWAS fraction exposures displayed significantly redudeek values

compared to both control and SW control conditionsyfe®-3).

6.3.3RMR, AMR, and F-rtAC

Acute, embryonic exposures to FPW fractions significantly reduced metabolic
capacities of juvenile zebrafish (liges6-4, 6-5). Regardless of embryonic exposure
regiment, juvenile zebrafish RMR did not change significantly betweatment groups
(Figure6-4A). However, mirrorindJmaxresults, embryonic exposures to both F8®and
FPW:S fractions in all treatment conditions significantly reduced AMRS in juvenile
zebrafish compared to control water treatmentsui€i§-4B). Furthemore, embryos
exposed to 5% FPW8 fractions for 24 displayed a significantly reduced AMR of 48%
compared to 5% SW control exposed embryos fan.4Bonsequently,-RAC in juvenile
fish after FPWSF and FPAS fraction acute exposures were also signifigareduced
compared to controls (Rige 6-5). Although significantly reduced-EAC values were
observed in FPWSF and FP\AS embryonically exposed fish at 2.5% dilutions fortd8
exposures compared to freshwater controls (44% and 41% reductions, re$pectiv
greatest reductions of approximately 50% were observed for all&PAhd FP\AS

fraction exposures at 5% compared to freshwater control conditionar€Bi).
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6.4 DISCUSSION

The present study attributes embryonic exposure to FPW witketudd
physiological performance measurements in later life fish stages, as measured by swim
performance and aerobic scope in juvenile zebrafish. Following our previous study which
associated embryone@ardiorespiratorytoxicity to organics present in FP{Holkerts et
al., 2017a) it was hypothesized that the cardiorespiratory responses observed in developing
embryos (e.g. pericardial edema, reduced embryonic metabolic rate, alterations in cardiac
related gene expression) would persist and affect juvenile fish formsbyheeducing
swimming performance and aerobic capacity. Organics, such as PAHs and dioxins, are
well-documented cardiovascular toxins, producing specific pathologies such as arrhythmia,
alteredcardiomyocytdunctioning, and cardiovascular deformiti@ette et al., 2014;
Incardona et al., 2009Chemical characterization of our FPW sanfple et al., 20173,
2017b)has identified the presence of many organic contansramntotential toxicological
concern, including many priority PAHs (such as phenanthrene, anthracene, and chrysene
among others). Therefore, it is hypothesized that organics may be the primary chemical
fraction responsible for much of the slébhal resposes observed to date.

During FPW exposure, we have demonstrated a reduction in total oxygen
consumption. This may either be due to a restriction in acquisition of oxygen by the
embryo, an induced metabolic depresgiBappy and Withers, 1999 a combination of
the two processes. It is known that FPW has constituents, including polymers and
sediments, known to associate with therion, potentially increasing the lnadary layer
and impeding oxygen acquisitigHe et al., 2017aMetabolic depression has been shown
to induce a variety of pathologies in fish, including regtligrowth rates, inhibited
movement and activity, and cellular effects related to ion andasd regulatiofGuppy
and Withers, 1999; Storey and Storey02)p Similarly, hypoxiahas also been shown to
induceischemiaand cellular damage in an array of tissues, notably cardiovascular tissues
(Chi and Karliner, 2004)As a result, organ development and functioning in mature fish
after hypoxic events experienced as embryos may be altered, producing deleterious effects
on metabolic capacitiesd fish fithess, as observed by adult zebrafish swim performances

after exposure to hypoxic conditions as embiwalmer et al., 2006)
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Of the hypoxia transcript markers analyzed in the present
study,erythropoietin EPO, subunit alphapog alone was significantly upegulated in
zebrafish embryos exposed to FPW fractionsyf@@-1). EPO is a hormone primarily
responsible foerythropoiesisind red blood cell (RBC) formatiqiren et al., 2001 )ard
Is often used as an index for measuring hypoxic responses in orgéDsngse et al.,

2010; El Hasnaotbaadani et al., 2009; Jelkmann, 1992; Lai, 2006)he present study,

both FPWSF and FP\S fractions inducedpoaexpression at 5% dilutions, but not the

SW control, suggesting organiasd other constituents in FPW may be responsible for
apparent hypoxic responses. Although primarily reported in airborne exposure studies,
organics and different PAHs have been shown to induce hypoxia markers, such as EPO and
hypoxiainducible factor (HIf expressiorfH. J. Kim et al., 2016; Mavrofrydi et al., 2016;
Songetal,2013) However, it is important to note
pathways and physiological roles, such as tissue protective functions (specifically neuro

and cardioprotective rolgsenhancement of immune responses;iaffaimmatory effects,
andangiogenesigductive rolegBurger et al., 2006; Katz et al., 2007; Kertesz et al.,

2004; Lifshitz et al., 2010; Mitsuma et al., 2006; Wang et al., 200%refore, up
regulatedepoaexpression in the absence of other hypoxia related gene markers after FPW
SF or FPWS fraction exposure may be in response to one or more of the-siaded
physiological mechanisms, and not in response to hypoxia experienced by embryos after
FPW exposure. Fther study is clearly needed to fully understand the dynamics and effects
of EPO regulation, and delineate the interplay of ER€liated responses after FPW

exposure.

It is theorized critical periods during development make embryos extremely
susceptibled both anthropogenic and environmental disturbances relative to adult fish
(Woltering, 1984) Xenobiotic exposures may potentially cause negative latent effects on
fish fitness after initial acute embryonic FPW exposure. Swimming performance is a
commonly used fitness index to measure organismal responses aftaurexjpovarying
environmental perturbations due to its integration of many physiological pro¢Bssts
1971; MacNutt et al., 2004; Scott and Sloman, 2004; Wicks et al., Z@@2ently, we
employed repedicit analyses to observe changes in juvenile zebrafish fithess following

embryonic FPW exposure. Repéhti: analyses, where twauccessivé)q i tests are
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performed with a short recovery period (measuring the ability of fish to recover from
exhaustive activities), are reported to be a more sensitive marker of fish fitness than
singleUcrit analysegJain et al., 1998; McKenzie et al., 200/airing this secondcii,

repeat performance measure wstiortened water velocitstep times can also be viewed as
aUnmaxexercise test, where dynamics of fish swimming limits can be more thoroughly
investigated. UnlikéJrit analyses where fish employ red muscle aerobic catabolism of
energy (e.g. triglyceride$p power swimming behaviour, swim tests which employ shorter
swim velocityst eps or -l hdeocesfwbmmsnhg behaviour mea
promote white muscle activity to anaerobically consume glycogen reserves to power
swimming(Hammer, 1995; Moyes and West, 1995ur Umaxperformance tests, therefore,
measured how embryonic FPW exposures may have influenced and adféettexdlife
stage fishodés ability to recover from strenu
larger amount of anaerobic white muscle to power swimming. PAHs and other organic
compounds (dioxins, phenols, etc.) have been shown to reduce swimmaarde in fish
exposed as both embryos/larvae and adqutisas et al., 2016; Mager et al., 2014; Marit
and Weber, 2012, 2011; Stieglitz et al., 2016; Yu et al., 2088)ough quantitative
compositional PAH analysis of our FPW samiie et al., 2017a, 2017byvealed a
relatively low PAH exposure stress compared to other crude oil and petroleusuexpo
studieg(Holth et al.,2014; Mager et al., 2014juvenile zebrafish acutely exposed as
embryos to 5% FPVBF and FP\AS fractions had significantly

reducedJqit andUmax Values compared to both freshwater and salt control conditions
(Figures6-2 and6-3). These reduced swinegdormance observations suggest organics in
our FPW sample may be responsible for decreased swim performance. Furthermore, all
2.5% FPWSF and FPAS fraction embryonically exposed juvenile fish displayed
significantly reducedJmaxvalues compared twontrol and SW control treatments (&ig

6-4). This differs fromUcrit results, confirming that our repeat swim performance analyses
combined with shortened swim step increments are a more sensitive swim performance
assay for measuring fish fithess afeposure to xenobiotics. In the present

study,Ucit values observed in control fish (14.7 BL/s) are greater than those observed in
other studies using adult zebraf{§ihomas et al., 20133.5 BL/s andrhomas and Janz,

2011, 9 BL/s). However, differences in fish ageclimationperiods, andJcit protocols
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could have all contributed to largeki: values observed in the presstudy, as differences
in both fish biology/maintenance and swim test parameters have been shown to alter
swimming performance ibcit analyses (reviewed iHammer, 1995)

Due to the diversity of physiological processes associated with swimming behavior,
physiological and cellular mechanisms behind petroleslated contaminant induced
effects on swim performance can be cumsbete to elucidate. Fish swim performance is
potentially affected by several physiological and behavioral mechanisms, such as
alterations to swim @handling (cardiac focused effects), recruitment of glycolytic
energetic processes, and fish swim tunnel gdaspeed establishment (lateral line and
neuronal focused effect@fFarrell, 2007; McDonnell and Chapman, 2016; Thomas et al.,
2013) Previously observed developmental defects and changes to transcript expression in
developing zebrafish embryos aftd?\W exposuréFolkerts et al., 2017auggested a
cardiorespiratory associated toxicity to FPW exposure. Thus, it is hypothesized
cardiovascular ®handling, measured presently agt/&C, may be a key organismal
process affected by organic exposure in our FPpt&a Changes to aerobic capacity may
be caused by a limiting stress on fishikihetics (uptake and/or delivery) to reduce AMR,
or increased loading stress of metabolic processes resulting in heightene(BRMR
1958; Wilson et al., 1994)-PW embryonic exposures did not significantly change RMRs
in juvenile zebrafish (Figre 6-4A). However, exposure to FR®F and FPAS fractions
significantly reduced AMRs in juvenile zebrafish (&ig6-4), subsequently reducing
aerobic scopes in FPABF and FP\AS fraction exposed fish (Rige 6-5). After embryonic
exposure to Alaska North Slope crude oil, PAHs were attributed to batiges in
ventricular shape in developing zebrafish larvae and decreased swim performance in adult
fish (Hicken et al., 2011)Although swimming respiration was n&corded in these adult
fish, results from other mutational defect studies support the notion that cardiac form is
tightly associated to function, with cardiac structure mutants experiencing hindered cardiac
performancgGlickman and Yelon, 2002As mentioned previously, expa® to PAHs
and other otrelated contaminants has been shown to alter cardiac form and physiological
functioning 1T pathologically manifested as
of certain cells/tissue types in exposed {Brette et al., 2014; Edmunds et al., 2015;
Incardona et al., 2009, 2004; Stieglitz et al., 200@respodingly, studies exposing fish
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to crude oil contaminants, in addition to other toxicants such as metals, have associated
swim performance changes to either increases in SMR or decreases in AMR, ultimately
reducing aerobic capacity and/or increasing costtamisport(Mager et al., 2014; Mager

and Grosell, 2011; Massé et al., 2013; Stieglitz et al., 2016; Thomas et a).,Q043

results agree with these previous studies which correlate organic contaminant exposure
with reduced swimming metabolic capacities and swimming performance in exposed fish.
Furthermore, significant AMR reductions in FPS¥ and FPWAS fraction embrgnically
exposed juveniles indicates a limiting oxygen uptake/transport stress occurs in FPW
exposed fish, implicating the careiespiratory system as a toxicological endpoint when
investigating FPW toxicity. This would agree with our previous embrydoatysand other
crude oil exposure studi¢Bolkerts et al., 2017a; Hicken et al., 2011; Incardona et al.,
2015)

6.5 CONCLUSIONS

Organisms inhabiting ecosystems affected by Ff@vwtamination may be exposed
to a wide variety of chemicals and potential toxicants. The mechanisms and physiological
processes in organisms affected after FPW exposure is only beginning to be explored, and
research on lonterm implication of FPW exposuig needed. This is the first known
observation of persistent toxic effects associated t&-PI¥ exposure in an aquatic model
system. Embryonic/larval toxicity, in addition to persistent physiological effects, may have
serious repercussions on populatienruitment and structure dynamics, as seen in pink
salmon Oncorhynchus gorbuschaopulations after the 1989 Exxon Valdez oil release
(Heintz et al., 2000; Heintz, 20QArevious studies have identifiedluctive
developmental morphometric deformity potentials, while subsequent gene expression
analyses revealed that the cartispiratory system may be affected following FPW
exposure in developing zebrafi@folkerts et al., 2017a)nterestingly, observations of
suppressed metabolic rates in both embryonic/larval fish immediately following FPW
fraction exposure termination, and in larvae removed from FPW exposure who continued
to develop(Folkerts et al., 2017a3uggest that sulethal toxic effects experienced by
deweloping fish exposed to FPW may persist and potentially have chronic, lasting effects

into later life stages.
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Although fish overall make great cardiotox models, some fish experience greater
aerobic stress and challenges during their life cycles over fighewvhich exhibit more
sedentary and inactive behaviour. The need for a fish to be athletic and develop more
robust aerobic physiology can be driven by numerous factors including prpdeyor
dynamics, spawning behaviours, and migration rofitgde and Finger, 1990; Scott and
Sloman, 2004)it follows then that fish with heightened aerobic requirements may be more
sensitive to impairments and alterations to their carelgpiratory physiological
functioning. One such familial grouping of athletic fish which comprise such aerobic
lifestyles ae the salmonidsSalmonidag- of which thespeciesainbow trout
(Oncorhynchus mykisss a member of. Conveniently, rainbow trout also have a historical
habitat range in North America which overlaps with many regions which are experiencing
intensifyinghydraulic fracturing activityfAlessi et al., 2017; Kondash et al., 2018;
MacCrimmon, 1971)Thus, tlis fish speciess an ecologically relevamcotoxicological
model for investigating FPW toxicitin freshwater fish and may provide more useful
results/data for regulators and policy makers governing fracturing activity and FPW
management in such areas. These aspects, compounded with the fact that the rainbow trout
is also a commonly used experimergpécies, naturally advocate for future investigations

into the effects of FPW exposure fish cardiorespiratory development and physiology.
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Table 6 1. Gene specific primer sequences used for quantitegadetimePCRand
analysis of transcript expression.

Target Abbreviatio Pri mer Sei@wg nc Annealing Accession#
n Temp.
(°C)
Glyceraldehyde  gapdh F: GTAGATGTGACCCCTTTGCTGTT 60 NM_001115114
3-Phosphate R: CAGGCACGTGGTGCAAAC 1
Dehydrogenase
Embryonic hbbel.1 F: GGCCGCTTTCCAGAAATTC 60 NM_198073.2
Hemoglobin R: CTCTCTGTCTGTATTTAGTGGTACTGTCTTC
Beta 1.1
Erythropoietin epoa F: CGACAGGGTGTCAGCTGATAAA 60 NM_001038009
apha R: TAATAGTCCATATCCTGCCTCCTGATA 9
Hypoxia hiflaa F: CAGAGAAAAAGGTCCGCAAAA 60 NM_001308559
Inducible Factor R: ATAACCGACTTGCAACATTGGA 1
laa
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Figure 6- 1. Relative mMRNA abundance of (A) embryonic hemoglobin betahbbgl.],
(B) erythropoietina (epog, and (C)hypoxiainducible factorlaa hiflag) in zebrafish
embryos (24 hpf) acutely exposed to 24 oh#A8ontrol, salt control (SW), sedimeinee
(FPW-SF), and raw/sediment containing (FF8)/hydraulic fracturing flowback and

produced water (FPW) fractions at 2.5% or 5% dilutions. Transcripdaimge was
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determined by quantitativealtime PCRusi ng t he o@pCT met hod. 6 r
treatment condition were performed to obtain results. Data are presented asS$En

Two-way ANOVAs using FPW fractions and FPW fraction concentration asriaeat each
exposure duration followed by Holm 1 Sidak
significant changes (g 0.05) of transcript abundances in zebrafish embryos. Significant
differences are denoted by differing letters.

20+ '
. @B Control
v 3 SW24 Hr
:@15- 2 ?:ab : 2 1 2 SW 48 Hr
- bcbcbcc; NEK @Em FPW-SF 24 Hr
= NEA&As B INBS BN FPW-SF 48 Hr
S 104 \ : N 3 FPW-S 24 Hr
= 10 § ' §
§ : § RS FPW-S 48 Hr
\ 1 BN
5_ ]
& &
<5\\§ é\\&‘
Gg\c G;\o

Figure 6- 2. Juvenile zebrafish (60 dpf) swimming performance measured by critical
swimming speedUcrit) in body lengths per second (BL/s) after 24 ohd&cute

embryonic exposures to control, salt control (SW), sediffreet(FPWSF), and

raw/sediment containing (FP\®) hydraulic fracturing flowback and produced water

(FPW) fractions at 2.5% or 5% dilutions. Replicates of 6 fish per treatment condition were
used to obtain results. Data are represented as#reBM. Twoway ANOVAS using

FPWf ractions and exposure durations as factoc
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were performed to determine significant changes Qp05) to swimming performances of
juvenile fish after embryonic FPW fraction exposures at each dilution. Significant

differences are denoted by differing letters.

Figure 6- 3. Juvenile zebrafish (60 dpf) swimming performance measured by repeat

maximal swimming speedJqay in body lengths per second (BL/s) after 24 ohd@&cute
embryonicexposures to control, salt control (SW), sedirfest (FPWSF), and

raw/sediment containing (FP\®) hydraulic fracturing flowback and produced water

(FPW) fractions at 2.5% or 5% dilutions. Replicates of 6 fish per treatment condition were

used to obtaimesults. Data are represented as mieS&EM. Twoway ANOVAS using

FPW fractions and exposure durations as fac
were performed to determine significant changes Qp05) to swimming performances of

juvenile fishafter embryonic FPW fraction exposures at each dilution. Significant

differences are denoted by differing letters.
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