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Abstract

The increased development ohaonventional resources recovery hdimmatically
changed thglobal energy landscapever the pastwo decadesHydraulic fracturing combined
with horizontal drilling a key technology in recovering these resounaggjires large freshwater
volumes to facturethelow-permeabity shale formationthat host the hydrocarbarBiofouling,
biocorrosion, and biodegradatiocaused by persistenticrobial communities in the fractured
subsurfacemay influence thefficiency and costs of oil and gas recovdgllowing fracturing
return fluid, referred to here 8swback and produced watéfPW),returrs to the surfaceFPW
may cause contamination of the environment when surface spills occur. Microbial communities
are basic units of ecosystems and drive Viljual biogeochemical cycling in the environment.
However, knowledge of the effects BPW on freshwater and soil microbial communities is
limited. This thesisaims to answer scientific questioaboutthe influence of FPW to soil and
water microbial ecobgy, in order toenhanceour understanding of th@mpacts of microbial

communities to downhole production and microbial ecology in environments impacted by FPW.

Chapter One, the introductiongives ageneral background dhe hydraulic fracturing
water cyte of unconventional oil and gas recovery. | introduce the major environmental and
production issues related #PW, the importance of understanding the microbial ecology for

optimizing these environmental and production issues, and higgtighturrenknowledge gap

Chapter Two couples 16S rRNA gene sequencing and live/dead cell viability to assess
freshwater community changes in simulak\WV spills by volume percent from 0.05% to 50%.
In this study, three distinct patterns of microbial communitytskere identified(1) indigenous

freshwater genera remained dominant, (2) potential degrafleygyanic compounds in FPW



became dominangnd(3) no significant change in the relative abundance of taxa was observed.
Live cells were quicklykilled by exposure td 0% FPW and abovebut cell counts recovered in
the following days. The findings demonstrated that microbial taxa are effective fintgerfor

detectingFPW derivedollution sources and severity.

In Chapter Three, | conducted metagenomics and respiration analyses on luvisol and
chernozem soil microbial communities exposed se@es ofdiluted FPW samples Our study
showed that the lusol soil was more vulnerable than the chernozem soil in terms of loss of
biodiversity and lower respiration activity However, with increasing FPW exposure
concentrationsdifferences in incubation trajectories (esgspiration activity converged as ¢
microbial communities increasingly shifted towahkdarinobacterspp. andhadincreased gene
abundance related to degradation and tolerance of-&&i¥ed chemicals in the luvisol. In
contrast, shifts in community composition and functional capacity weteevident in the
chernozem soil. This study provides the first evidence that soil microbiota canthehift
community structure and functional capacity to maintain soil funstioerhigh FPW-induced

stress.

Chapter Four is aninvestigaton of genomeconsistency i-PW across unconventional
oil and gas formations in Canada, China, and the United States. This study revealed two
taxonomi@lly and functiondy distinct fractured shale microbial communities: a low diversity
community in higher sality produced fluids of the North American Basideminated by
halophilesand a higkr diversity community in the lower salty produced fluids of the Sichuan
Basin of China Fermentation, sulfidogenesis, and methanogerasisore functionsthat are
conserved acrosdl basins while microbial communities in thEPW derived from the Sichuan

Basin were showrto havemore diversemetabolic pathways thapotentially lead to sulfide



generation and methanogenesis. Our study suggests that despitiécdsalmity differences and
microbial communities between different shales, microbial processes important for elemental

cycling in the subsurface are similar globally.

Chapter Five summarize the main findings of my dissertation of three independent
studies into concise conclusign&lentifiesresearch limitationand gapsand suggestduture

directionsfor research



Preface

This dissertation consisof three research articles and a review article, is the cumulative
efforts of my Ph. D. research bew®we 2017 to 2020 focused on understanding the microbial
ecology of energy recovery and environmental questions closely related to unconventional
hydraulic fracturingFPW. | was involved in all aspects of the research from designing of the
project to data dtection, analysis and interpretation, and manuscript drafting. All the research

projects were supervised by Dr. Daniel S. Alessi and Dr. Brian D. Lanoil.
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Chapter Two has been published FEMS Microbiology Ecology, Volume 96, Issue 5,
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of hydraulic fracturing flowback and produced wateith coauthors Camilla L. Nesbg, Greg G.
Goss, Brian D. Lanoil, and Daniel S. Alessi. Camilla L. Nesbg provided suppotieon
bioinformatics data processing and interpretation. Greg G. Goss, B. Lanoil, and Daniel S.
Alessi supportedhe experimentalcosts designof experimentsfacilitated equipment useand

assisted witllata interpretatioand editing of the manuscript

Chapter Threeis amanuscriptin preparationwith coauthors, Kortantin von Gunten,

Camilla L. Nesbg, Yifeng Zhang, Xiaoging Shao, Rong Jin, Kurt O. Konhauser, Greg G. Goss,
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data processing and interpretation. Yifeng Zhang supgtre chemical analyseandRong Jin
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Konhauser, Greg G. Goss, Brianllanoil, and Daniel S. Alessi supportieexperimentatosts
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corresponded biosamples (jittered) showing they-ambered the elevated salinity in time series,
representing the stable shale microbiomélate stage of the extraction process (Supplementary
ltem 1) . Nfeed represents samples used for 16S
samples used for metagenomic analyses and have paired 16S rRNA gene data. Each biosample

has corresponding salty data with exception of three (Utica) input samples without measurement.

Figure 4.2Metanalyses of diversity and taxonomy of the microbial community matrices
between China and North American shale basins. Microbial community diversity (measured as
Shannon Diversity) between four studied shales versus and the diversity changes in increased
salinity, (B)PCoA analysisBray-Curtis distanceshowing taxonomic similarity between Sichuan,
Utica, Marcellus, and Duvernay sampl&amples collected from Sichuan Basin and Duvernay
were obtained by 16S rRNA gene amplicon sequencing with excepheleld samples from
collected from Utica and Marcellus were obtained by extracts 16S rRNA gene from metagenome.

Time post initial flowback were represented by color from dark blue to light yellow....... 89
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Figure 4.3Figure 3A broadscale overview of the predicted functional capacities between
Sichuan and\ppalachiarBasins. The relative abundance of the studied KEGG modules related to
sulfur cycling, salt tolerance, biofilm formation, sporulation, and methane production. The PCoA
ordination of KEGG pathway based on KO between the Marcellus, Utica, and Sichuan Basin
shales, circles are 95% intervals. Abundance of key genes involved iresetfating (IsrAB),
thiosulfatereducing €dl), and methanogenesisi¢r) were shown to support the major finding of

the DrO@ESCAIE OVEIVIBWV.. .. cn et reeme e 93

Figure 4.4Phylogeny and predicted functional capacities of shale metageamssambled
genomes. Maximum likelihood phylogenetic tree calculated using FastTre v.2.1.11 with FastTree
support values showing the relationships between metigh quality MAGs from produsd
fluids, with purple, green, and yellow colors denoting shale source. The green circles are manually
refined MAG with <100 contigs. The heatmap denotes the complete (%) of major functional
modules and the presence and absence of the genes relatetlbgendsis and methanogenesi
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1. Chapter One: General Introduction *

1.1. Overview

Advancements in directional drilling and mestage hydraulic fracturing (HF) has
unlocked vast hydrocarbon resources from unconventional reser(fegare 1.1) (U.S.
Environmental Protection Agency 2016&Yhile the replacement of coal witkatural gasNG)
from unconventional resources may improve air quality and lead to reductions in greenhouse gas
emissiongNewell and Raimi 2014; Songt al. 2015) HF poses environmental challenges. For
example, HF operations in th&S. typically require 280 &{10" percentile) to 23,000 #f90"
percentile) of fracturing fluid, consisting mostly of water sourced from surface water or
groundwater, to fracture low permeability formations such as shHalgs. Environmental
Protection Agency 2016)\fter HF, 10% to 100% of the total injected volume (TIV) of fracturing
fluid returns to the surface as flowback and produced water (F8Wgory, Vidic and Dzombak
2011; Rivardet al. 2014; Alessiet al. 2017) which contains constituents of the fracturing fluid
and their degradation produdtSun et al. 2019a) hydrocarbons indigenous to the formation,
reservoir rock constituents that are dissolved/reacted with the fracturing fluid, and formation water

that often has elevated salin{ty.S. Environmental Protection Agency 2016)

! This Chapter is revised from a submitted critical review manuscript to Environmental Science &
Technology (following a successful peeviewed proposal to write the papddeyi Hou, Ashkan

Zolfaghari, Greg G. Goss, Brian D. Lanoil, Joel Gehman, Danig¥ CT'sang, Daniel S. Alessi



Legend
Bl Assessed basins with resource
estimate

Assessed basins without resource
estimate

Figurel.1 Global map of major shale basins, adopted from a previous (&p8rtEnergy

Information Administration 2013)

A previous reporin 2016 notes that the HF water cycle includes: (1) water withdrawals to
make fracturing fluids, (2) the ming of water with proppant and chemical additives, and injection
of fracturing fluids to fracture target lopermealdity oil and gas formations, and (3) the collection
and disposal or reuse of FPW.S. Environmental Protection Agencyl®). Concerns related to
the sustainability of the HF water cycle include egeploitation of water resourcéslou, Luo
and AlTabbaa 2012; Vidiet al. 2013; Vengostlet al. 2014) contamination of regional water
resources and sdiidic et al.2013; Vengoslet al.2014; Folkerts, Blewett and Goss 2024h)d
other environmental problems such as land(M&gic et al.2013; Guoet al. 2020) air pollution
and noise during HF operatiof&lishouseet al.2019) increased traffic accident ratéSraham
et al.2015; Allshouset al.2019) andinducedseismicity (Figure ) (Atkinson and Eaton ZD).

In North America, concerns related to HF have given rise to movies sushséendand The

Promised Landas well as periods of activism and pro{@4dsi et al. 2015; Mazur 2016)Some



North America jursdictions have imposed bans or moratoria on(Biékshin 2016 Arnold and
Long20199and there have been concerns more gener g
operate(Gehmanet al. 2016; Gehman, Lefsrud and Fast 20149 one response, the industry
introduced FracFocus, first as a voluntary effort, but now mandatory in many North America

jurisdictions(Konschnik and Dayalu 2016; Avidan, Etzion and Gehman 2019)

Low permeability formations

Figurel.2 Core components of the hydraulic fracturing (HF) water cycle, including water
withdrawal (1,2), chemical mixing and fracturing fluid injection (3), flowback and produced water

(FPW) generation and handling (4,5), common FPW management methbtls &hd ptential



future directions (12). Major environmental risks associated with each component identified in this

review are also presented.

In the research for mglissertation | studed the microbial ecologynd geochemistrpf
soils and water impacted liye HF water cycle, with focuses on thesitu microbial ecologyand
geochemistryin the fractured subsurface asdil and aquatienicrobial ecologyunder FPW
induced changes inchemistry To provide contextfor my dissertationresearch,studies on
hydraulc fracturing water withdrawal and FPW generatiare reviewed; chemical and
microbiological characterization of FP&Yereviewed;andFPW contaminatioandtoxicity to the

environmentarereviewed concludingwith adiscussiorof FPW effectdo microbial communities.

1.2. Water Consumption

1.2.1.HF Water Use Per Well

The water use per HF well major unconventional playig@ North Americais between
1,300- 23,800 ni (medianvalue) including the Barnett, Eagle Ford, Fagetlle, Haynesville,
Marcellus, Woodford, Niobrara, Bakken, Permian Format{&mmdash and Vengosh 201and
betweers,000 ni- 10,400 ni(average valu@ Alberta and British Columbia, respectiviiy the
Montney Formation(Alessi et al. 2017) Recent evidenceshows that water use per welh
emerging shale gas plays suettte Weiyuan and Fulingn China(median: 30,300 34,000 r,
average: 30,20034,800 m) are higher than fddorth AmericaHF wells(Zou et al.2018; Shiet
al. 2020) Consistently, higher water use per HF has been reported for other unconventional plays
in in China, includingthe Junggar Basin (70,4003n Ordos Basin (37,300 ¥ and Bohai Bay

Basin (34,300 rf) (Songet al.2020)



1.2.2.RegionalWater Quantity Impacts

Challenges in sourcing water for HF operations in wshert regions coupled with large
water consumption per HF well may limit the pace of unenmtional developmerfMauteret al.
2014) For examplewater usdor shalegas productiorn Texas isoncentrated iseveratounties,
accounting foD80% of total water consumed in 200&cot and Scanlon 2012n China, lasins
with unconventional resources in northern Chieg.(the Junggar, Tuha, and Tarim Basins) are
located in ad regions (precipitation <200 mm per yeéPiaoet al. 2010) Implementing HF
operations is projected to cause considerable water stress in certain regions of the Tarim and
Junggar BasinfGuoet al.2016) Although the Sichuan Basin has relatively more water resources
than other unconventional basins in China and is more developed at present, sourcing water for
HF operations is @llenging in counties such as the Yubei, Beibei, and Suining digiictpnick,
Wang and Wang 2014; Yet al. 2016) In arid regions, regulatory and policy decisions such as
restricting the allocations of water resources for water users or banning of the use of municipal
water for HF operationare essential measures to overcome the challenges in distributing limited
water resources among different secidteot and Scanlon 2012; Rivaal al. 2014; Cook and
Webber 2016) Similar regulatory practices may be helpful for areas projected to have water
shortages in China with active HF operati¢@sio et al. 2016; Yuet al. 2016) For instance, in
North America, jurisditons have implemented both voluntary and mandatory measures in order
to reduce freshwater consumption and spur water recycling and katseet al.2017; Hill et al.

2019)

Current studies suggest tHdE will not be a major water user wheompared to other
users(Nicot and Scanlon 2012)n an early study published in 2012, water use for shale gas

production was <1%, whereas irrigation and municipal consisted of 56% and 26%, respectively in



Texas(Nicot and Scanlon 2012More broadly, annual waterse for HF operations in the U.S.
contributed to 0.04% of the total freshwater use between 2012 andK@®idash and Vengosh
2015) A more recent report showed thiaat approximately 1:12%of the total water (1.12 billion

m°) was allocated to the energy sedto”018 and 14% of that water was specifically allocated

to HF; actual consumption was far less (<20%) than the assigned allo@atienta Enegy
Regulator 2019)Projections using current HF water use data from the Sichuan Basin (2000 m
i 30,000 ni per well) show that shale gas development may requi@028illion m® per year for

HF operations in China from 202826, which is relativelgmall compared with the projected 36
billion m® domestic annual water uéu et al.2016) Nevertheless, monitoring HF water dee

HF is important becauseater use for HF often leads to water that is permanently removed from
the surface hydrologic cycle compared to other water users such as irr{gaBoEnvironmental
Protection Agency 2016Within North America, several overlapping approaches provide such
data. For instance, many jurisdictions in both the U.S. and Canada require operators to report water
source and usage data via FracFd@&wsonoet al. 2019) Other regulators, such as AER and the
Pennsylvania Department of Environmental Protection additionally require such information to be
directly reportedHill et al. 2019) In turn,these data are compiled and made available via a

number of data provide(Scanloret al.2020)

1.3. FPW Management
1.3.1.VolumetricAnalysisof FPW
Estimating the volumes of FPW that return to the surface is essential for evaluation of the

required capeities for wastewater storage, treatment, disposal and recythegtorage of FPW

in certain regions could be challengingda to limited land availabilitye(g.,the Sichuan Basin,



China)where it is difficult to properly construct storage and treatment facifi@iaenet al.2011,
Tonglou and Hanrong 2014Fompared to water use estimates, regiscale estimates of FPW
volumes are also challenging as theuvoés of FPW reported vary significantly by TIV, shut
time, flowback time, and reservoir lithologghiet al.2020) This is evident in the large variances

in FPW volumes per HF well reported for major U.S. unconwveatiplays of 8,000 25,900 ni
(Kondash and Vengosh 201%)isewhere estimated to range from 1;1@0800 ni (Kondash,
Albright and Vengosh 2017)n Canada, an estimated 10,0025,000 mi FPW per HF well is
recovered from the Montney pl@plessiet al.2017) and approximately 50,0003per HF well
from the Duvernay playGosset al.2015) The reported FPW volumes generated from shale gas
wells in the Sichuan Basin are within a similar range (5;Z05000 i) as shale gas plays in the

U.S.(Kondash and Vengosh 2015; Zeual.2018)
1.3.2.ChemicalCharacterizatiomf FPW

Understanding the varyingompositions of FPW is key to assessing FPW risks to the
environment and the design proper wastewater treatment strafegiesy and Thurman 2015a,;
Sunet al. 2019b) The generalinorganicchemical constituents ofA% produced fronturrent
shale formatiosare similamaround the worldncludingelevatedormationderivedtotal dissolved
solidsrelative to freshwatefBarbotet al. 2013; Haluszczak, Rose and Kump 2013; Céifal.

2014; Wuet al.2017; Flynret al.2019; Zhonget al.2019) However, the overall salinity of FPW

from shale gas plays in China.g.,Weiyuan, Changning) is considerably lowerg,maximum

total dissolved solids (TDS) of reported samples are less than 50,000 mg/L) than the Marcellus
and Duvernay plays, in which salinity can be well over 100,000 (@puif et al.2014; Daiet al.

2015; Gueet al.2018; Zhonget al.2019; Wanget al.2020a) Metals such as vanadium, selenium,

and uranium are commonly reported in the compositional analyses of FPVWé&@mAmerica



unconventonal plays(Chermak and Schreiber 2014; Lauer, Harkness and Vengosh. 2016)
However, these elements have not been detected oteeor FPW from active unconventional
plays in China, despite recent evidence that shows, for example, uranium enrichment in rock
samples collected from shale gas wells drilled into the Wufemgmaxi Formation in the
Sichuan BasirfWanget al. 2020b) These earth rare elements may not be enriched in the fluids
due to short exposure times of the injected fluid to the formation (e.g., Qaidam FPW, < 7 days of

flowback).

In general, FPW lmelevated organic content compared to freshwater, whiicharily
consiss of a wide range of chemical additivésg.,surfactants and biocideapd hydrocarbons
(e.g., alkanes, aromatic hydrocarbon®rem et al. 2014; Thurmanet al. 2014; Ferrer and
Thurman 2015b; Lestaat al. 2015; U.S. Environmental Protection Agency 2016; Rosenlgium
al. 2017; Wanget al. 2020a) TOC changes rapidly as well flowback proceeds, such that TOC
concentrations may be far higher in early flowback than in later produced water, after chemicals
are diluted by formation watdZzhong et al. 2019) The dissolved organic fraction of FPW
contributes significant toxicity and it is analytically challenging to identify the organics profile
(Kahrilaset al. 2015; Kekacst al. 2015; Heet al. 2017a, 2018a)There are potential organic
tracers detected Morth Americaunconventional plays, such as biocideg(,glutaraldehyde and
alkyl dimethyl benzyl ammonium chlorideemulsifiers, stabilizers, and surfactants.g(,
triisopropanolaming(Kahrilaset al. 2016; Zhonget al. 2019) that have not yet been reported in
FPWfrom emerging shale gas playsGhina, though these compounds may not be present due to
the use of different chemical additives. Furthermore, chemical addigéxeg0lyacrylamide) can
be degraded and transformed at downhole condi{iiosg et al. 2018, 2020)which can result

in a series of organic transformation products in the KP&/et al. 2017a) These secondary



products are difficult to identify and may pose risks of increased toxicity as compared to the
injected compoundg¢Kabhrilas et al. 2015; Heet al. 2017a) Additionally, it is analytically
challenging to identify chemical additives and track potential transformation byproducts in highly
saline FPW. Recent advances in nontarget profiling allow for measurement of organic compounds
at higher resaition, providing the opportunity to identifpany ofthese transformation products

(Figure 13) (Sunet al.2019a)
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Figure 1.3 HPLC-Orbitrap MS total ion chromatograms of FFWéy1 generated from
Duvernay Formation, Canadaing (a) positive ionization, and (b) negative ionization. NL is the
normalized total ion abundancBox A: Pdyethylene glycol (PEG)Boxes B and CAEO-
carboxylatesBoxes D and EAlkyl ethoxylates (AEOs)Box F: Octylphenol ethoxylates (OPES)

Adopted froma previous studySunet al.2019a)



1.3.3.Microbiology

Analysis of FPW microbiology is critical to designing FPW treatment, reuse and recycling
strategies, and tanderstandingriogeochemical processes that occur downhole and in water
storage and treatment facilitigsarly studies of the microbiologgnd microbial ecologpf HF-

FPW, primarily from plays in théJ.S, are recent, with most appeariagnce 2010Microbes
within the taxa Proteobacteria, Clostridia, Synergistetes, Therma¢ogSpirochetesand
Bacteroidetes and Methanomicrobiawithin Archaea were detecteflom wastewater storage
impoundment$rom Marcellus shale gas plagdurali Mohanet al.2013b) Sulfidogenic bacteria
(e.g., Halanaerobium and methanogens.g., Methanohalophilus of lower abundance were
detected in FPW collected from separators in unconventional plays such as the Baroethys,
and Duvernay(Davis, Struchtemeyer and Elshahed 2012; Struchtemeyer and Elshahed 2012;
Stronget al. 2013; Wuchteeet al. 2013; Akobet al. 2015; Mousekt al. 2016) Enhandng our
understanding of microbial ecology in the subsurfpoevious studieshowed diverse freshwater
microbial communities shifted tdow diverse community of sulfidogenic Iacteria and
methanogens from early flowback to late stages of produced water under inckEaaisglinity
(Murali Mohanet al.2013a; Cluffet d. 2014) A previous studyghowed similar but relatively fast
changes in microbial communitpmpositionin FPW samples collected frotihhe Duvernay play
in Canada and suggested that FPW recycling may stimulate the enrichnieasufidogenic
bacteriasuch adHalanaerobium(Zhonget al.2019) However, highformationtemperaturesuch
asin theBakken Formation may natuhallimit the growth of microbe¢Gasparet al. 2016) To
date, the limited literature on microbiologyrom China HF sitesshows thatsulfidogenic

microorganismsare slightly enriched from the separator to the storage tanRichuan Basin
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unconventional playéZhanget al. 2017) Additionally, sulfatereducing and iron bacteria were

detected in FPW from the Tarim Basin through a culhased methofLiu et al.2017)

Two previous reviewsummarized the microbial communities that are prevalent in FPW
from U.S. unconventional play§igure 14), and noted their potential to cause well souring, the
clogging of pump systems, and degradation of chemical add{tBeesparet al.2014; Mouseet
al. 2016) To maximize well productivity ashreduce environmentahpactsand financialcosts
the reported growth of microbes in pipelines and water storage tanks suggests the reeskisre
the efficiency of biocide$Gasparet al. 2014; Zhanget al. 2017) The dilution of HF fluidby
formation water and degradation ebtides at downhole conditiomsay limit the performance of
biocides in restricting the activity of undesirable microorgani¢iahrilaset al. 2015, 2016;
Zhonget al.2019) Several past studies have focused on functional and cibiaisex metabolite
analyses of the key NAPW microbesHalanaerobiumand Methanohalophiluswhich further
confirmstheir functionalcapacitesfor sulfideand methanproduction(Mohanet al.2014; Liang
et al. 2016; Vikram, Lipus and Bibby 2016; Lipwt al. 2017) and degradation of chemical
additives(Evanset al.2019a) These microbes are halotoleramnEPW, for example,members of
Halanaerobium that have optimal growth at salinities 2f5 M (as NaQl (An, Shen and
Voordouw 2017; Bookeet al. 2017) Glycine betaine pathways are central pathways for the
Halanaerobiumand Methanohalophilugo survive in the fractured subsurface of high salinity
(Daly et al. 2016; Bortonet al. 2018b, 2018a)Besides, these microbes ceause then situ
degradtion of ethoxylate and glycol surfactan(Evanset al. 2019a) and build up adaptive
immunity to survive in FPWVikram, Lipus and Bibby 2014; Noa et al.2019) A more recent
study showed that the growth dfalanaerobiumis also closely associated with viessin the

fractured subsurfag®aly et al.2019) As noted, theumber of studies beyonkeU.S.is limited,

11



which haimpeded a comprehensive understanding of the microbiology and microbial ecology in

the fractured subsurface.

(A) (B)
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Figurel.4 Overview of theearly studiesn themicrobial communitycompositionsn FPW
generated from U.S. unconventional hydrocarbon pkgspted froma previous studyMouser

et d. 2016)

1.4. Environmental Contamination

1.4.1.SurfaceWater, Groundwateand Soil Contamination

FPW and other HF related materials such as drilling mud and fugitive gases may
contaminate environments. FPW spdrea welldocumentedssue thatnfluences the longerm
sustainability of the HF water cycle Morth America(Vidic et al. 2013; Vengoslet al. 2014;
United States Environmental Protection Agency 20lk6}he states of Pennsylvania, Colorado,
North Dakota, and New Mexi¢®,622 of the total 21,300 HF wells reported spills to waterways

and soils, and-26% of 31,481 HF wells in the four statesd a spill each yedetween 2005 and

12



2014 (Figure 15) (Maloney et al. 2017; Pattersomt al. 2017) FPW contamination has also

occurred in gpundwater neao relatively new shale gas playn China(Huanget al.2020)
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Mesauerde -'-;:"“ T -
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Dakot
B [?\\ .
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Glorieta-Yeso Tahile | @ Reported Spill e ye

*States at different scales

Figurel.5 Location ofunconventional oil and gagells and reported spilkn early study

in the U.S., adopted from previous studyPattersoret al.2017)

It is challenging to identify the sources, pathwaysl swil/water contamination caused by
shale developmenin theU.S, 37% of all HF wells simulated during 2014 are installed within 2
km of at least one recent (20@014) domestic groundwater wetksulting in drinking water
sources at risk of being affied by HF operationdasechko and Perrone 201\Kellbore failures
and the application of HF to formations with yasting natural fractures and faults may provide

pathways for contaminant transport from wellbores and reservoirs to shallow a@lafssoret
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al. 2013) For instance, a survey of 141 drinking water wells inAppalachiarBasin in the U.S.
showed that some \We were contaminated byrermally postmaturstray gases that match the
isotopic signature of gases from the Marcellus Formatiacksonet al. 2013) Another study
showed that Marcellus shale gas development caused NG and other hydrocarbon contaminants to
migrate laterally through kilometers of rock at shallow to intermedigiéhd to impact a drinking
water source in Pennsylvar{ldewellyn et al.2015) Similar cases of groundwater contamination
also occurred in Colorad&herwoodkt al. 2016) and possily in Quebec, Canaddoritz et al.

2015) Notably, strg gas contamination of groundwater may not be associated with shale
development albf the time (BarthrNaftilan, Sohng and Saiers 201&hemical and isotopic
compositions could be influenced by mixing, migration, and oxidation processes, making it
difficult to pinpoint the origin of the contaminatigMoritz et al. 2015) Compared to volatile
organic compounds, the probability of FPW contaminating shallow groundwater from the
subsurface is lofClark et al.2015) Routine monitoring and developing effective indicators such
as the measurement ofirbon isotopes of multiple gas hydrocarbddacksonet al. 2013;
TownsendSmall et al. 2015) and advanced detection instrumefitiewellyn et al. 2015) are

essential to mitigate these risks

1.4.2.FPWToxicity andEnvironmental Impacts

Constituents of FPW may pose toxicity toward organisms in groundwater, surface water,
and soil, and ultimately to human heglifaskeret al.2018) Thehigh salinity levelsn FPW may
suppress the activity of soil microbes, in contrast to orgasuch as polyacrylamide; soil sorption
may reducehe mobility of heavy metals such as As(V) a8d(V]) (Chenet al. 2016, 2017)A
wide range of metal ions, light hydrocarbons, organic matter, and radioactive materials have been

found in FPWcontaminagd water and sedimenidaluszczak, Rose and Kump 2013; Warster
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al. 2013; Laier, Harkness and Vengosh 2016; Cozzaetlél. 2017; Orenet al.2017; Shrestha

et al.2017; Taskeet al.2018; Prestoet al.2019) However, the environmental impacts may be
attenuatedhaturallyin aquatic environments with sufficient water flux.recent tweyear field

survey in the U.S. showed that shale development has had limited effects on stream biology and
geochemistryhighlighting the importance of conducting studittsat control for regional and

temporal variabilityMumford et al. 2020)

Contaminants in FPW have been shown to pose risksagystems even at large FPW
dilution factors.For examplea case study showed that heavy metals such as vanadiuil@l.7
pg/L) and selenium (1:172 pg/L) were enriched in surface water contaminated by FPW from the
Bakken play(Lauer, Harkness and Vengosh 2Q¥&juatic animals ifrequent contact witkuch
sedimentsnayingestmetals and hydrocarbons derived from FPW that bind to sediment particle
surfaceqSmallinget al. 2019) Organic compounds are also an important source of toxicity in
FPW and have contipated fates in nature. For examplelyzyclic aromatic hydrocarborfPAHS)
were observed to be bound to suspended sediments in FPW collected from the Duvernay play, and
these sediments were shown to be toxirdorafish embrys(He et al.2017a, 2018a)rherefore,
sediments in FPW, for example those collected during sedimentation for FPW recycling, need to
be adequately treatetb reduce potential toxicity in the event of a surface release. Other
compounds such asphenyl phosphatelso detected in FPW from the Duvernay, are mobile in
the soil matrix and may pose environmental riskadoatic ecosystem&.g.,96 hLC50 of

diphenyl phosphat®n zebrafish embryos twe 50.0 = 7.1 mg/)(Funket al.2019)

Laboratorybased experiments showed that exposure to FPW leads to reductions in the
growth, survival, anc&aibundance of aquatic animgldossacket al. 2018; Folkertset al. 2019;

Wang et al. 2019; Folkerts, Blewett and Goss 202Bpr example, depending on the FPW
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chemistry, raw samples have been shown to cause acute mortality (as measured by the lethal
concentration 50%, or LC50) at concentrations of 03986 (to zebrafish emboy (He et al.
2017a)and 11.6% (to juvenile rainbotrout) (Delompréet al.2019)in vertebrate aquatic species,

and approximately 4% in invertebrate aquatic species (to Lumbriculus varie@)a&ider et al.

2020) Furthermore, exposure to FPW concentrations as low as 0.04% has been shown to decrease
the rgoroductive potential of aquatic speciesy(,Daphnia magnaBlewettet al.2017a)and also

inhibit other functional performance metrice.d., zebrafish) (Folkerts et al. 2017a)
Morphological studies in fish have also determined that FPW dilutions as low as 2.5% may induce
certain developmental deformities such as pericardial edemasaolledema, and tail/spine
curvaturegin larval zebrafishFolkertset al. 2017b)with gill remodeling occurring in juvenile

and adult fish (irrainbowtrout) exposed to 2.598% solutions of FPWBIlewett et al. 2017b;
Delompréet al.2019) Altered expression of a myriad of genes, spanning key development genes
such aatp2a2atnnt2g andnkx2.5to specific detoxification genes suchcgpla udpgt andgst,

have also been recorded in numerous species exposed t§Heaftset al. 2017b; Heet al.

2017h, 2018h)reflecting thecomplex toxicological nature d&FPW. Many of these changes in

gene expression are believed to be associated to observations of decreased performance and
metabolism €.g.,organic toxicant metabolism), along with other previously mentioned sublethal

toxicities (Blewettet al.2017a; Folkertet al.2017b;He et al.2017b, 2018h)

Microorganisms are effective fingerprints of thmepacts of FPW on the environment
(Zhonget al. 2020) Exposure td=PW has also been showm lead to compositional shifts and
growth reduction in soil and aquatic microbial communiffdsob et al.2015; Kekac®t al.2015;
McLaughlin, Borch and Blotevogel 2016; Ulrigh al.2018; Zhonget al.2020) A previous study

showed reduced diversity and shifts in compositions of microbial communities in the downstream
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sediments near a wastewater disposal facility from an unconventional hydrocarbon development
region (Akob et al. 2016) A broader surveyshowed shifts in composition of microbial
communities in streams nearby HF sitethmMarcellus shale gas production redigirich et al.

2018) Laboratorybased studiekavealso shown that microbes are able to degrade-FHPR\

derived chemicals, and high salinity makibit thebiodegradatiorfficiency(Kekacset al.2015;
McLaughlin, Borch and Blotevogel 2016; Zhorg al. 2020) These studies imply that FPW
contamination may pose risko ecosystem functions, as microorganisms are the basic units of an
ecosystem and drive essential biogeochemical cydlifigle microbes are key ttheremediaion

of surfactand derived from FPW in natural attenuation proesgsleyobet al.2017) few studies

have investigated the functional potentials of thesgabies once exposed to FPW. Such studies
are needed to optimize bioremediation efforts and to understand natural attenuation in FPW
contaminated water and soil. Due to challenges in accessingdibddted FPW, many studies

have used synthetic brines tlaae chemically simple when compared to-«eatld FPW, and this
simplicity may impede an accurate understanding of the FPW effects to orgédimmget al.

2020)

1.5. Objectives

Understanding the microbiology and microbial ecology associated with FPW geochemistry
is vitally important as microbesay adversely impact operaticimsough detrimental effects such
as biocorrosion, biofoulingand degradation of HF checals. Conversely, microbemay also
generate methanén geologic formations,and remediate pollutantentroduced into the
environmenby FPW spills However, ouknowledge of the microbial ecology and geochemistry
in the hydraulically fractured subsurface, especially beyond the I3.&atherlimited. Ths

knowledge gap impedea full understanding of the biological effects (e.g., biofouling,
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biocorrosion, or métane production) foin situenergy recovery. Additionally, soil and aquatic
microbial ecology under reavorld FPW induced stress are poorly understood. géjgoses an

obstacle for assessing the risks of FPW to the surface environment in the cgsd.of a s

To address these gaps, this thgsisnarily focused on investigating (Xhe microbial
ecology and geochemistry in the deep hydraulically fractured subsurface from both NA and
Chinese basingnd(2) the impacts teurface aquatic and soil micrabcommunities under FPW

inducedchanges irgeochemistry.

The following hypothds wasmade with regards to microbial ecology in surface aquatic

and soil environments under FPMtuced stress (Chapters 2 and 3):

T Microbial community diversity, composition, and functional capacitiewater and soil
will be shifted upon exposure to FPWtheseshifts are sensitive to FPW exposure
concentrationsand the underlyingrpcesses are linked to organic compoursdeh as

chemical additivesand salinity derived from FPW.

For the comparative analyses aficrobial ecology and geochemistry in the fractured
subsurface between China and North Amef€haapter 4)the following hypotheses were made

due to theconsiderale differencesin salinity between the two regions

1 The microbial community diversity, composition, and functional capacities in FPW
produced from Chinads unconyv erontthosenidolth hy dr o

America.

1 These differencearerelated to the different environmental constraints (e.g., changes in

geochemistry)thatare inherent to the depositional history betweertwo regions.
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2. Chapter Two: Response of Aquatic Microbial Communities and Bioindicator Modelling

of Hydraulic Fractur ing Flowback And Produced Water?

2.1. Summary

The response of microbial communities to releases of hydraulic fracturing flowback and
produced water (PW) may influence ecosystem functionalities. However, knowledge of the effects
of PW spills on freshwatenicrobiota is limited. Here, we conducted two separate experiments:
16S rRNA gene sequencing combined with random forests modelling was used to assess
freshwater community changes in simulated PW spills by volume from 0.05% to 50%. In a
separate experimerive/dead cell viability in freshwater community was tested during exposure
to 10% volume PW. Three distinct patterns of microbial community shifts were identified: (i)
indigenous freshwater genera remained dominant in <2.5% PW 1, (ii) from 2.5% t&\5% P
potential PW organic degraders sucl?asudomonafheinheimergandBrevundimonabecame
dominant, and (iii) no significant change in the relative abundance of taxa was observed in >5%
PW 1. Microbial taxa including less abundant species suclCealvibrio were potential
bioindicators for the degree of contamination with PW. Additigndive cells were quickly

damaged by adding 10% PW, but cell counts recovered in the following days. Our study shows

2This Chapter has been published in FEMS Microbiology Ecology, Volume 96, Issue 5, May

2020, fiaa068:Cheng Zhong Camilla L. Nesbg, Greg G. Goss, Brian D. Lanoil, Daniel S. Alessi
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that the responses of freshwater microbiota vary by spill size, and these responses show promise

as effective fingerprints for PW spilils aquatic environments.

2.2. Introduction

The use of hydraulic fracturing to extract oil and gas from impermeable shale formations
has changed the global energy landscape and secured the-iedepndence of countries that
have historically imported aitge fraction of their fuel consumption to meet energy demands
(Vidic et al. 2013) Implicit in the rapid expansion of hydraulic fracturing is considerable water
use and disposal footpringBarbotet al. 2013; Vidicet al. 2013; Gagnoret al. 2016) A single
shale oil and gas well can consuf®7- 23.8 million litersof freshwater during the fracturing
process and subsequently may produe&®million liters of flowback and practed water (PW)
(Gosset al.2015; Kondash and Vengosh 2015; Aledtsal. 2017). Estimates of spill frequencies
and volumes vary widely depending on source; for exanappeevious studyeported the total
volume spilled was about 7,600°mith a median spill of 3.7 between 2005 and 2014 in the
USA (U.S. Environmental Protection Agency 201f)a study of 21,300 unceentional wells in
Pennsylvania, Colorado, North Dakota, and New Mexico, 6,622 reported spills from 2005 to 2014
(Maloneyet al.2017) Another study reported 26% of 31,481 shale oil and gas wells in Colorado,
New Mexico, North Dakota, and Pennsylvania laespill each year between 2005 and 2014, and
the largest spills exceeded 108 (Rattersoret al. 2017) In any case, spills are not umemon
and include a high frequency of small incidents along with several large spills péByaaatey
et al. 2014) Given the frequacy of PW surface releases to nearface environments, it is

important to understand potential impacts to surface water bodies, soils and aquifers.
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As shale oil and gas extraction by hydraulic fracturing involves both injected fluids and
components indignous to the target geologic formation, the geochemical composition of PW is
often complex, consisting of inorganic elements, petroleum compounds and residual chemical
additives(Engle, Cozzarelli and Smith 2014; Akebal.2015; Ferrer andAurman 2015b; Flynn
et al.2019) Furthermore, release of PW to surface water bodies and shallow aquifers may cause
detrimental effects to aquatic animals and drinking water sup(fekeret al. 2014; Blewettet
al. 2017b, 2017a; Cozzaredt al.2017; Folkert®t al.2017a; Heet al.2017b, 2018a; Orermt al.

2017; Hossacket al. 2018; Smallinget al. 2019; Wanget al. 2019; Prestoret al. 2019)
Understanding the effects of PW spills on the ecosystem microbiota is of environmental and
economic importance. Microorganisms are basic units of the food web aeddrgeochemical
processes in an ecosystéRrosselet al. 2007) For example, microbedegrade organic miat,
stabilisemetals and facilitatgreenhouse gas emissgdn the atmospherng&iddiqueet al. 2012)
Previous studies have shown that fracturing chemicals such as polyethylene glycols (PEGS),
isopropanol and petroleum hydrocarbons can be utilized by microorganisms in surface
environments based on the laboratory cultivation conditiohrgch et al.2009; Kekacet al.2015;
McLaughlin, Borch and Blotevogel 2016jowever, PW also coains constituents such as salts
and biocideswhich may restrict the growth of microorganis(hurali Mohanet al.2013a; Cluff

et al.2014; Akobet al.2015; Kahrilaget al.2015; Dalyet al.2016) Since the per PW spill volume

can vay from small (0.15 my fifth percentile) to larger scales (58% 95" percentile), we
hypothesisehe PW spill volume size is an essential factor in determining the spill impact on
microbial communities at PWontaminated sites, and may ultimately influence natural

biodegradation pathway®lthough microbial community shiftsare critical to assessintpe
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impacts of PW spills, there is currentignited knowledge of fundamental changes in microbial

community structures following PW spills into waterways.

In this study, we conducted laboratesiynulated latestage PW spills into fieldollected
river waer from a region of shale oil and gas development. The goals for this study were to (i)
determine the impact of differing concentrations of PW on composition and diversity in aquatic
microbiota and identify taxa that might be bioindicators of a PW sipilingestigate cell viability
kinetics under the influence of PW, and (iii) estimate the biodegradation potential of natural
aguatic communities toward organic constituents of the PW. Our study advances our
understanding of aquatic microbial communityp@sses in a wide range of spill sizes, while
providing fundamental knowledge to assess the fate of PW contaminants in surface releases of

variable sizes.

2.3 Methods

2.3.1Sample Preparation

The PW (PW 1) used to determine the impact of differing condemtsaof PW on
composition and diversity was collectedNovember 2016. The PW 1 sample returned to the
surface ab3 days after initial flowback commenced. The sampling locatiofwaghewater/gas
separator of a horizontally fracturedell (Well ID: 10012 30-063 21WS5) in the Duvernay
Formationlocated near Fox Creek, Alberta, Cangédppendix 1Figure S1). The details of the
site information and PW_1 collection and transportation methods were described in a previous
study (Zhonget al. 2019) The PW 1 sample was stored in sealed pails for 217 days until the
experiments began. The freshwater river sample was collected in June 2018 from the Smoky River,

which flows through the Duvernay shale oil and gas re@gippendix 1 Figure Sland is a
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significant source of water for the makeup of fracturing fluids. Smoky River freshwater was
collected in four 5 L sterile glass bottles without headspace, stored in an opaque box with ice, and
transported to the Universityf dlberta within 24 h. Experiments were conducted within 24 h of

the arrival of the freshwater sample.

Prior to this study, the threshold for observing changesmmunity composition due to
exposure to PW was uncledrhe primary goal of this research svéo capture dynamics
microbial community composition in freshwater under dfflects of PW. To do so, we mixed
aliguots of PW1 and SmokyRiver freshwater in sterile flasks to total volumes of 100 such
that PW 1 consisted of 0.05%, 0.25%, 0.5%,%.5%%, 25%and 50% of the total volume in the
sample series. Notably, vircluded mixing ratios such as 25% and 50%, which may béikess
to occur in the case of a spill because we aimed to investigatead range of concentrations to
enhance our umastandingof the effects of PW on microbial communitié¥e alsoaimed to
explore potentially extreme conditions. Pure SmBkyer freshwater and pure PW were used
as control groupsSterile controls were prepared by autoclaving the mixed sar(gfiedPW 1
and 25% PWa1) twice for 45 min at 12C and15 psi. Experimentaere conducted in duplicate
and all samplesvere loosely covered with aluminum foil and shaken at 70 gbrmoom
temperature for 7 days. Here, we used separate flaskefdrations corrggnding to each target
sampling day, in ordeo conduct sampling perturbing future samples. Each savgddiltered
through 0.22 em por e smembranbsyGErHegithtard LifecScignoek,y pr o
Ontario, Canadagt day 0, day 3 and day 7.&kampling scheme referencgs@vious study that
studied aerobic biodegradation of synthdtydraulic fracturing fluids mixed in the laboratory

(Kekacset al.2015) which itself conformed to th@ECD 301 method®ECD 1992¥or studying
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biodegradationThefiltered membranes were stored20C until DNA extractions. The filtered

fluids were stored at < for dissolved organic carbon (DOC) measurements.

2.3.2Cell Viability Tests

Cell viability tests were conducted to determine how cells ted®¥V as a function of time.
The live and dead cellsvere countedusing the Live/Dead BacLight Viability ki{Life
TechnologiesDntario, Canada). Due to the field sampling limitations, we wet@ble to obtain
sufficient sample volumes for both the molecwaalysis and cell viability tests. To address this
issue, weused a PW (PW2) for the cell viability tets that was as geochemicatiynilar to the
PW sample for molecular analygRW _1). PW 2 was collected from the same wellpad as RW
in September 2016. Cell counting was conducted within 24 h chtingle arrival. We mixed 10%
by volume of PW2 totwo additionalsources of freshwater (one sample is from a water storage
impoundment near the fractured well and the other is tt@North Saskatchewan River) and
monitored cell viability forl month (0, 1 h, 6 h, day 1, day 3, day 7 and day 25). Thbation
conditions of the cell viability tests were the same as theed for the molecular experiments.
The mixing ratio and temporachedule aimed at capturing the changes in cell heatiler the
effect of PW 2, aswell as cell recovery time afterwardVe aim to provide information about the
status of cells whethey are exposed to a medidmgh range of PW. The results aret intended
to be directly comparable with the 16S rRNA géasedanalyses. The detailed methods for
live/dead cell countingvere presented in our previous stughonget al. 2019) Briefly, 15
randomly selected fields of Al i weagnifcaionlos and
a Leica DMRXA epifluorescence microscope equipped withCFandrhodaminefluorescence
filters. The live cell proportiomwere calculated by the live cells relative to the total cells per

microscope field from the 15 observed microscope fields.
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The live cells per mL was calculated from the live cells per mioges field by multiplying
the conversion factor 1670 from t-testwaddseddobser v
analyse the statistical difference of the live cell numbers and live cell proportions between
treatment groups and their control gps at each observed time point. ANOVA analysis was used
to test if mixing 10% PW _2 had significant effects on the numbers and ratios of live cells compared

with their controls.

2.3.3Chemical Analyses

All samples were stored af@ until chemical analyses. The chemistry of the PW and
Smoky River freshwater samples was characterized, includingopai dissolved solids (TDS)
DOC, total nitrogen (TN), major cations, and aniofise TDS was determined by weighing the
residual solidsafter evaporating 10 mL of fluid at 20090 triplicate. Briefly, cations were
measured using an Agilent 8800 inductively coupled plasma mass spectrometer (Agilent
Technologies, California, USAZhonget al.2019) Anions were measured using a B5Q0 ion
chromatography (ThermoFisher Scientific, Massachusetts, USA) and a SmartChem Discrete Wet
Chemistry Analyzer, Model 200 (Westco Scientific, Connecticut, U$Rabatabai and
Frankenberger 1996; Westco Scientific 200/)e measurement of DOC and TN were achieved
using a combustion catalyst thed with a TOCV CHS/CSN Total Organic Carbon Analyzer

(Shimadzu Corporation, Kyoto, JapgdBhimadzu Corporation 2001)

2.3.4Sequencing of 16S rRNA Genes

DNA was extracted from the cells concentrated on filter membranes using the FastDNA
Spin Kit for Soil (MP Biomedicals, Solon, USA). DNA extraatduplicate were pooled together

before PCR. The PCR primers were F5185GCCAGCMGCCGCGGTAA3Njand R806 (Blj
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GGACTACHVGGGTWTCTAAT-3Nj which cover the V4 region of the 16S rRNA gene for
bacteriaandarchaeaThe PCR reaction using KAPA HiFi HotStart RigaMix (Fisher Scientific,
Ontario, Canada) began with a 3 min initial denaturation (95°C) followed by 35 cyclessof 30
denaturation (95°C), 36 primer annealing (55°C), and 30extension (72°C) and a final 5 min
extension (72°C). ie PCR amplicons weseibmittedo The Applied Genomics CoBequencing
Facility at the University of Alberta for Illlumina MiSeq pairedd sequencingOf note, PCR
amplicons were not successfully obtairfeain abiotic controls templates and the pure PW_1

templateslikely due to low DNA concentrations

2.3.5Bioinformatics and Statistics

Raw data were processed following the QIIME2 version 20E8afidard operating

procedure(https://giime2.orgdl Briefly, nonchimeric sequences were passed through quality

filtering using the DADAZ pipeline implemented in QIIME2fdpendix 1Table S1). The filtered
sequences were aligned amplicon sequencevariants(ASVs) features anturther assigned to
different taxonomic levels using the -fRatureclassifier, which was trained oBreengenes
(version 13.8)at a 99% similarity threshold. The qualitpntrolled sequences were then
manipulated andisualisedusing R (version 3.5.1(Wickham 2009; R Core Team 2018he
datasets were rarefied to an even depth of 51,308 sequences in R in order to conduamalpha
betadiversity analyses of the microbial communitiespgendix 1 Table S1).Firstly, we
conducted betdiversityanalysisand taxonomic analyste group microbial community shifts by
PW mixing ratios For betadiversity analyses, aonmetric multidimensional scalinNMDS)
ordination was performed based on the BCaytis distanceThe 95% confidentntervals of
distinguished clusters were identified using the vegan packagd@k$aneret al. 2018) The

envfit function implemented in the vegan package was used to correlal® thest alindant
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genera (the relative abundance of sequences) of the entire datasets to the sample dissimilarity on
the NMDS ordination(Oksanenet al. 2018) PERMANOVA was used to investigate the
significance P < 0.05) of the PW_1 proportion on beteversity. The alphaliversity of eah

sample was assessed by using the observed numbers of ASVs, the Chaol Richness Index, the
|l nver se Si magnd then Shannoh ideesity Index implemented in Phyloseq in R
(McMurdie and Holmes 2013The samples at each sampling day were grouped by mixing ratios,
which showedisilar microbial community responses based on-bletarsity analysis(similarity

in ordination spacegnd taxonomic analysi8NOVA analysis was used to teshether the PW_1
proportion effect was significanP< 0.05) on alphal i v e r s i ttgstwas Uisedkfa godhsc

analysis after the ANOVA analysigegardingwhether the differences of alplasersity indices

between different PW_droupings (grouped by similarity in ordination spaeeje significant P

< 0.05). Similarly, changes of DOC concextions were represented by the three mixing ratio
groupings, and the results of different grimgs were compared using ANOVA analysis combined

wi t h  Ttask Bhg éeads have been submitted to Metional Center for Biotechnology

InformationSequence Read Archive (BioProject: PRINA593077).

2.3.6RandomForestModeling

Random forest modelling consists of a large number of decision trees that operate as an
ensemble. This approach prevents overfitting of a classification model by averagingemulti
classification models together. Here, the genera produced by sequencing were used as variables in
the random forest. Important bioindicators in the NMDS clusters were identified by the
randomForest package implementedR (Breimanet al.2018) For the random forest modeling,
samples at day O (start points) were excluded from the total datalsetee used to as reference

points for changes in subsequent samples. As a default, r&odesh used 2/3 of the data to
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construct modelling treeend the remaining 1/3 of the data to test model éfarh random forest
modelwas set to create 500 deaisi trees.The model was repeated 1000 times from random
sampling to model executioThe 20 most important predictors were determibadged orthe
averagevalues of theneandecrease in the Gini Index after 1000 runs of the random forest models
were compleed The Gini Index is a measure of how each variable contributes to homogeneity of
the nodes and leaves in the resulting random forests, from 0 (homogeneous) to 1 (heterogeneous).
Thegenerawith larger Gini Indexvaluesweremore likely to be variabkthatseparate the targeted

groups.

2.4 Results and Discussio

2.4.1 Chemistry Characterization of PWs and Smoky River freshwater

The chemical analysasdicatelower pH and higher concentrations of solutes and nutrients
in PW tan for Smoky River freshwater (Talldl); thereforegeven smalPW releases may lead
to large changes in freshwater chemistrige pH of Smoky River freshwater wa, while the
pH of the PW_1 and PW_2 we#el and 4.7, respectively. Reduced pH was gonmdriver of
microbial community changeis hydraulic fracturing impacted strean(dlrich et al. 2018)
Additionally, the TDS, DOC, and TN of PWs were all significantly higher than the Smoky River
freshwater. TDS concentrations were 219,037 mhiinlPW_1 and 216,637 mgiin PW_2. TDS
was dominated primarily by sodium and chloride, which wereseélé from the shale formations
(Appendix 1Table S2)The results suggest that the inorganic components of the two PW samples
were similar. Salt may be one of the important limiting factors on cell biomass, diversity, and the
degradation potential of thmicrobial communitiegDavis, Struchtemeyer and Elshahed 2012;

Murali Mohanet al. 2013a; Cluffet al. 2014; Kekacset al. 2015; Mousetret al. 2016) DOC
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concentrations wer@5.3 mg Lt in PW_1 and 200.8 mgtin PW_2, while DOC concentrations
were 13.9 md-"* in Smoky River freshwater. TN concentrations between the two PW samples
were also similar. TN concentrations were 427.6 mg/L and 471.0 mg/L in PW_1 and PW_2,
respectively, which were three orders of magphés higher than for Smoky River freshwater. DOC
and TN could originate from several sources, includingcturing chemicals, reservoir
hydrocarbons, and the injected surface water. In previous untargeted organic analyses of these PW
samples at earlierdivback time from the same wellpad, we demonstrated that the major organic
species were fracturing chemicals that inclugelyethylene glycd (PEGs) with 525 ethylene

oxide units, the biocidealkyldimethylbenzylammonium chlorid@ADBAC), and a series of
petrogenic compounds such as fluorene and phenantfiieret al. 2018a) Biocides are one of

the major chemical additives used in hydraulic fracturing, and the presence of biocide in hydraulic
fracturing fluids may affect the overall performance of biodegradation efforts when acspils o
(McLaughlin, Borch and Blotevogel 2016) our samples, ADBAC was below the detection limit.

The decrease in biocide concentrations is likely caused by dilution from the formation water o
their chemical decomposition and transformatiahrilaset al. 2015, 2016) Ammonium was

the dominant species in the TN, and the ammonium concentrations were similar to those found in
PW produced by hydraulic fracturing in the Marcellus and Fayetteville Formations (up to 420
mg/L) (Harknesset al. 2015) The sources of ammonium remain to be further studied. Based on
the previous studies, ammonium in the PW coulddsaciated with the fracturing chemicals such

as the breakerse(g., ammonium persulfatefLuek et al. 2018) and clay stabilisers(e.g.,
tetramethyl ammoniunshloride (Butkovskyiet al. 2017) The breakers allow a delayed break
down of the gel polymer chains, and the c&gbilisersare used to prevent the swelling of clay

particles in reaction to watérase hydraulic fracturing fluids. Besides this, ammonium is also
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likely to beleached fromammoniumcontaining clays, evaporiteand the thermal degradation of

organic matter in the shale oil and gas resen(bitset al.2012)

Table2.1 Selected geochemical parameters of Smoky River freshwater and flowback and
produced water samples (PW_1 and PW_2); the rest of the chemistry is preséqupedndix 1

Table S2.

Samples pH TDS (mg/L) DOC (mg/L) TN (mg/L) Cl(mg/L) Na (mg/L)

PW 1 41 219037 85.3 427.6 104373 62831
PW 2 47 216637 200.8 471.0 139820 68176
Smoky River - ,, 168 13.9 0.1 1.4 1.8
freshwater

TDS: total dissolved solid®OC: dissolved organic carbpofN: total nitrogen

2.4.2 Grouping SampleBased on Bet®iversity Analysis

The PW_1groupingsof different PW mixing ratios were determined using fubtersity
analysis. NMDS ordinatiorevealed two key cluste(2.5%5% and >5%) with increasing PW_1
proportions, which were significantly sepa&@from the cluster with PW_1 mixing ratios between
0-0.5% (Figure2.1). Of note, the high PW_1 proportion group (> 5% PW_1) changed the least
from the starting points (all tested mixing ratios at day 0) according to the NMDS ordination.
Compared to cluste with higher PW_1 mixing ratios, the data points with <2.5% PW_1 were
more heterogenou?ERMANOVA analyses showed that the PW_1 proportion significantly
influenced microbial community structure over thdays of incubationR < 0.05). We defined
threePW_1 groupings, reflecting the degrees of effects of PW: low PW 1 (<2.5%), intermediate
PW 1 (2.55%) and high PW 1 proportions (>5%). It is important to note that the community

composition of the 0% PWL sample changed extensively during the incubatidmliewhose at
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higher concentrations did not (Figure 2.1). By comparison, the time effect on microbial community
dynamics was overshadowed by the PW concentration effect. We subsequently used these groups
for statistical analyses of DOC changes, microbohmunity diversity and composition shifts,

and random forest modelling.
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Figure 2.1 Non-metric multidimensional scaling (NMDS) plot (stress: 0.096) showing
differences in microbial communitgomposition for freshwater river samples exposed-50%
flowback and produced water (PW_1) at day 0, day 3, and day 7. The ten most abundant genera
of the entire community were correlated to the dissimilarity of the data points. Time factors (in
days) apear as numbers above the data points. Dashed lines represent the 95% confidence

intervals of each group.

31



2.4.3Changes in DOC Concentration

Geochemical analyses of the fluids suggest that the concentration of organics in PWs were
higher than in freshwateTo examine biodegradation potential, we tracked changes in DOC
concentrations over days for each mixing ratio. However, ANOVA analyses showed that the
relative reductions of DOC in all PW droupingswere not significant over days. The largest
redudion in DOC over7 days was an average of 17.5% for the 25% group (a detailed
description of the DOC changes is presentegbipendix landAppendix 1Figure S2)Our results
suggest no noteworthy or relevant biodegradation of the&ated organicsuting the 7 days of
incubation. In contrast to our results using the fmdtlected PW, the DOC reduction for synthetic
hydraulic fracturing fluids can be up to 90% within 7 days of incubdti@kacset al. 2015)
possibly indicating that the compounds in the fietdlected PW can be more difficult to
biodegrade than those in synthetic hydraulic fracturing fluids. The reason for the poor
biodegradabily of field-collected PW is not yet clear. Many factors such as the presence of
recalcitrant organics and more complex mixtures of compounds may cause less reduction of DOC

in field-collected PWKekacset al.2015; McLaughlin, Borch and Blotevogel 2016)

2.4.4 Microbial Community Shifts

The trends of changes in microbial communrdtyersity andcompositions within each
PW_1 proportion category were consistemamely, themixtures with higher volumes of PW
tend to have higher microbial richness and diversity after 7 daysaibation(Figure 2.2).
ANOVA analysis showed that alpfthversity indices were significantlyP(< 0.05) different
between the three PW_1 groupings over 7 days. Following 7 days of incubation, the number of

observed ASVs and Chaol Index in the high PW proportion group (>5% PW 1) was significantly
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higher P < 0.05) than those with a lower PW 1 proportion. The Shannon Diversity Index in the >5%
PW_1 group was significantly highd? € 0.05) than for the group with <2.5% PW_1. The Inverse
Simpsonbés I ndex val ueP<00% inthe X6b% PW If mixtuathah y hi g
in the other two PW_1 groupings. The full resi
between two groups at day 0, day 3 and day 7, are preseAgpdndix 1Table S3The increased

diversity with higher proportions of PW shewneven diversity, with dominance by a relatively

small number of genera. Upon exposure to the disturbance of high levels of PW, these dominant
freshwater OTUs are unable to survive, unmasking the hidden diversity present in the rarer
biosphere in thesamples. Further, some of these surviving bacteria may grow in response to the
increased organics in the PW. The combination of removal of dominant species and increased
growth leads to higher overall diversity. This follows the concept of the intermelisatebance
hypothesis, which states that the highest biodiversity will be found at intermediate levels of

disturbancéBendix, Wiley and Commons 2017)

The genud-lavobacteriumwithin the phylum Bacteroidetes known to beprevalent in
freshwater environmesi{Bernardet andBowman 2006andwas the most abundant bacterium
across all the samples at day 0. They consistently constituted the largest proportion of the microbial
community in mixtures containing 2.5% PW _1 throughout days of incubation (Figur2.3).

The generdMethyloteneraandCaulobactemwere also a higher fraction of sequences than in other
genera in mixtures containing < 2.5% PW_1. Compared to the pure freshwater sample, the trends
of microbial community dynamics were similar in samples with low PW_1 misatigs over7/

days (Figure2.3). Previously characterized members of these genera have been reported to use
glucose and methylamine in natural aquatic environm@ffisght and Cain 1969; Entcheva

Dimitrov and Spormann 2004; Bernardet and Bowman 2006; Kalyuzlenay2010) Our results
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suggest that relatively low PW concentrations may not dramatically influence the freshwater
community. This is likely becaasthe concentrations of PW_1 were too low for there to be a
toxicity effect on the communitye(g.,pH > ~7.1, salinity < ~5640 mg/L, DOC < ~15.7 mgl/L;
values based on calculation of the PW proportion), so the indigenous microorganisms were still

present.

Compared to the low PW_1 proportion group (< 2.5% PW_fijpaounced influence on
taxonomy compositiondegan at 2.5% PW_1.h€ relative abundance oFlavobacterium
decreaseth experiments having PW_gdroportiors between2.5%5% by day 3 (the average of
Flavobacteriumdecrease from 75% to 20% and 9% in 2.5% PW_1 and 5% PW_1 mixtures,
respectively) and remained at lower abundance levels at day 7 (29% and 4% in 2.5% PW_1 and
5% PW_1 mixtures, respectively). The gen@seudomonas RheinheimeraRhizobium and
Brevundimonasvere significantly P < 0.05) correlated to the 2.5%%6 PW_1 proportion group
(Figure 2.1 and Figure2.3). The enrichments othese generanay be related to the organic
constituentsintroduced byPW. Some previously characterized members of these genera are
capable of degradation & wide variety ofhydrocarbos andorganics found in hydraulic
fracturing fluids such as isopropanol and BE@®Vililams and Sayers 1994; Ahmad,
Mehmannavaz and Damaj 1997; Chahedwal. 1999; Tancsicet al. 2010; Kekacst al. 2015;

Nuria Obradors 2015 he increase in the relative abundance of these genera is consistent with
the higher DOC reduction observed for the 225% PW_1 proportion group. The shift in
microbial community composition is likely to benefit biodegramatprocesses. However,
significant reductions in PW organic concentrations may take a greater length of time. Functional
analysis through metagenomics in the future may allow us to better understand the role of

particular microorganisms in the biodegraoat process. Additional details of the relative
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abundance of th&0 most abundant bacteria are presentefigpendix 1Table S4. The increase

of abundant microorganisms (Figu2e) plus some less abundant microorganisms (comprising

less than 1% of the @it sequences) such as gengeaicella Geobacter Massilia, Pedobacter
Planctomycesand Sphingomonasvas consistent with the increasing diversity in the mixtures

with >0.5% PW_1This shift suggests that the medium to higher concentrations of PW nilaiy inh

the indigenous freshwater species at natural conditions, while providing substrates for more types
of microorganisms to grow. Alternatively, higher concentrations of PW may remove abundant
members of the community, allowing for detection of rare conitmumembersHalanaerobium

was observed in all mixtures following the addition of PW_1, although at low abundance (less
than 1% of the total sequences). They are the most prevalent bacteria in the PW and are capable

of using PWrelated organicfDaly et al.2016; Zhonget al.2019)

For mixtures at the highest concentrations of PW_1 (25% and 58%)pH < ~6.4,
salinity > ~54,900 mg/LDPOC > ~32 mg/L; values based on calculation of the PW proportion),
the microbial response is heavily restricted. No significant shift was observed in microbial
community compositions for both 25% and 50% mixtures &ftexys of incubation (Figur2.3).

It has been demonstrated that elevated salinity,(880mg/L) can inhibit the aerobic degradation
of hydraulic fracturing fluid chemicals by microbial communities derived from surface aquatic
environments over the course/adays(Kekacset al.2015) The input salinity in the 25% and 50%
mixtures is above this threshold. Thus, the community likely did not shift significantly because th

growth of all of its members was inhibited by high salinity.

The overall abundance of Archaea is less than 1%, but their presence also appears to be
associated with the presence of PW_1 chemical constituents in mixtures. Withchten ASVs

relatedto the genudNitrosopumilusincreased fron0.03% to 0.23% in both the 25% and 50%
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mixturesafter 7 days of incubationThe previous study showed thagrtain strains of the genus
Nitrosopumilus such asNitrosopumilus maritimuysare able taoxidize ammonigWalker et al.

2010) Thus, this increase may be associated with the high ammonium concentration found in
PW_1. The rest of the Archaea genglnangedn their relative abundance by less than 0.1% of all

reads. Additional results for the archaea are presented Apffendix 1Table S.
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Figure2.2 Temporal changes in microbial diversity between flowkswk produced water
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and (d) Shannon Diversity Index. The significant threshold® ar€.05 (*),P < 0.01 (**), andP

< 0.001 (***).
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Figure2.3 Threefactor plot showing temporal changes of the relative abundance 10 the
most abundant genera-@xis) as a function of time and flowback and produced water (PW_1)
mixing ratio. The PW_betadiversity groups (<2.5%, 2.5%%6, >5%) were labelled on the lower
x-axis. Day 0, 3, and 7 exposures are labelled on the higgoasxand are split into three splots,
one for each time point. The relative abundance (%) of a genus is represetitedblyble size,
and colors on the-gxis represent the phyla of tH&® genera. Each bubble is represented a data
point (the detailed description of each data point and their corresponding values of relative

abundance are presenteddippendix 1Figure S3andAppendix 1Table S4).

2.4.5 Cell Viability Kinetics

We mixed 10% PW_2 into hydraulic fracturing source water and North Saskatchewan
River water and observed chasgn live/dead cell numbers and ratios o2enonth.Here, these

results are incorporaleinto this study to further discuss the potential effect of medhign
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mixing ratios of PW on the microbial communiti€ompared to the live cell status in the natural
conditions ANOVA tests showed thdhe treatment of addin0% PW_2had significaneffects

on live cell numbersR < 0.01) and survived cell proportie(P < 0.05)(Figure24).St udént 6 s
tess showed that thednds of live cell numbersand live cell proportiosin the treatments
remainedat statistically lower levels within a dayompared to the control® & 0.05), then fully
recovered irthe following days.Specifically, br the treatments diydraulic fracturingsource

water and North Saskatchewan River watsglive cell ratios were significantly lower than their
control groys immediately after addint0% PW_2 (Figure2.4A). Live cell ratios in hydraulic
fracturing source water increased fr8e + 13%at the very beginning to the peaks of 52% + 18%

at day 7. Similarly, live cell ratios in North Saskatchewan river water isedetom5% + 4%to

the peaks o#3% + 11%at day 3By contrast, live cell ratios in the two freshwater controls were
either remained consistent or decreased over the observation period E#AkeLive cell
numbesin the treatment groups reduced tO*cells/mL at the very beginning, whistereone
magnitude and two magnitudes lower than their contnaspectively Ultimately live cell
numbersncreased to above 9€ell/mL at day 7n the hydraulic fracturing source water treatment
group, as welasday 3 inthe North Saskatchewan river water treatnggatip.Live cell numbers

in both the freshwater controls were either remained consistent or decreased over the observation

period (Figure2.4B).

The results suggest that PWhiayimmediately kill many othe original freshwater live
cells, resulting in dead ometabolically inactive cells shortly after exposui¢.relatively low
concentration, PW_2 could also provide nutrients for cend@noorganismso be enrichedn the
mixed conditionsAs shown previously for the Duvernay Formation, increasing salsityghly

correlated to decreased cell viability in the fluids produced during the first few days of well
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flowback (Zhonget al. 2019) The viability tests imply that relatively rapid loss of cell viability
due to PW effest could lead to less observed changes in microbial community composition and
DOC reduction in the high PW_1 proportion gro@f.note, we did not aim to correlate changes

in cell viability with the changes in community compositions between the two independ
experiments (PW_1 and PW_2). How chemical differencB$\in1 and PW_2 influence dynamic
changes in microbial communities, such as the viability of cells in differing DOC concentrations,

needs further investigation.
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Figure2.4 Temporal changes in (a) live cell ratios (n=15), and (b) live cell numbers (n=15)
over 30 days in experiments that added 10% flowback and produced water (PW__2) to the hydraulic
fracturing source water sample (circle) and tloethl Saskatchewan River water sample (triangle).

The treatment group and the control group are represented by green and red symbols, respectively.

2.4.6 Microbial Communiy Indicators

Analytical methods to fully identify chemical constituents of PW arédidy which may

impede evaluation of the impacts of PW releases to freshitdéeet al. 2017a) Sequencing

39



technologies coupled withandom ®rests modelling may allow for microorganisms to be
additional indicators for the assessment of PW contaminated water and(biridil et al.2018)

In ourrandom forestsnodels, 429 bacteriabeneraand 17 archaeaenerawere used to predict

the three PW1groupingg< 2.5% PW_1, 2.596.0% PW_1, and > 5% PW_1) observed by beta
diversity analyses (Figur2.l). The top 20 important predictors based on the Gini Index score,
which were generated by random forest modelling, are shown in EAdurehe resultshow that
PseudomonasRhizobium Sediminibacterium and Brevundimonasare important predictors
generated by random forest modellinger@ra such afrevundimonas Rhizobium and
Pseudomonawere significantly correlated to the 2.58% PW _1 group (Figur2.1l, Appendix 1

Table S6), indicating they could be effective indicators in identifying effects of spills at the
intermediatePW _1 proportion group (2.5%%). Flavobacteriumwas the most shiéd bacterial
genus from the low PW_firoportiongroup (<2.5% PW_1) to the intermediate 2:5% PW_1
betadiversity samplegroup (Figure2.3). The high Gini Index value suggests that a drop in
abundance dflavobacteriitmmay be an important negative indicof a spill. Comparedith the
traditional technique that uses a single or few microbes to be the indictors for pollution, random
forest modelling allows for numerous genera to be predictors as an ensemble, including those in
relatively less abundance. Here, we found that ngeoera such a€ellvibrio (1.4% and 2.6% of

the total sequences in the 2.5% PW_1 at day 3 and day 7, respectivebjeavathelld1.8% and

3% of the total sequences in the 5% PW_1 at day 3 and day 7, respectively) could act as effective
predictors of PW exmure Consistently, indicatorse(g.,RhizobiumPedobacterandCystobacter
selected in ourandom forestsmodel were similar at the family levek.@., Rhizobiaceae,
Sphingobacteriaceae, and Cystobacteraceae) to indicator organisms found in streated imgpa

hydraulic fracturing in Pennsylvan{@lrich et al. 2018) Additionally, Rhizobium Cystobacter
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PedobacterHerminiimonas SediminibacteriumandDesulfosporosinus/ere consistently within
the top 20 indicators in our model, and were also similar at the order éegelQostridiales,
Rhizobiales, Myxococcales, and Sphingaieaales), organisms which were enriched in an
impacted stream near a shale gas disposal facility in central West V{ykah et al. 2016) As
machine learning advaas training additional data in future siedshavs promise inmproving

thespill classification accuracy and precision
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Figure2.5 The Gini Index generated by random forests showing the 20 most important
genera in predicting PW spills. The randdomests technique examines a large ensemble of
decision trees, which has considered all the genera represented in the 16S rRNbAsgene
sequences. The Gini Index is a measure of how each variable contributes to homogeneity of the
nodes and leaves in thesulting random forests, from 0 (homogeneous) to 1 (heterogeneous). A

genus having a larger Gini Index is more likely to be a variable that separates the targeted groups.
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2.4.7 Environmental Implicatios and Future Steps

Our study demonstrateéisat microlial community compositions in aquatic environments
are sensitive to the scale of a PW spill. Our results suggest that large volume spills (leading to 25+%
PW_1 concentrationsyvhile rare, could have considerable impact. The cell viability test, as a
sepaate experiment, implies that the community may lose its ability to adapt and may not be viable
after exposureWe found that the degradation rate for organic constituents ofdudlieicted PW
is considerably less than those measured in laboraymtphessedbrines, which calls for more
studies using real PW and for loeteym monitoring of recalcitrant organic pollutants at
contaminated sitesMicroorganisms such afseudomonasRheinheimera Rhizobium and
Brevundimonasnay serve as key players in reméidia processes, which may also be used as
biosensors to assess water bodies that have experienced a PW spill. Moreover, through building a
low-errorrandomforests modelAppendix 1Table S7), the sets of genera uncovered in 16S rRNA
gene analyses show pngse as bioindicators to represent changes in aquatic ecosystems due to
PW releases into freshwater. In the future, these bioindicators may compliment traditional
analytical methods such as chemical analyses in assessing the magnitude or severitas#.a rele
Additional work is necessary to identify the ssigecific biomarkerssince the components of PW
such as salinity and organic compound identities vary by extraction site and by time of flowback.
Moreover, more researéhneeded to determine whetlieese bioindicators are universal and how

long-lasting they ee.
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2.5 Statement of Contribution

In this study, sample preparation, cell viability, bioinformatresy\dom forestsnodeling, data
analyses, and paper writing were condudigdne Samplesvere sento the NaturalResources

Analytical Laboratory at University of Alberta for cherai characterization.
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3. Chapter Three: Impacts of Hydraulic Fracturing Flowback and Produced Water on

Soil Microbial Communities 3

3.1.Summary

Improper handling of flowback and produced water (FPW) generated by hydraulic
fracturing can result in spills that pose risks to soil environments. However, little is known about
the response of the soilicnobiota to FPW. Here, we investigated the effects of one month of
aerobic FPW exposure on soil microbial communities using 16S amplicon, metagenomic, and
respiration analyses in luvisol and chernozem soils that are common in the region of hydraulic
fracturing in Alberta, Canada. We found that the luvisol was more susceptible than the chernozem
of more nutrients regarding decreases of biodiversity and respiration activity following FPW
exposure. In >50% FPW amended luviddhrinobacterspp. were signifiaatly enriched in the
microbial communities, biodegradation genes (e.g., alcohol dehydrogenases and alkane 1
monooxygenase) increased in the communities, and metagerss@®mbled genomes containing
genes to resist salt effects formed unique clade withphgiogenetic relatives identified in other
FPW related environments. However, these responses were not evident in chernozem, but we

found antibiotic genes increased of the communities in the 50% FPW amended chernozem. Our

% This Chapteiis written based on a compdetanuscriptCheng Zhong Konstantin von Gunten,
Camilla L. Nesbg, Yifeng Zhang, Xiaoging Shao, Rong Jin, Kurt O. Konhauser, Greg G. Goss, Brian D.

Lanoil, Daniel S. Alessi
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study suggests that soil microb@mmunities have strong capacity to respond FRticed
stress. While high nutrient soil may buffer these responses, resulting uncertainty in natural

attenuation of FPW substance

3.2.Introduction

Hydraulic fracturing flowback and produced water(HF-FPW) is generatedduring
unconventional oil and gas developméxengoshet al. 2014) FPW gills during handling,
transport and treatment at the surfaaacause theontamin&ion of nearbyenvironmentsin the
United States (US) alone, 6,622 spiNgrereported from 21,300 unconventional wedlsross
Pennsylvania, Colorag North Dakota, and New Mexié¢mm 2005 to 2014Maloneyet al.2017)

Another estimate for the same studied regions and time period re@ii@eh of 31,481
unconventionavells had a spill each ye@Pattersoret al.2017) FPW spills directly impact saill,
surface water bodies and shallow aquif@sS. Environmental Protection Agency 201%he
complex chemistry of HFPW, including a wide range of inorganic elemehtglrocarbons,
chemical additives, and radioactive compounds, poses challenges to its characterization and
understanding the transport and toxicity of FPW in natural environnférdasneret al. 2013;
Haluszczak, Rose and Kump 2013; Engle, Cozzarelli and Smith 2014; Ferrer and Thurman 2015b;
Lauer, Harkness and Vengosh 2016; CozzaetHli.2017; Orenet al.2017; Shresthat al.2017;
Taskeret al. 2018; Flynnet al. 2019; Prestonet al. 2019) particularly sincemany organic
compounds ifFPWare not well characteriz¢tie et al.2018a; Suret al.2019a) FPW spillsmay

cause adverse effectsaquatic ecosystems; for exampmgposure to FPW may lead to reductions

in the growth, survival, and abundance of invertebrate and vertebrate aquatic ¢pessesket

al. 2018; Folkertset al. 2019; Wanget al. 2019; Folkerts, Blewett and Goss 202Dgspite the

fact thatsoil most frequently receives FPW contaminati@4%) in the environmenfU.S.
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Environmental Protection Agency025) the understanding of soil contamination by FPW is

limited ascompared to studies of aquatic environments.

An understandingf changes irsoil microbial ecology is\eededo evaluag of the fate of
FPW contaminated ecosystems because microorgarssendundamental irmaintaining a
habitable ecosysteswvia immobiizing toxic metals and degrading organic pollutafidelgade
Baquerizoet al.2016a) Previous studies have shown timaitrobescan usehemical additives in
fracturing fluid as carboand nitrogersourcesandexposure to FPW may lead to compositional
shifts and growth reduction in soil and aquatic microbial commur{iiksb et al.2015; Kekacs
et al.2015; McLaughlin, Borch and Blotevogel 2016; Hewolal.2017; Ulrichet al.2018; Zhong
et al. 2020} yet many of these studies used synthetic brines that are chemically simple when
compared tdield-collectedFPW. FPW constituentssuch as salt and biocidesan restrict the
performance of microbial communities during natural attenuation or bioremediation at
contaminated sitesnd may impact their contributions to normal ecosystem functiqiiegacs
et al.2015; McLaughlin, Borch and Blotevogel 2016; Zhatgl.2020) However, little is known
about changes in the soil microbiomgon exposure t6PW. Recent advances metagenomics
allow for simultaneous examination of multiple genes and the discovery of genomes of novel
uncultivated speciesyhich together reveal the complex interactions between microorganisms in
an ecosystertQuinceet al.2017) Metagenomics is a totthat can aid iincovemg mechanisms
by which microbial communities are influenced by FPW, the sources of toxicity in FPW, and the
genetic potentiabf microbial communities to resist and remediate FiRtNienced environments
such as soilVore importantly, metagenomics can compareg@g@omic similarityof a systemno

that characterized previously in other environmeefithis approach allows for moeecurate
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predictions of the functions of detected microbes and a better understanding of how an

environmenfunction

Soil, containing often diverse and abundant microbial communigieftenthe firstnatural
environmenexposed to contaminants when FPVEpgled (Chenet al.2016; Heyoket al.2017)
The il microbiomes likely to play a key role in mitigating the transport of contaminants in FPW
by stabilizing metals and inducing the biodegradatiosyathetic and naturarganic corpounds
(Chenet al. 2016; McLaughlin, Borch and Blotevogel 201&urthe, the soil microbiome is
critical to normal functioning of soils and spills may disrujgitfunctioning(DelgadeBaquerizo
et al. 2016b) To shed ligh on the response of soil microbiomes to FPW, we investigated the
taxonomic and genomic compositions of microbial communities exposed to FPW from two
physiochemically distinct soils near to active HF regioff® genomebasedinvestigation was
coupledwith soil respiration tests to assesgegratednicrobial activityat various exposure levels
Wedemonstrate hetbatFPW exposuréeads to changes aommunity structurgunctionalgene
abundance, anahicrobial respiration activity. Our resulggrovide some of the first insights into
the impacts of FPW on the soil environment and provide essential knowledge for risk assessment

of FPW contamination (e.qg., spills) and bioremediation processes

3.3.Materials and Methods

3.3.1Field Sampling

The FPW sample used in this study was collected in July 2019 from a horizentighted
hydraulic fractured well (well ID: 022-81-W6) in the Montney Formation of the Western

Canadian Sedimentary Basin near Dawson Creek, British Columbia, CarfesldMontney

Formation deposited imffshore to shorefacesonsistingof shale, siltstonesandstoneand
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grainstone in Lower Triassic agéonneveldet al. 2010) The FPW was collected 12 days after
the initial flowback(June 29, 2019) at the gas and water separators. Theisiperiod was about

10 days (HF complete at May23019). The FPW sample, with a thin oil layer on top, was stored
in a 20L sealed pails without headspace at room temperature for two monithiseueiperiment

began.

Soil samples were collected in August 2@i8lberta, Canadd.uvisol samples was taken
from the Ah horizon (L0 cm organigich soil) at the Fox Creek site (FC luviselevation: 870
m, N: 54.3455 W: 116.859@ndchernozem wataken from the Ap horizon {29 cm, organic
rich soil) at the Grande Prairie site (GP cherngzgavation: 682 m, N: 55.21418 W: 118.93912)
(Appendix 2Figure S1) These sites represent typical Albertan soils that could be potentially
exposed to spills im unconventional oil and gas welBoils were sieved on site (2 mm) to
remove coarse grains and plant material. The pH and conductivity of soil slurry (1:2 rati@ milli
water) were measured @ite. The soil sampling details and descriptions of theosuoding

vegetation at the sampling sites are giveAppendix 2

3.3.2.S0il and FPW Characterization

Particle size, moisture, total carbon and nitroge he particle sizes of soil samples were
analysed using a Laser Diffraction Particle Size AnalyzeckiBhan Coulter, LS 13 320, California,
United States). Soil moisture was determined gravimetrically after drying at 105 °C overnight. The
total organic carbon (TOC) and total nitrogen (TN) in the FPW samples were analyzed using a
Shimadzu TOE. with ASI-L and TNML modules (Shimadzu, Kyoto, Japan). The TOC and TN
of soil samples were analyzed using a Thermo Scientific, Flash 2000 Organic Elemental Analyzer

(Thermo Scientific, Massachusetts, United States).
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Inorganic chemistry analysesTotal dissolved solids (TDS) in FPW were determined by
weighing the residual solids after evaporating 10 mL of fluid at 200°C. Well mixed;anea,
and ground (mortar and pestle) soil samples were digested in aqua regia for elemental analysis.
For this purpos, 0.1 g of sample was put into 8. PTFE digestion tubes and amended with 6
mL 37% HCI and 3 mL 70% HN© The mixture was heated to 130°C on a hotplate until the
reaction seized (approximately 1 h). After, the mixtures were heated at 175°C to reduaderties
and the remains were diluted to 50 mL using 2% HBE@ 0.5% HCI. The solution was filtered
with nylon syringe filters (0.45 m) and analyzed on an -Mil ent
(Agilent, California, Unit edecdnmantdatic@ugigacma or di n
and Nakano 2014; Sakai 2018ydditionally, metals of FPW and digted soil were subsequently
analyzed in triplicate by using a Thermo iICAP6300 Duo inductively coupled plagtital
emission spectrometer (IGPES) (Thermo Scientific, Cambridge, United Kingdom). Other
common ions in soil and FPW samples, includingsNKI, SO, PQ3 " NOy, NOs were
analyzed in triplicate using colorimetric methods and using the Thermo Fisher Gallery Beermaster
Plus (ThermoFisher, Massachusetts, United States). The detailed methods are presented in

Appendix 2

Nontarget organic analysesTwenty milliliters of the FPW sample and a source water
sample (control) were syringe filtered and sqilthse extracted in preparation for mass
spectrometry(Appendix 3. High Performance Liquid Chromatography with Orbitrap Mass
Spectrophotometry (HEC/Orbitrap MS) analysis was utilized for nontarget analysis of the
aqueous phase organic compounds in the FPW sample and source water sample. Ten microliters
of the organic extract (equivalent to 140 uL of the original FPW) was injected for analysis. The

HPLC utilized a C18 analytical column (Poroshell 120-ET8, 2.1 x 100 mm, patrticle size 2.7
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em, Agilent Technologies) with a flow rate of
A (LC-MS grade water with ammonium formate) and 1% B (methanolxhwias held for 1 min,

ramped to 100% B by 36 min, held until 39 min, and returned to initial conditions by 42 min.

The mass spectrometer was operated in positive electrospray ionization mode, acquiring in
full scan mode (m/z 100 to 2000) at 2.3 Hz) withminal resolving power of 120,000 at m/z 400.
The instrumental methods followadorevious stud{Sunet al.2019a) which used accurate mass
measurement and tandem MS analysis. The various groups of organic compounds are also referred

to the results o prevous study(Sunet al.2019a)

3.3.3.Soil FPW Exposure

FPW was diluted with sterile deionized water to 100%, 50%, 25%, 5%, 0.5% FPW (v/v).
Treatment groups included luvisol and chernozem soil slurries comprised of 1/2 part soil and 1/2
part FPW (10 g soil + 10 g FPW). Control groups were soil slurry consisting of 10 g soil + 10 g
sterile deionized water. The soil slurry samples were incubatetioth mL presterilized
borosilicate glass serum bottles sealed with butyl rubber stoppers. The incubations were prepared
in triplicate. Bottles wersacrificedfor DNA extracts at days 0, 3, 9, and 27. These samples are
labeled according to the followingpvention: soil site_ FPW percentage_incubation days (e.g.

FC_50_27).

3.3.4.DNA Extraction, PCR, 16S rRNA Sequencing, and Bioinformatics

DNA was extracted from approximately 5009 of soil using the FastDNA Spin Kit for Soil
(MP Biomedicals, Solon, USARNA extracts were pooled triplicatebefore PCRDNA quality

was evaluated visually via gel electrophoresis and quantified using a QObitu8rometer
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(ThermaFischer, Waltham, MA, USA). Bacterial 16S rRNA genes were a@Rlified with

duatb ar coded primers (515F/ SAOBRAGAMGECCGEGGTAA t he
3060 a-B@ACBACHVGGGTWTCTAAT-3 06) , as p e raptevioes spy(Kozioh c o | of
et al.2013) Amplicons were sequenced with an lllumina MiSeq using thebpOgairedend kit

(v.3). The raw data was processed using QIlIMBalyen et al. 2019) Quality control was

conducted using the DADAZ2 pipeline implemented in QIIME2. Filtered sequences were aligned

to Amplicon Sequence Variants (ASVs) features and further assigned to different taxiavets

using SILVA 132 at a 99% similarity threshdlQuastet al.2013;Yilmaz et al.2014)

3.3.5.Shotgun Metagenomic Sequencing and Bioinformatics

Luvisol and chernozem soil samples exposed to 50% FPW at day 0 and day 27 and their
controls (0% FPW) at day 0 and daywe&re selected for shotgun metagenomic sequencitigeon
lllumina NextSeq 500 Platform. Libraries were prepared using an lllumina Nextera library
preparation kit (Illumina, San Diego, CA, USARaw readsvere trimmed and checked for quality
using Trimmomatic v0.39Bolger, Lohse and Usadel 2018eads passing quality contnwkre
taxonomically classified using phyloFlagBruberVodicka, Seah and Pruesse 2019)en, high
guality reads were separatehnd ceassembled into contigs and further genome bins using the
MEGAHIT v1.1.2(Li et al.2015)and MetaSPAde#3.12.0 assemblers implemented in the Anvio
snakemake workfloErenet al.2015; Nurket al.2017) TheMEGAHIT assembled contigs were
annotated in Integrated Microbial Genomes & Microbiomes (IM&ppendix 2Table S1YChen
et al.2019) Each assembly was binned using MaxBin v2(®/u et al.2014)and MetaBAT v1.7
(Kang et al. 2015)with default parameter€onstructed genome bins from all combinations of
assembly andibning software were pooled and dereplicated with dRep v Br et al.2017)

Dereplicated bins were assessed for quality using ChackiO (Parkset al. 2015) and then
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assigned to taxonomy using GTBEK v0.2.2 (Chaumeil et al. 2019) Bins with >90%
completeness and <10% contamination scores were selected for further manual refinement
(Appendix 3. Phylogenetic trees were reconstructed by using GtoTree based on 25 bacterial and
archaeal genes of singbell genomes implemented in GtoTrdeee and Ponty 2019)The

similarity of the bins to their close neighborhood in the phylogenetic tree was assessed using
FastANI(Jainetal.2018)The qual ity of finished MANGtatedwas V €
usingIMG (Chenet al. 2019) In addition to the IMG annotation, we manually blast important

genes in National Center for Biotechnology Information to confirm their presence and absence.

For bins that wer not able to annotate in IMG, we used MetaErg annotation for their functional

profiling (Dong and Strous 2019)

3.3.6.S0il Respiration Assay

Luvisol and chernozem soil samples were incubated in sealed serum bottles with 0%, 5%,
and 50% FPW at room temperature for 30 days. Abiotic controls were prepared by autoclaving a
soil twice and afterwards by adding 2.5 g/L NaR,; and CQ concentrations were rasured at
days 0, 2, 3, 5, 9, 18, and 272 €édncentration was analyzed using@xygen Sensor Spot SP
PSt3NAU (Regensburg, GermanyYhe concentration of produced €@as determined by
manual injection of a sample of the microcosm headspace into a Th&hey Scientific Trace
1300 Gas Chromatographer equipped with a Thermal Conductivity Detector (TCD)
(Massachusetts, United States) and fitted with a capillary columB(GND Q) of 30 m |

0.32 mm internal di amet e ringdhe dgtan@ardInStruneent ménuadl. m t h
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3.3.7.Statistical Analyses

Alpha and Betadiversity of everdepth 16S rRNA amplicon data were analyzed using
PhyloseqMcMurdie and Holmes 2013[nvfit implemented in the Vegan package was used for
correlating ASVs to sample dissimilaritiestbie components analygiSksaneret al.2018) Gene
counts andgene abundanceegtimated gene copy numbers inferred from coveragere
normali zed according to samplesd genome si ze¢€
(Appendix 2Table S1)(Chenet al. 2019) PCoA determined theommunity betadiversity and
similarity of proteincoding gene distribution based on major functional categories of the Kyoto
Encyclopedia of Genes and Genomes (KEGG) datalsggaficant tests analyses used in this
study werePERMANOVA andANOVA combined with Tukey HSD analys€s=0.05 was used
as cutoff value) The detailed methods and additional software used for statistical analyses were

provided in Appendix 2.

3.38. Data Availability

Raw 16S rRNA gene sequences are available on the National Center for Biotechnology
Information (NCBI) GenBank database under BioProject PRINA640927. Shotgun metagenome
assembliesTlaxon ObjectiD: 33000410263300041031, 3300041038, 3300041038y high
quality (>90% completeness and <5% contamination) metageassaenbled genomes (MAGS)
are availablgTaxon ID: 2886275984and 288627289Dwere deposited ilntegrated Microbial

Genomes & Microbiome (IMG)
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3.4.Results and Discussion

3.4.1.FPWandSoil SampleCharacteristics

The total salinity (measured by TDS) of the FPW sample 108+ 4 g [X. FPW has
abundant total C, N, and S, but is low in P in re&l{i reduced redox conditions (Talel,
Appendix ZTable S2), while the other bulk and trace elements in FPW were not abundant relative
to the inherent concentrations of tR€ luvisol andGP chernozem Appendix 3. Polyethylene
glycols (PEGs) and alkgthoxylates (AEOs) were the two major groups of additives identified in
our FPW sample (Figurd.1), whichare regularly detecteb surfactants from other FPW samples

(Thurmanet al.2014; Heet al.2018a; Evanst al.2019a; Suret al.2019a)

The soil characterization suggests that GP chernozem may have higher nutrients for
microbial communities (Table.1, Appendk 2 Table S2). In comparison, GP chernozem
contained greater fractions of silt and clay and a lower fraction of sand, higher moisture and
organic carbon contents and higher total C, N, S, and P, compared to FC luvisol. GP chernozem
had higher abundancesAf K, S, and Fe, and the trace elements Se, Rb, Cd, and Cs than did the
FC luvisol. While FC luvisol contained more Ca and Zn, and had a higher pH value of 7.9

compared to pH 6.1 for GP chernozem.
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Figure 3.1 HPLC-Orbitrap MS total ion chromatograms of FPW and a corresponding
source water. NL is the normalized total ion abundance. Box A covers a grpojyethylene

glycol (PEG) and Box B covers a groupadkyl ethoxylates (AEOS)
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Table3.1 Selected physicochemical properties of FPW and two types of soil samples
collected from FQuvisol and GP chernozem. BDL: below detection limit; NM: not measured;
pH and conductivity were measured on site (n=4). Rest of the analyses were measured in the

laboratory conditions (where available data shown as average + standard dewa&jon

, Soils
Profile FPW FCluvisol GP chernozem
Clay (%) NM 11.19 + 0.46 17.77 £ 1.00
Silt (%) NM 17.47 + 3.20 33.97 + 0.71
Sand (%) NM 71.34 + 2.82 48.26 + 1.37
pH 6.14+ 0.02 7.89+0.14 6.06 = 0.07
Moisture (%) NM 147+ 04 29.7 £ 0.7
Na 30900 +290 mg L 135 mg kgt 209 mg kg*
Fe 24.97 + 1.57 mgt 18500 mg kg 25100 mg kg
Pb 12.23+1.90 mgt 4.55 mg kgt 13.6 mg kg
Ca 6340.82 + 64.76 mgt 9340 mg k¢ 4390 mg kg
As 30.81+2.03mgt 4.34 mg kgt 6.22 mg kgt
P BDL 420 mg kg* 947 mg kd*
S 311.64 + 10.45 mgt 130 mg kgt 650 mg kg
cr 63100 + 261 mg i 5.72 +0.63 mgk§ 29.70 + 15.78 mg kY
NH4* 412.72 + 10.43 mgt 0.43 +0.05mg kg 0.65+ 0.16 mg k§
SO 58.73 + 0.92 mg t 219+ 0.28 mgk§ 33.58 + 0.94 mg Ky
TOC 344.57 + 50.93 mgt 0.84 £ 0.02 w/w% 5.48 = 0.05 w/w%
TN 366.07 + 8.47 mgt 0.07 £ 0.00 ww% 0.50 £ 0.01 w/w%
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3.4.2.FPW Impact on Community Structure of Soil Microbiota

The geochemical resulssiggestedhat FC luvisol and GP chernozem may have distinct
microbial community structuseThel6S rRNA amplicon datshowed thatttein situ FC luvisol
had highebiodiversitythanGP chernozer(Appendix 2). For example, the Simam Diversity for
FC luvisol and GP chernozem were 4.48 and 3.35, respectively. FC luvisol enriched in
Proteobacteria, while, GP chernozem community compositions (Addobacteria and
Actinobacteria were profoundly influenced by the lower pH (Appendix(Fierer and Jackson
2006) This compositional difference inherent to soil types presbroughout the exposure

experiment during incubation (FiguBeA, Appendix2 Figure S2.

Our results suggested that soil microbial communities have strong tol¢oarard FPW
because both soil communities orslgowed large shiftsn samples exposed to A00% FPW.
The 16S rRNA amplicon data showed thatreasing exposure lead heodiversity lost(Figure
3.2B) and community compositional shif(sigure 3.2C), and that this effect is stronger in FC
luvisol than GP chernozerithe P@A analyses showed that 60% of the variance in taxonomic
compositions was due to differences between the &#9.578,0=0.001), which is unsurprising
given that the two soils had distinct native microbial community compositiiPi/ exposure
levels, epecially for both soils exposed to-800% FPW, were significantir>=0.108,p=0.007)
influence community structure. The significant effect of the incubation tinte0(B70.09,
p=0.0020.005) responsible for the compositional changes can only be resolved without

consideringsitedissimilarity between two soil typesgpendix 2Figure S).

Upon 50%100% FPW exposure of the FC luvisttile relative abundance of the bacterial

genusMarinobacterdramatically increased by 428% after 27 days incubation (Env{it0.001,
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Appendix 2Table S3 Appendix 2Figure ). For exampleMarinobacterincreased from 2.5%
to 25% in FCluvisol exposedo 100% FPW from day O to 27. Despite the presence;ofh®
strictly anaerobic bacteriutdalanaerobiumcommonly found in North American FP\{aly et
al. 2016; Mouseet al.2016; Zhonget al.2019) was slightly enriched from 0.2% to 1% in their

relative abundance invisol exposed to >50% FPW.

The taxonomic classification of our metagenome data wasistent withthe 16SrRNA
amplicon analysesf compositional changes (FiguB2A, detailed description is presented in
Appendix 3. Importantly, ve confirmed the shift dflarinobacterin FC luvisol; theMarinobacter
increased from 0.7% to 3.7% in luvisol exposed to 50% FR&Y 27 days, while nMarinobacter
were detected for luvisol without exposing to FPW. However, metagebase analyses
showed lower relative abundance of the most abundant taxa in the 16S rRNA ashptedn
analyses and higher abundance of minor taxa sisFirmicutes and Myxococcatompared to
16S Appendix 2Figure S5)These differences may result from bias during amplification of 16S
rRNA geneqSuzuki and Giovannoni 1996)r the highly abundant taxa having on average more

16S rRNA genes per genorieV Nt r mo Balkrian 2813)
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Figure3.2 16S rRNAamplicorrbased analyses showirgsponse of microbial
community in taxanomic composition and diversity to exposure to a range fi@®%0 FPW
from day 0 to 27triplicate in incubation n=3)A) microbial community profile showing the
relative abundance of the microbial phyla in FC luvasad GP chernozem exposed t&@%
FPW before and after incubation (the changes of major microbial genera >5% of the total
community were provided iAppendix 2Figure$4), (B) changes in FQuvisol and GP
chernozentommunity diversity (as measured by Steannon diversity index) with increasing
FPW exposure levels, (C) PCoA ordination showing changes Inbdl and GPchernozem

taxonomic compositions at increased FPW exposure lewetsors indicate the influence of the
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10 most abundant ASVs on thengposition.For Figure3.1A, sample labeldpcation_ FPW
fraction (%) of the total volume fluids_incubation day (e.g. FC_50_27); the average relative
abundance of ASV of the total sequence dataset below 0.1% were removed to reduce the total

phylumtypes inthis Figure

3.4.3.FPW Impact on Gene Abundance of Soil Microbial Communities

To further investigate changes in functions of communities impacted by FPW exposure,
we compared thabundance of functional genes in soils exposed to 50% FPW for 27 day®relati
to changes in soils not exposed to FPW. PCoA analyses showed that fangtioa abundance
changesbetween FPW exposed and unexposeils were divergedafter 27 days incubation
(Figure 3.3A). Gene abundance related to xenobiotics biodegradation and metabolism, energy
metabolism, carbohydrate metabolism, amino acid metabolisms, and lipid metabolisms were
generally higher in GP chernozem than FC luvisol (Fi@.88), which may be linkdto higher
concentrations ofiutrientsin the GP chernozem. Gene abundance related to these metabolisms
profoundly dropped in FC luvisol after 27 days without FPW exposureotRersamplegroups
including both soils exposed to FPW, genes related to these-atentioned metabolisms stayed
the same or increased after incubation. This besspnsistent with previous studies, inferring that
FPW derived chemical additives may be used by soil microbiota and enhanced their(&tiity
et al. 2016, 2017) Note that, genes related to cell motility increasedFRW-exposedGP
chernozemAlong thesamdine, we found multidrug efflux pump genes (ergexY mexk mdtC
acrA) of antibiotic resistanincreased in abundance in GP chernozem exposed to 50%af&W
27 days incubation. This suggests that microbial communities in GP chernozem may actively

respoml to reducexenobiotictoxicity from FPW.
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The response of counts and estimated copies of essential genes could be related to exposure
to FPWderived organic compounds (e.g., PEGs and AEOSs), unmeasured hydrocarbons, and
resistance to FPW stress (e.g., s@teator and Hill 2002; Wadhams and Armitage 2004;-Nau
Wagneret al.2012; Ferrer and Thurman 2015a; Datyal.2016; Heyoket al.2017; Bortoret al.
2018a; Heet al. 2018a; Evangt al. 2019a; Suret al. 2019a) Thus, we examined aldehyde and
alcohol dehydrogenase genes that could be responsible for degrading PEGs and AEOs and their
derivatives(Heyobet al. 2017; Roger®t al. 2019) Our results showed that shattain alcohol
dehydrogenase family, alcohol dehydrogenase, and alcohol dehydrogenase (NADP+) increased in
FC luvisol exposed to 50% FPW while the same genes showed a reduction in abunaearee or
maintained at low levels in the controls after 27 dafyiscubation (Figure.3C). The increase of
alcohol dehydrogenase genes have been previously found to be reldeggadation of PEGs
associated with simulated spills of FPW in groundwéRergerset al. 2019) However, o clear
trend of alcohol dehydrogenase changes was observed for GP chernozem. For GP chernozem,
abundant genes were annotated as gif@in alcohol dehydrogera$amily [COG 1028], a few
was classified to alcohol dehydrogenase [EC: 1.1.1.1] and alcohol dehydrogenase (NADP+) [EC:
1.1.1.2]. The abundance of aldehyde dehydrogenase also fell for FC luvisol samples without FPW
exposure after incubation and the charfgeshe rest othe experimental groups were relatively
small. pduCDE the gene sets previously reported to be encoded in Firmicutes that can shorten
ethoxylate chainfHeyobet al.2017; Evangt al.2019a)was absent or detected in low abundance
in our sampleshighest values wer.34% gene counts and 3 gene copies per million r@ads

GP_0_2).

Various hydrocarbons were commonly detected in FPW according to previous studies,

including polycyclic aromatic hydrocarbons of less abundance and are more reca(€itnaet
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and Thurman 2015a; Oreet al.2017; Heet al. 2018a; Wanget al. 2020a) We found that gene
counts and gene copy abundance of alkamofhooxygenasélkB1l 2 increased in FC luvisol
exposed to FPW after 27 days, whislas rot found in its control and for the GP chernozem
(Figure3.2C). There is no difference in the abundance of genes involved in metabolism of more
structural complex hydrocarbons between exposure and control samples. For example, for both
soils, cytochrome p450 and various monooxygenases and dioxygenases, were detected in low
abundance and did not change in abundance after exposure toAfP@hdix 2Figure S6).
Microbial communities may not target thecalcitrantcompoundsn environments wherether

carbon soures arepresent, such as {BP chernozerwith rich nutrients and chemical surfactnt

(Kleindienstet al.2015)
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Figure3.3 Functional analyses f&C luvisolandGP chernozemamples exposed to 50%
FPW versus control groug$riplicate in incubation n=3JA) PCoA ordination of BrayCurtis
distance of normalized gene counts agehe abundancehowing function gene structure
dissimilarity based on KO functions, (Bffects of FPW exposure on the abundance of gene counts
of KEGG level 1 functional categorieelated to metabolism, environmental information
processing, and cellular processes, (C) functions of selected genes that may involve in response to
FPW constituets (full lists of examined genes were presenfppendix 2Figure S6). Sample

labels:location_FPW fraction (%) of the total volume fluids_incubation day (e.g. FC_50_27).
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3.4.4.Unique Clades of Genomes under (HHIPW Effects

Metagenome assembled genond#\Gs) allow for the linking of specific functions to
genomes and their taxonomic lineages. Three MAGs, bin 6, bin 5, and bin 2, were reconstructed
from the FC_50_27 samplégpendix2 Table S4). Bin 6, classified &darinobacter persicus
was observed dtigh abundance, consistent with the 16S rRNA based analyses. The genome
related to bin 6 is most closely related (ANI=95%) to the MAG detected in the FPW obtained from
fractured shale formations (FiguBtA), which are predicted to degrade carbohydratesh as
glucose, fructose, lactate, and acetate, and hydrocarbons, such as alkanes, benzene, toluene, and
xylenes (Daly et al. 2016) Other phylogenetically close genomes suchMeinobacter
hydrocarbonoclasticusre widely detected in hydrocarbon impacted environments, e.g., from
Mediterranean eawater near a petroleum refinery with high hydrocarbonoclastic potentials
(Christen, Fernandez and Acquaviva 19%@)ditionally, increasing abundance Mfarinobacter
was observed for simulated deep sea plume to response to oil éffientslienstet al. 2015)
Genomes related to bin 5 and binwgre classified assalegentibacter(Figure 3.4B) and
Erythrobacter (Appendix 2 Figure S7), respectively. Both bacterial genera were previously
detected in FPW from shale formatidiispus 2017) and strains of these genevare shown to
be halotolerant to halophilic in saline environmefeCammon and Bowman 2000; >ai al.

2018) The closest (ANI=8%) known relative to bin 5 iSalegentibacter sp. 2dletected in HF
impacted freshwater and sediment (IMG Submission ID, 182861). The unigue clade of these two
bins in the phylogenetic tree suggesime of the microbes could b#ective indicators foheavy

FPWimpacts

64



Annotation of theMarinobacter SalegentibacterandErythrobacterMAGs, showed that
these genomes contained genes that may involve in the degradation of organic compounds (Figure
3.4C). Dehydrogenase genes such as aldehyde and alcdinalrdgenase genes were present,
which has been also detected in the closest MAGs reported from fractured shalB&iPet al.
2016) The presence of these dehydrogenase genes detected suggested these organisms may
degrade the PEGs and AEOs and te @@ Citric acid (TCA) cycle (AcetylCoA and Sacinyl-
CoA were detected) under aerobic conditions. However, further study is needed to confirm
whether they are specifically targeted to PEGs and AEOs, or additional unreported organic
compounds due to the potential broad use of aldehyde and alcohalatgnake. While, pduCDE
and pegA, genes more specifically associated with degradation of chemicals such as PEGs and

AEOs(Sugimotoet al.2001; Heyolet al.2017)were also not detected in the three bins.

Notably, genes thamay be involved in the first few steps of degradation of benzene,
toluene, and xylenes detected from the most closely related MAGEiobacterfrom fractured
shale FPWDaly et al.2016) were not detected in bin 6 relatedMarinobactestrains as well as
for the other two MAGs. Several key genes for cyclohexane and alkane degradation, including
Alkane Emonooxygenase lalkB1l 2) Probable FABbinding monooxygease Alma), and
Cytochrome P450 52A1CYP52A1)were not deteted in the three bifisu et al. 2019) For

examplealkB1 2contained byMarinobacter hydrocarbonoclasticwgas not found in bin 6.

Glycinebetaine and Kbased metabolisms are both important strategies for microbes such
asMarinobacterthat survive in saline FPW in the hydraulically fractured subsurface and other
similar saline environmen{®aly et al.2016; Lipuset al.2017; Bortoret al.2018a, 2018b; Nixon

et al.2019) Our reconstrued highquality bin 6 and bin sontained functional genes related to
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K™ uptake and glycine betaine pathways (Fig8wC, Appendix2 Table S5). The annotation of

the bin 6 for these osmoprotectgenes were consistent with previous studzay et al. 2016)

Choline dehydrogenase and betaine aldehyde dehydrogenase were detected in bin 6. Choline is
convertel to betaine aldehyde by choline dehydrogenase and then ultimately converted to glycine
betaine by betaine aldehyde dehydrogen@aly et al. 2016) These osmoprottant genes
highlights that soil bacteria may persist in maintaining their functions after FPW exposure.
However, no evidence suggests that FPW exposure induced increase abundance of the genes
related toglycine betaine and Kbased metabolismsver the conmunity (Figure3.3C). Future

studies that conductingene expression analyses dmdlating these persistent bacteria (e.g.,

Marinobacte) for functional analysis may validate this conjecture
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s opuD, betl pduD: Propanediol dehydratase medium subunit (EC 4.2.1.28)
2 betC pduE: Propanediol dehydratase small subunit (EC 4.2.1.28)
= betB, gbsA aldH: Aldehyde dehydrogenase (EC 1.2.1.3)
8 betA, CHDH adh: Alcohol dehydrogenase (EC 1.1.1.1)
g kK”pD alkB1_2: Alkane 1-monooxygenase [EC:1.14.15.3]
2 U;’: G CYP140A7: Cytochrome P450 hydroxylase [EC:1.14.-.-]
& : nahAc, ndoB, nbzAc, dntAc: Naphthalene 1,2-dioxygenase subunit alpha [EC:1.14.12.12 1.14.12.23 1.14.12.24]

trkA

benA-xylX, benB-xylY, benC-xylZ dmpB, xylE, catE: Catechol 2,3-dioxygenase [EC:1.13.11.2]

benA-xylX, benB-xylY, benC-xylZ: Toluate 1,2- 1zoate 1,2-di [EC:1.14.12.101.14.12.-]

a8 dmpB, xylE, calE ! kA trk s
2 nahAc, ndoB, nbzAc, dntAc : trk system potassium uptake protein
s scrk trkH, trkG, ktrB: Potassium uptake protein
55 glk KdpD: Two-component system, OmpR family, sensor histidine kinase KdpD [EC:2.7.13.3]
S35 1dhA kup: KUP system potassium uptake protein
§ § IIdGEF betA, CHDH: Choline dehydrogenase [EC:1.1.99.1]
g5 CYP140A7 betB, gbsA: Betaine-aldehyde dehydrogenase [EC:1.2.1.8]
L § alkB1_2 betC: Choline-sulfatase [EC:3.1.6.6]
= adh opuD, betL: Glycine betaine transporter
£3 aldH betT, bets: High-affinity choline uptake protein
E B pduE proV: Glycine betaine/proline transport system ATP-binding protein [EC:7.6.2.9]
< pduD Presence IIdGEF: L-lactate dehydrogenase complex protein
) pduC oo IdhA: D-lactate dehydrogenase [EC:1.1.1.28]
a pegh i} scrK: Fructokinase [EC:2.7.1.4]

glk: Glucokinase [EC:2.7.1.2]

Bin 6

Figure 3.4 Assembled genomes clades within bacterial genElainobacterig
Erythrobacter andSalegentibacteand functional annotation for higuality bin 6, bin 5, and bin
2. (A) FastTree phylogenomic tree computed using a concateraignment using 172
Gammaproteobacteria.hmm genes for bin6 and (B) FastTree phylogenomic tree computed using a
concatenated alignment using 90 Bacteroidetes.hmm genes for bin5 (C) Binary heatmap (D:
detected, ND: not detected) of the essential genesomaywolved in PEGs, AEOs, hydrocarbon
degradation, and their derivative compounds and essential genes that may be involved in salt
resistant of the FPW effects. Full lists of the examined genes for bin 2, 5, and 6 related to glycine
betaine and™* basedmetabolisms were provided &ppendix2 Table S5. The annotation of the

bin 2 is used MetaErg due to insufficient bin quality required for IMG annotation
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3.4.5.Temporal Changes in SdfespiratiorActivity

Increased levels of FPW inhibited €@roduction and @consumption for botkoil types
(Figure3.5). The respiration decrease is likely to be caused by loss of viable cells, an effect that
was previously reported for freshwater communities in our former g$fltynget al.2020) This
indicates that the increase in relative abundance of bacteria sMdriasbactermay be due to
their persistent and the loss of other organisms. The changes, causeddwsingdevels of FPW,
were significant (ANOVA,p<0.001) for both soils. The respiration capacity of unexposed GP
chernozems higher than for FQuvisol; however, this difference was reduced at increased FPW
concentrations. This is consistent with highatrientin GP chernozem, less loss of biodiversity,
and initially higher functional genes that may be related to organic degradatggesting that

GPchernozemmay have a greater capacity to resist FlRdlced stress.

The aerobic respiration rates with either 5% or 50% FPW treatment did not recover to the
respiration levels observed in n&®PW groups during the incubation peridadicating that the
ecological impact caused by FPW may not be mitigated by microorganisms over a short period of
time. The degree of FPW exposure significantly impacted Géheration over the month of
incubation (ANOVA,p<0.001). Total CQrelease from FQuvisol and GP chernozeaxposed to
5% FPW was about 1-#ld less than in the natural soils. The release wia¢d3dess in FQuvisol
and 2fold less in GRhernozenwith exposure to 50% FPW (for details and Tukey HSD analyses
seeAppendix 2Table S6). Ouresults imply declines in biogeochemical cycling efficiency in

FPW-amended soils
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3.5. Environmental Implication s

Soil microbiota are expected to mitigate FPW spills and to prevent further transport to
groundwater or other nearby environmef@tsr study suggests that soil microbial community have
relatively strong resistant to FRivWducel stress. Heavy FPW exposure may impede geochemical
cycling and biodiversity. In this case, shifting community structure and consequent functional
capacity made microbial communities are key player for soil to response the higin&&&d
stress.Soil types were vitally important tmfluenceabove mentionedesponsest-uture studies
need to link these observed responses to specific FPW compounds, indhuyeg time
observation of the microbial response to recalcitrant compounds of HRW.knowledge
promises to enhance our understanding of the impacts of FPW spills on different soil systems,
providing essential information to develop effective regulations to mitigate FPW risks in regions
with various types of soils, to develop risk assessment stratégid-PW pollutants, and for

optimizing practises for bioremediation.

3.6. Statement of Contribution

In this study, sample preparatigespiration testsl6S rRNA gendioinformatics, data analyses,
and paper writing were conductbg me Samples were séto Natural Resources Analytical
Laboratory at University of Alberta for checal characterizationDr. Camilla L.Nesbg assisted
me with netagenome bioinformaticBlon-target organic analyses were conducted by Dr. Yifeng

Zhangin theLaboratory Medicine & Pathologyf the University of Alberta
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4. Chapter Four: Comparative Metagenomics Uncover Distinct Shale Microbiome in

Deep Fractured Subsurface

4.1. Summary

Multiple-stage hydraulic fracturing has been applied widely in North America and recently
extends toChina for unconventional resource recovery. The activities of microbes in the deep
fractured subsurface have economic and environmental implications. Hereyvestigated
microbial and geochemical consistency in flowback and produced water derived from major shale
basins in China, the United States, and Canada. Our results revealed two distinct shale ecosystems:
a low diversity microbial community in higher gaty samples from North America dominated
by known halophiles, and a high diversity community in lower salinity samples from China. While
the capacity for sulfidogenesis and methanogenesis were common to the two regions, the
organisms responsible for thgsecesses and the mechanisms and environmental constraints in
samples from China differed from North American samples. Our study suggests that the effective
management for fractured subsurface microbial communities may differ between China and North

America during hydrocarbon production.

4 This Chapter is written based on a complete manus@ipng Zhong Mikayla A.
Borton, Camilla L. Nesbg, Fu Chen, Malcolm D. Forster, Liaozi Han, Greg G. Goss, Kelly C. Wrighton,

Brian D. Lanoil, Daniel S. Alessi
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4.2 Introduction

Theterrestrialsubsurface is a vital biomass reservoir on Earth, estimated to host 2 to 6 x
10?° cells (Magnaboscet al. 2018) This large biomass plays a critical role in driving elemental
cycling, producing byproducts such as methane that can be harvested for energy gerfelesitn
Jones and Larter 2003 orizontal drilling combined with multiptstage hydraulic fracturing (HF)
has enabled hydrocarbon extraction from typically low permeability shale formatiwhresults
in the linking of subsurface and surface microbial ecosysti@nged States Environmental
Protection Agency 2016; Alesst al.2017) On average, 15,000°%0f freshwater is injected per
well into geologic formations that lie kilometers below the surface to create fractures, and HF fluid
combined with formation brine return to the surface as flowback and produced water (FPW) after
the fracturing operation is completé§ondash and Vengosh 201%)nderstanding the activities
of microbes in these deep terrestrial ecosystems, and how the process of HF impacts them,

promises to provide insights that have ecoitoand environmental importance.

Concerns about undesirable microbial activities during shale resource recovery include
biofouling and generation of biogenic sulfide that may cause reservoir souring and infrastructure
corrosion(Booker et al. 2017; Nixonet al. 2017) Early studies that investigated FPW from
unconventional resource basins in North America showed that HF introduce®ngecrisms
from surface environments that may inhabit fractured shales, and that chemical additives in the
injected HF fluids may support microbial growth and colonizat@aly et al. 2016;Evanset al.
2019a) Studies to date from the Marcellus and Utica (US) and Duvernay (Canada) shale
formations revealed a persistent, stable microbial community dominated by members of the
sulfidogenic bacterial genu#dalanaerobium with methanogens ofhé archaeal genus

Methanohalophilusiso detected, albeit at lower abundafMarali Mohanet al.2013a; Cluffet
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al. 2014; Dalyet al.2016; Zhonget al.2019) The prevalent microbes may use chemical additives
as carbon sourcéMohanet al. 2014; Bookeret al.2017; Lipuset al.2017; Bortoret al.2018a;
Bookeret al.2019) For example, glycolysis anguvate metabolisms are often cited as primary
fermentation pathways fafalanaerobium congolenge degrade FPW dissolved organic matter
(e.g. ethylene glycol, guar gum, to sugars) to corrosive-sharh acid§Bookeret al.2017; Lipus

et al.2017; Bookeet al.2019) Glycine betaine pathways are important for microorganisms such
as Halanaerobiumand Methanohalophilugo to obtain energy or form an osmoprotecttmt
counter high salinity in the Marcellus and Uti@aly et al. 2016; Bortonet al. 2018b, 2018a)
Beyond North America, China has become the tlardest producer of shale gas. In China, 95%
of the country's total shale gas production is from the Sichuan Balsimese National Bureau of
Statistics 2019)The recent study showed that methanogerexiing with sulfateeducing
microbes present in the Sichuan Basin fractured s{zianget al. 2017, 2020) However,
knowledge of the dgesubsurface ecosystem in the Sichuan Basin shales, as well as its genotype

consistency to that for North America is poorly understood.

Here we present the first metanalyses of metagenomes in FPW derived from shale
formations at basin scales. The studations included the Sichuan Basin (China), the Marcellus
and Utica (US), and the Duvernay (Canada) shale development réief®uvernay Formation
is of Devonianageandis laterally equivalent to the Leduc Formation, a carbonate platform and
reef conplex (Flynn et al. 2019) The sampling locations of the Sichuan Basin FPW were in
Weiyuan and Zhaotong shale gas fields, which have the prodwtialelayer of the Upper
Ordovician Wufeng Formation and Lower Silurian Longmaxi Formatideposited in the
continentalshelf (Fenget al. 2018) The Marcellus and UticaFormationsare located in the

Appalachian BasinThe organigich blackshales of th®evonianagedMarcellus Formatiomand
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Upper Ordoviciaraged Utica Formatiowere deposited in foreland bagi#agorski, Wrightstone

and Bowman 2012; U.S. Energy Information Administration 2017)

The target formations have vertical depths ranging frehk&). We analyzed geochemical,
16S rRNA gene amplicon, and metagenomic data from eight samples collected from FPW derived
from the Sichuan Basin (China). We compared these results to reanalyzedlléatad from the
North American shale development regions. We used 16S rRNA gene sequences to compare
microbial community structure in FPW from China and North America, and-gamteic and
genomeresolved metagenomic approaches to determine inferretidns encoded by genomes
of the shale microbial communities. These comparative analyses aim to enhance the understanding
of global relevance of phylogeny and functionalities of the microbial communities of the fractured

subsurface and their potential iaqqts on resource recovery and toéhgironment.

4.3.Methods

4.3.1.Sample<Lollectionfor Comparative Analysis

FPW and input water, used to make HF fluids, were collected from four shale development
regions in China, us, and Canada, i ncluding
region, Utica and Marcellus shale gas development regions, US, and thex®&usbkale (tight
sandstone) oil and gas development region, Canada. The 16S rRNA gene amplicon dataset
included 8 FPW and 1 input water samples from the Sichuan Basin, 8 FPW and 2 input water
samples from the Duvernay, 34 FPW and 1 input water samplesHeoMarcellus, and 20 FPW
and 5 input water samples from the Utica. The shotgun metagenome dataset includes 2 FPW

samples from the Sichuan Basin, 7 FPW samples from the Marcellus, 20 FPW samples from the
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Utica, and 5 input water samples from Utica. DNAcentrations in FPW collected from the

Duvernay Formation were insufficient for the metagenomic sequencing

The Duvernay formation FPW samples were collected froriflgas separators from two
shale wells near the town of Fox Creek, Alberta, Canada. Uieguent 16S rRNA sequencing,
salinity, and DOC concentrations were presenteal imevious studyZhonget al.2019) Input
water and FPW of from shale wells in the US were collected from wellheads aiftligas
separatrs. These fluids were collected from five wells in the Utica and Marcellus shales in Ohio
(n = 2), West Virginia (n=2), and Pennsylvania (n=1). DNA was extracted and sequenced from all

produced and input fluids, as previously describedl pnevious studyDaly et al.2016)

This study is the first reported metagenomics and geochemistry of the FPW samples from
the Sichuan Basin shales. In China, eight FPW samples collected from betwiEsth ddys after
the initial flowback were collected in 2018 from gsid separators ofife shale wells from the
Weiyuan shale gas play (n=3) and Zhaotong shale gas play (n=2) in/near the Sichuan Basin. There
was no shuin time after HF operations were completed for all sampled wells in the Sichuan Basin.
Additionally, an input water sampleom the freshwater storage tank was collected from the
Weiyuan shale gas play. Fluids were collected in 500 mL sterile polypropylene containers without
headspace and transported on dry ice from the production sites to the Southwest Petroleum
University, thengdu, China, within a week. The fluid samples were filtered through 0.22 um pore

size hydrophilic polypropylene membranes and storeP08C until DNA extraction

4.3.2.GeochemicaRnalyses

Chemical analyses of Sichuan Baslmale FPW were conducted #he Southwest

Petroleum University in Chengdu, China. Briefly, pH was measured by standard methods. The
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chemical oxygen demand (COD) of water samples was measured using a spectrophotometer
(COD-571-1, INESA, Shanghai, China) and converted into TOC usiegnethod described in
Dubber and Gray (201@Pubber and Gray 2010Yhe concentrations of cations including?Ga

K*, Na', Mg?*, and St* were analysed using an atomic absorption spectrophotometef (A&

EWAI, Beijing, China), and concentrations of the aniohsSEx?, NO*> and Cl were measured

using ion chromatography (883, Metrohm, Herisau, Switzerland) following the standard protocols.
Corresponding chemical analyses for Utica and Marcellus fluids are outlipeevious studies

(Daly et al.2016; Bortoret al.2018a) Additional DOC data were collected frarprevious study

(Cluff et al.2014) Additional descriptions of the methodology are presemdégppendix 3

4.3.3.DNA Extraction PCR, and 16S rRN&ene Sequencingom Sichuan Basifluids

Total genome DNA from samples was exteactusing the combined cetyl -triethyl
ammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) method. 16S rRNA genes were
amplified using 341806R primers R-BCTAYGGGRBGCASCAG3 Nj, 5-Nj
GGACTACNNGGGTATCTAAT-3 Ngrgeting V4 regiongYu et al.2005) Sequencing libraries
were generated using TruSBYA PCR-Free Sample Preparation Kit (lllumina, California, USA)
following the manufacturer's recommendations. The library quality was assessed using a Qubit 2.0
Fluorometer (Life Technologies, California, USA) and an Agilent 2100 Bioanalyzer system
(Agilent Technologies, California, USA). Finally, the library was sequenced on an Illlumina HiSeq
platform (lllumina, California, USA) and 250 bp pairedd reads were generatsirecommended

by the manufacturer
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4 .3.4.Bioinformatics for 16S rRNAatasets

For samples from Marcellus and Utid®gS rRNA gene sequences were reconstructed from
trimmed unassembled Illumina reads using EMIRGE v 0.61.0 with 50 iterations. EMIRGE
sequences were chimera checked before phylogenetic gene analyses. To make EMIRGE 16S
rRNA gene data comparable to 16S rRNA gene amplicon datdefgth EMIRGE 16S rRNA
gene sequences were trimmed to the V4 amplified region and ran throughars@pipeline to
create QIIMEZ2 input files from EMIRGE data. This pipeline uses the NormPaloecalculated
by EMIRGE to generate segs.fna files for QIIME2 with the number of EMIRGE sequences
reflected by NormPrior abundance with each sample having 1,000,000 sequences. For instance, if
the NormPrior was 90%, it would have 900,000 sequences setigefna file, and 90% relative
abundance in the QIIME2 ASV table. The segs.fna files are directly imported into QIIME2. The
methods for 16S rRNA sequencing of samples from Duvernay Formation is presented in Zhong et
al. (2019)(Zhonget al.2019) For 16S rRNA gene analyses from amplicon (Sichuan Basin and
Duvernay) and metagenomic data (Marcellus and Utica), reads and seq.fna files were imported
into QIIME2 v2018.11. Amplicon reads were demultiplexed and analyzed ushigAD to
produce amplicon sequence variants (ASV) by sangNMIRGE-derived seq.fna files were
converted to a biom file. Subsequently, both the EMIR{gEved biom file and segs.fna were
imported into QIIMEZ2. Both 16S rRNA gene analyses from amplicon atalgeieomic data were
classified using SILVA132, and then merged. The resulting ASV table was collapsed to the genus

level and analyzed for biogeographical features.
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4.3.5.GenomeAssembly, Binning, Taxonomic ClassificaticemdFunctional Annotation

For meéagenomic sequencing of FPW from Sichuan Basin shale, sequencing libraries were
generated using the NEBNext® Uitt&NA Library Prep Kit for lllumina (New England Biolabs,
Massachusett s, USA) following t he-enchagunanded ct ur e
on an lllumina HiSeq platform (lllumina, California, USA). The raw data was cleaned, trimmed,
and quality checked before assemiipfendix 3. Reads passing quality control were assembled
into contigs using the MEGAHIT assembler v1.1.2 with default settfhg®t al. 2015) The
assembled reads were uploaded to Integrated Microbial Genomes and Microbiomes (IMG) in order
to condwet genecentric based approaches. The metagenome sequences assigned genes were
classified using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways via KEGG
Ortholog (KO). This is used to evaluate a brsadle functional potential of the microbial
communities detected from Sichuan Basin to that detected in Marcellus andQditicarrently,
raw reads from both wells were also processed
workflow (Erenet al. 2015) which relies on read quality control methods proposed by Minoche
et al. (2011)(Minoche, Dohm and Himmelbauer 20143 well as the MetaSPAdes v3.12.0
assemble(Nurk et al.2017) MetaSPAdes was used to assemble reads from each of the two wells
individually, as well ago generate a eassembly of reads from both wells. Read mapping to
assembled contigs was performed using BBMap v37.24 (https://sourceforge.net/projects/bbmap/)
for MEGAHIT-assembled contigs and Bowtie v1.1.2 (Langmead and Salzberg 2012) for
MetaSPAdesase&mbled contigs. Contigs >2500 bp from each assembly were binned using
MaxBin v2.2.7(Wu et al. 2014)and MetaBAT v1.{Kanget al. 2015)with default parameters
Constructed genome bins from all combinations of assembly and binning software weck poo

and dereplicated with dRep v2.3QIm et al.2017)using default settings. Dereplicated bins were
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assessed for quality using CheckM v1.(Parkset al. 2015)then assigned to taxonomy using
GTDB-Tk v0.2.2(Chaumeilet al.2019) Bins with >90% completess and <5% contamination
scores with relatively less contigs were selected for further manual refinehpgeindix 3. The
phylogenetic tree was reconstructed by using GtoTree based on Universal Hug et al. single copy
gene sefHuget al.2016; Lee and Ponty 2019)he refined bins were annotated using the DRAM
(Distilled and Refined Annotation of Metabolism) pipeline with default paramé@éafferet al.

2020) The annotation is used to predict the functional capacity of the reconstructed MAGs.

Fluid samples from Marcellus and Utica shales that were used for metagenomics analyses
were sequenced at the Joint Genome InstiRagv reads from FPW andput water were trimmed
in IMG/M by the Joint Genome Institute. Assemblies were subsequently annotated using the IMG
Annotation Pipeline. The genome bins of high abundance from the Utica and Marcellus which the
binning and annotation methods were previpdsiscribedDaly et al.2016; Bortoret al.2018b)

were used as references for phylogenetic and functional analyses.

4.36. StatisticalAnalyses

Microbiology data and geochemistry data of FPW samples were grouped by Sickimn Ba
Marcellus, Utica, and Duvernay to support the analyses at regional scales. Salinity of these four
studied shales was measured by chloride and TDS. The chloride levels of different shales were
compared usindANOVA analysis combined with and TukeyHSDa#ysis. The differences in
microbial diversity and richness among the four studied shales were measured by Shannon
diversity, Inverse Simpson diversity, and Observed ASV indexes, using diversity function
implemented in RANOVA analysis combined with and TukeyHSD analysis were used to

compare these diversity and richness indexes. The diversity indexes were correlated to the salinity.
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The methods of the correlation analyses are presentégpendix 3 Principal Coordinates
Analysis (PCoA) was used to measure the similarity of shale taxonomy of Sichuan Basin,
Marcellus, Utica, Duvernay FPW samples, and their corresponding input saBgdees PCoA

analyse was used to measure the similarity of functional gene composihageéd KEGG
pathways) between FPW samples of Sichuan Basin, Marcellus, and Utica, and Utica input water
samples.Permutational Multivariate Analysis of Variance (PERMANOVA) was used to test
significance of two factork the location of a well and the tineesample was collected following

initial flowbacki on the taxa distribution&pearman correlation implemented in the R package,
Vegan, was used were used to correlate specific microorganisms to overall taxonomic differences
(Oksaneret al. 2018) The relative abundance of tkeetimated gene copy numbers classified to
KEGG level 1 and level 2 functional pathways for FPW samples of Sichuan Basin, Utica, and
Marcellus and Utica input samples were compared using ANOVA analysis and TukeyHSD
analysis. The KruskalVallis Rank Sum Tdsimplemented in IMG was used to compare the
differences in KEGG functional modules (a series of genes) and KO based functional genes among.
For ANOVA, TukeyHSD, and Kruskalallis Rank Sum Test$<0.05 was used to infer a

statistical significance

4.3.7.Data Availability

For newly generated sequences, 16S rRNA gene sequences of Sichuan Basin FPW and
input water samples were deposited in NCBI under BioProject PRINA628814 (SAMN14751469
SAMN14751477). The shotgun metagenomes of two Sichuan Basin FPW savepmedeposited
with IMG accession numbers 3300031260 and 3300031485. High quality MAGs derived from

Sichuan Basin assembled sequences were deposited in IMG under GOLD Studies Gs0135899.
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For reanalyzed sequences, 16S rRNA gene sequences of Duvernay seenpleéeposited
in NCBI under BioProject PRJINA407226 (SRX3204453, SRX3204457, SRX3204459
SRX3204466), 16S rRNA gene sequences of Marcellus samples were deposited in NCBI under
BioProject PRJINA308326 (SAMNO04417539, SAMNO04417540, SAMNO441-7544
SAMNO04417546) The assembled sequences of Utica and Marcellus FPW samples were deposited
in IMG (3300006628300006633, 3300006639, 3300006780, 3300006782, 3300006798,
3300006807, 3300006866, 3300007157, 3300007158, 3300007162, 3300007165, 3300009194,
3300009419, 330@®574 3300009576, 3300009625, 3300009744, 3300010372, 3300010374,
3300013018300013021) The deposit access numbers of the MAGs derived from Utica and
Marcellus assembled sequences were presented in previous @Dadiyest al.2016; Bortoret al.

2018a)

4.4.Resultsand Discussion

4.4.1. Reconstruction oDatasetsfor Metanalysesof Persisting Shale Genomé®mm

Sichuan Basin, Marcellus, Utica, and Duver&ales

The 16 rRNA genebased datasets comprises of eight Duvernay {080days following
HF) (Zhong et al. 2019) 34 Marcellus (88 days following HF), and 20 Utic&-802 days
following HF) FPW samples on which previously report€tlff et al.2014) and eight newly
collected FPW samples from the Sichuan Bagt1(66 days following HF (Figure4.1A). At
least onenput fluid sample of each shale development region was included as a reference sample
for measuring the compositional distance between two energy extraction phases (before and after

HF).16S rRNA gene spiences from Duvernay and Sichuan Basin were used 16S rRNA amplicon
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sequencing while 16 rRNA gene sequences from Utica and Marcellus were extracted from

metagenomes.

An earlier survey of seven Marcellus, 20 Utica FPW samples, five Utica input samples,
andtwo newly collected day 82 and 156 Sichuan Basin FPW samples were chosen for paired
shotgun metagenomics analyses. Duvernay samples are not included as they failed to generate

DNA of sufficient quality for metagenomics sequencing

Duvernay

Y

Marcellus and Utica
v &

Marcellus

Chloride (g/L)

100 200 300 400 500
Days Post Initial Flowback

Figure4.1 Reconstruction of persisting shale genome and salinity of Sichuan Basin, Utica,
Marcellus, and Duvernay shale formations. (A) Locations of studied shale formatiamslius

and Utica shales, Appalachiana®ns (United States), Duvernay shale, Western Canadian
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Sedimentary Basin (Canada), and Sichuan Basin shale (China) are the major active shale oil and
gas plays in each country. (B) Genomic sampling over time from the Sichuan Basin shales of lower
salinity to the North American Basin shales of higher salinity. Trends of chloride concentrations
corresponded biosamples (jittered) showing they-ambered the elevated salinity in time series,
representing the stable shale microbiome in the late stage oftheea ct i on pr ocess.
samples used for 16S rRNA gene based on anal ys
analyses and have paired 16S rRNA gene. @eh biosample has corresponding salinity data

with exception of three (Utica) inpgamples without measurement

4.4.2.DistinctGeochemical CharacteristiosFPWBetweerthe Sichuan Basin, Marcellus,

Utica, and Duvernay

To support the metanalyses of persistent shale genomgsl treorganic elements, and
total organic contentsf the eight Sichuan Basin FPW samples were measured, and were compared
to the FPW samples previously reported fridtita, Marcellus, and Duvernay Formatigif$ynn
et al. 2019; Folkertset al. 2019; Zhonget al.2019; Mehleret al. 2020) The results showed that
the salinities (measured as chloride) are significantly differer0.001) among the four
formations. Theshloride concentrations Sichuan Basin FPW samples were 13,000+6,508§ mg L
significantly lower p<0.001) than the 53,800+21,600 mg?! lof Marcellus samples,
88,800+21,900 mgLt of Utica samples, and 102,700+31,800 migdf Duvernay sampleghe
time following initial flowback contributed to most of the variar{pe0.001)in salinity observed
among the samples (Figu4elB). This basinal salinity difference is also evident when comparing
total dissolved solids (TDS) of Sichuan Basin FPW to those preyioegbrted in other studies

as an estimate of salinitAppendix 3.
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Correlated to the chloride levetbe concentrations of most cations in Sichuan Basin FPW
samplegAppendix 3Table S) were lower than the ranges measured in FPW samples collected
from North America(Haluszczak, Rose and Kump 2013; Oeg¢ral. 2018; Flynnet al. 2019)
Thesulfate concentrations in Sichuan Basin FPW samples were betweer?Z744mg L, within
the ranges observed in the Marcel(tkluszczak, Rose and Kump 20%8)d Duvernay shales
(Flynn et al. 2019) The dissolvedorganic carbon (DOC) concentrations of Sichuan Basin FPW
were 686 + 396 mgt, while DOC concentrations were 266 + 126 mg/L for FPW from the
Duvernayshale(Zhonget al.2019) and128 + 66 mg/Lfor FPW from the Marcellus shaf€luff

et al.2014)

The pH of SichuarBasinFPW rangedetween 6.9 and 8.3ppendix 3Table S1), and
was within the range of the Marcellus samples-&b4) (Barbotet al.2013) and relatively higher
compared to that for Duvernay samples {&.2) (Zhonget al. 2019) Subsurface temperature is
known to strongly influence subsurface microbial taxonomic compositiéasparet al. 2016)
Previous studies indicate that the reservoir temperature of these target formations are within broad
ranges of 2200C, depending on the well locatiofGasparet al.2014; Tayloret al.2014; Daly
etal. 2016; Cheret al.2018; Zhonget al.2019) While, the reservoir temperatures of these wells
studied in this study were not tracked. Distinct geochemical differences, especially the
dramatically lower salinity in FPW from the Sichuan Basin as coetptr theshales in North
Americais indicative of differences in the subsurface environmeértterefore, we postulated
these differences in the physiochemical environment provided alternative environmental filtering
of the subsurface microbial communitiessulting in different microbial community membership
between Sichuan Basin and North American Basins. Whether functions change despite the

community changes is of importance to understand
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4.4.3. Regionally-Distinct Shale Microbial Communities

Consistent with the geochemistry, dupadscale 16S rRNA gene based genome survey
revealed that diversity metrics and membership of the microbial communities in the Sichuan Basin
were distinct from those detected in the Noktimerican Basins (Figure 4.2A). The microbial
richness and diversity of the Sichuan Basin FPW samples were significantly ipgh®0() than
that for the Marcellus, Utica, and Duvern&ppendix 3. For instance, the Shannon diversity was
3.84+ 0.28 forSichuan Basin FPW samples and wef9+ 1.40,1.59+ 1.05,0.64+ 0.75 for the
Marcellus, Duvernay, and Utica FPW samplesspectively.The reduced biodiversity was
correlated golynomialregressionp<0.001, R?=0.5-0.6) to increased salinity in NortAmerican
versus Sichuan Basin FP\Wpendix 3Figure 9, Appendix 3. We note that these differences
in microbial diversity were not driven by different input biomasshage were only small and not
significant differences in diversity of input watenong the studied shalégdditionally, diversity
matrices remained sidigantly different between China and North American samples when we
limited our analyses to persesitmicrobial communitiesusing sampleproduced > 50 days after

initial flowback @Appendix 3.

The compositional differencep<0.001, R=32%) were showty clusters in the PCoA
ordination, which weresignificantly separated by studied formations (Figure 4.2#igh
abundances of members of the halophilic geHakanaerobiumin the Marcellus, Utica, and
Duvernay shales on the right side of the ordinatisorininated themp&0.002 Appendix 3 Table
S2) from the Sichuan Basin sampl€&kis is also supported by a distinguislobaster observed in
hierarchical clustering analysi8gpendix 3Figure S2) wherélalanaerobiuntconsisted of >75%
of the total communy in the samples of this cluster. In this cluster of North American FPW

samples, the lowest salinity at whiétalanaerobiumbecame predominant is >63,000 mg L
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chloride, found in Utica FPW at 96 days following HF. The relative abundandtaafaerobium
increased in Marcellus, Utica, and Duvernay samples with increasing FPW production time, which
correlates to increasing salinifilurali Mohanet al. 2013a; Cluffet al. 2014; Dalyet al. 2016;
Zhonget al. 2019) Eventually, the salinity levels stabilized, at which point aanaerobium
were highly abindant in FPW from all of thegdays(Murali Mohanet al.2013a; Cluffet al.2014;

Daly et al.2016; Zhonget al.2019)

In the cluster of a group on thpperleft side of the PCoA ordination consisted of mostly
Marcellus FPW samples and a few Utica FPW sampMsobacter (average 16.4%) and
Marinobacter(average 4.15%) were abundant in the Marcellus FPW sainglgis cluster. This
could be associated thithe abundance of these species in the original input samples. Average of
the ArobacterandMarinobacterin Marcellus input samples were 5.70% and 82fespectively.

Thus, these clusters of samples collected from Utica and Marcellus shales may generally represent
the transitional period of FPW (early to middle flowback times) before reaching the end of the

trajectory, at which timélalanaerobiumbecamegpredominant.

In the ordination, microbial community compositions in Sichuan BaBW samples are
similar to input samples with less salinifyhese results further suggest that salinity hpstant
effect in determining microbial community structureproduced fluidsCorrelated to the high
diversity index, a wide range of microbes were detected across ten Sichuan Basin FPW samples
(Appendix 3 Figure S3). This included relatively more abundant bacterial genera such as
Thermovirga Sulfurospirillum Spharochaeta Desulfomicrobium Bacillus, Arcobacter and
Marinobacterium The less abundant bacterial gerMeainobacterandShewanellavere detected
and previously reported to be in surface HF water systems of the Sichuan Basin shale gas plays

(Zhanget al. 2017) Methanogens includinjlethanothermobactesand Methanolobusvere also

86



detected. The micraél community structure in th8ichuan Basin samples were similar to those
found in conventional oil fields (e.gThermovirgaand Methanothermobactgin contrast tdhe
North American FPW samplé®ahle and Birkeland 2006; Cheeg al. 2011) The community
structure of corresponding samples for North American shale basins previessiybdd in
previous studiegCluff et al. 2014; Daly et al. 2016) Prevalenthalgohilic members of
Halanaerobiumand Methanohalophilusfound in Marcellus, Utica, and Duvernawere not
detected in Sichuan Basin samples, including the sample collected >150 days after initial flowback
when salinity had stabilized at >10,000 chloride mlg Halanaerobiumstrainsprodwce sulfide
from thiosulfate reductiofLianget al.2016)and are the predominant bacteria in North American
shalesln fact, our results show that more types of sufideducing bacteria are present in the
low-salinity fractured shalesAppendix 3Figure S3).The optimal grow salinity fortgins of
Halanaerobiumisolated from oil and gas field siteshetween 1.72.5M NaCl (approximately
60,00090,000 mg/L CI)(Oren 2015; An, Shen and Voordouw 2017; Bookéral. 2017)
suggesting that the relatively low saliniti/tbhe Sichuan Basin shale may not provide an optimal

salinity for the growth oHalanaerobium

PCoA analyses revedhe effects otemperature on thghale microbial communitiesn
which distinct clusteranay correlate to the detection dfhermotoga(avaage 0.53%) and
Thermococcugaverage 3.31%) in Utica FPW samplasad Thermoanaerobactefp=0.001)in
both Utica (average 0.49%and Marcellugaverage 1.25%) FP\8amplesn the rightdown side
of the PCoA ordinatioifFigure4.2B, Appendix 3Table S2. Previously characterizezspeciesof
thesegenera are thermophilic and hyperthermophditgy cargrow attemperaturgof up to90°C

(Klingeberget al. 1995; Xueet al.2001; Frock, Notey and Kelly 201Wlany enriched genera in
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the Sichuan Basin samples, sucfisrmovirgaandMethanothermobacteare alsahermophilic

microorganismgDahle and Birkeland 2006; Chergal.2011)

Although major differences of the community structure from two regions is illustrated, it
should be noted that the analyses of the microbial community structure are based on both 16S
rRNA genes amplicon and 16S rRNA genes extracted from metagenome, which may cause
estimation variance at finer scales. Thiwvariance has been demonstrated from the overall
community structure distance (Figure 4.2B) and the major taxonomic compositidilespro
(Appendix 3Figure S3) of two paired Sichuan Basin FPW samples (Weiyuan 2_80 and Wiyuan
2 _156). For exampleThermovirga Desulfomicrobium and Bacillus that detected in the 16S
rRNA amplicon sequencing were not detected in their paired metagenaonmesa This
estimationvarianceis likely to be attributed to amplification bias of microbes of different

abundance.

88



Shannon Index

0.10

0.05

0.00

Axis 2 (11.85%)

-0.05

-0.10

Location

B Duvernay

[] Duvernay Input

@ Marcellus
Marcellus Input
Sichuan Basin
Sichuan Basin Input
Sichuan Basin_16S

X Sichuan Basin_MetaG

¢ Utica

<> Utica Input

Day Post HF

A
I 100

0

0 50,000 100,000
Chloride Concentrations (mg/L)

=L Laclggoce

R

B Duvernay

[] Duvernay Input

@ Marcellus

2 Marcellus Input
Sichuan Basin

/N Sichuan Basin Input
Sichuan Basin_16S

> Sichuan Basin_MetaG

¢ Utica

<> Utica Input

Day Post HF

A
I 100

0

"

-0.05 0.00

Axis 1 (28.25)

0.05

Figure4.2 Metanalyses of diversity and taxonomy of the microbial community matrices

between China and North American shale bag#sMicrobial community diversity (measured

as Shannon Diversityjetween four studied shales versus and the diversity changes esguttre

salinity, (B)PCoA analysisBray-Curtis distanceshowing taxonomic similarity between Sichuan,

89



Utica, Marcellus, and Duvernay sampl&amples collected from Sichuan Basin and Duvernay
were obtained by 16S rRNA gene amplicon sequencing with exoeptielled; samples from
collected from Utica and Marcellus were obtained by extracts 16S rRNA gene from metagenome.

Time post initial flowback were represented by color from dark blue to light yellow

4.4.4. Function Capacity Conserveth Shale MicrobiotaBetweenFPW Samplesfrom

Sichuan Basin, and Marcellus and Utica (Appalachian Basin)

We examined the relative abundance of protein coding sequences of samples from the two
regions of the Sichuan Basin and Appalachian Basin (Marcellus and Utica) to pretactmpare
the metabolic capacities of the shale microbiota between regions, under the context of distinct
taxonomy revealed by 16S rRNA gebased analyses. The PCoA analysis of KEGG Orthology
based KEGG pathways showed FPW samples of Appalachian Basiagunctional capacities
generally different from the input samples with a few exceptions, and functional similarity of
Sichuan Basin samples were in between Marcellus and Utica FPW and input samplegt&igure

annotation of KEGG Level 1 and 2 pathwaysre presented iAppendix 3Figure S4).

We compared relative abundance of estimated gene copy numbers associated with
methanogenesis and sulfidogenesis that may be economically important to energy development
In terms of carbon cycling, unsurprisingly gene abundance of the fermentation pathways between
two regions were in similar rang&s an final step for converting carbon compounds to methane,
methanogenesis has been noted as a vitally important biogecehgmocess in organigch
shalegCokaret al. 2013; Mouseet al.2016) The abundance of various genes that can convert
methanol, CQ acetate, trimethylame, dimethylamine, and methylamine to methane, and key

methanogenesis genes Meitgdenzyme M reductase complexaesc(ABQ were dramatically
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higher in Sichuan Basin shale microbial communities than those found Apgiadachian Basin

samplesKigure4.3).

Along these linesSichuan Basin FPW metagenomes also showed a capacity to produce
corrosive sulfidogenic products like their Appalachian Basin counterparts, consistent with
increased sulfatety.4127.4 mg/L S@ in FPW samplésas an electron accept@louseret al
2016) Assimilatory and dissimilatory sulfate reduction pathway gene modules, sulfate
transporters (e.@ysA cysW andcysU), as well as thiosulfate gene (ergll) detected in Sichuan
Basin FPW samples were within the range or lower thappfalachian BasinFPW samples
(Figure 4.3). However, Sichuan Basin FPW contained significantly (adjuste@i0040.010)
higher abundance aisrAB than Appalachian Basin FPW, whicbatalyzes the main energy
conserving step in the dissimilatory sulfate reductatiway, resulting in metabolically produced
sulfide. These broad scale pathway analyses suggest that sulfidogenesis and methanogenesis are

core metabolic capacities conserved across shale microbial communities of these two regions.

Harsh subsurface envimtments plus biocides are not efficient in restricting the growth of
potentially detrimental microorganisms in downhole environments in many (¢éeesaset al.
2015, 2016) Furthermore, we examined the biofilm and sporulation geflyegefhdix 3Figure
S5), which have been reported in sifific studies fromAppalachian Basirthat may cause
negative impacts on the energy developnikttthanet al.2014; Bookeet al.2017, 2019; Lipus
et al.2017) Genes involved in bidm synthesisggaAD, quorum sensingyéeBQ, and flagellin
(flic andflrBC), and chemotaxis motilitynfotAB, had little difference in abundance between
samples of the two studied regions, with a few exceptions of genes involved in biofilm synthesis
(pgaC), quorum sensinguyxQNcqgsSluxU-luxO) and cellular attachmenadrA) where Sichuan

Basin samples had higher abundance. Genes involved in sporulatiABCDEspoOFA
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complexes) were also within similar ranges of abundance. While these genes opessithiktyo

for microbial communities to form biofilms or sporulate, may support the resilience of microbial
communities to high temperature, salinity, pressure, and added bifosdggettet al. 2012) the
exanined biofilmrelated genes were commonly absent in FPW samples; rather, sporulation
related genes (spo0A) were shown prevalently enriched (adps@g0D50.025) in FPW samples

as compared to those found in input samples

4.4 .5.No Enrichmentof Genes Relateth SaltTolerancdan Sichuan Basin FPW

Glycine betaine and potassium uptake metabolisms are important for microbes to survive
in the high salinity FPW of the Marcellus and Utica shélzaly et al. 2016; Lipuset al. 2017)
In general, most of the examuhgenes related to the two metabolisms in Sichuan Basin and
Appalachian Basishales were shown higher relative abundance than input sapjeengix 3
Figure S5). However, lower salinity of Sichuan Basin FPW suggests that these pathways may not
be used s equally important as found froAppalachian BasinConsistent with the geochemical
evidence, most of genes related to glycine betaine pathways such as glycine redutfgse (
glycine betaine transporteoguD, betl), glycine hydroxymethyltransferaseglyA), glycine
dehydrogenase3L.DC), threonine 3dehydrogenasddh), betaine reductasgr@dB), and glycine
betaine/proline betaine transport systgmoV, prow, proX) examined in Sichuan Basin FPW
were in a similar range or lower that those found inMllaecellus and Utica shales. Additionally,
a series ofrk system potassium uptake geniekH, trkG, ktrB, trkA) were also in a similar range
between the two regions. The results indicate use potential of the glycine betaine and potassium

uptake metabolisexmay correlate to the salinity of fractured formation.
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Figure4.3 A broadscale overview of the predicted functional capacities between Sichuan
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thiosulfatereducing €dl), and methanogenesisi¢r) were shown towgport the major finding of

the broadscale overview

4.4.6. Phylogeny andPredicted Functional Capacitie§ Shale MetagenormAssembled

GenomegMAGS)

The more diverse community in the Sichuan Basin samples may have more functional
pathways to survive in the fractured subsurface, compared to the relatively low diversity
community of the North America&.0 better anchor the predicted microbial functioregacities
observed in our broasicale metagenomic pathway analysis to specific microbial genfoext
al. 2016; Probset al.2018; Boydet al.2019; Lianget al.2020; Yaret al.2020) we reconstructed
metagenome assembled genomes (MAGSs) fronsitleuan Basin shales and compared them to
previously reported MAGs from the Appalaan Basin (Figure.4). 36 genome bins with medium
to high quality(Bowerset al.2017)were reconstructed (manually refined bins with low numbers
of contigs are presented #ppendix 3Table S3).MAGs derived from Sichuamasin with
relatively higher abundance have assigned to established genera closely to lineages detected from
the conventional oil reservoirs (e.ghermoanaerobacteMethanothermobacteandMesotoga
(Hu et al. 2016) In the Sichuan Basin sampldébe genomes of high abundance inclutiese
classified toThermovirgalienii (0.745.35%) andMethanothermobactethermautotrophicus
(0.165.38%), in contrast to the dominanceH#lanaerobiumandMethanohalophilus euhalobius
in the Marcellus, Utica, and Duvernay sampl®ge note that bin 27 and bin 30 of the Sichuan
Basin derived MAGs shared gerlgsel taxonomic assignmenjethanolobuto a MAG from
Appalachian Basin samples. Comparison of these genomes revéal8e Average Nucleotide

Identity (ANI) similarity between thé&ichuan andarcellus genomef®aly et al. 2016)
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Functions consistently present in the shale microbial communities thgmrgtentric
analysessuch as fermentationulsidogenesis and methanogenesis, were validated using these
recovered MAGs (Figuré.4). These metabolisms were major conserved processes in both regions,
forming similar symbiosis in the fractured subsurface between regions despite the community
structure are distot (Appendix 3 (Langendijket al. 2001; Copelandt al. 2009; Kasteret al.

2011; Miyazakiet al. 2014) While methanogenesis was conserved across China and North
American FPW, binning revealed possible diffe@snin substrate use preferences. Methanogen
related bins from Sichuan Basin included both the capacity to use hydrogen (e.g.
MethanothermobactéhermautotrophicusMethanobacteriurfomicicun) (O rlygssoet al.1996;
Wasserfalleret al.2000) as well as methyC1 compounds (e.ddethanolobuwulcani (Kadam

and Boone 1995)This is supported by the functiorahnotation shown in Figuré4. Bin 27
Methanolobus vulcancontained methanogenesis genes only via acetate to methane, but key

methanogenesis genecrAwas not detected.

In comparison, methylotropic and hydrogenotrophic pathways were detected indkis stu
(Figure4.4), supporting by previous studies showing Appalachian Basin MAGs were restricted to
methyl compounds (e.¢dethanolobus sp0015775@Hmd Methanohalophilus euhalobiugDaly
et al.2016; Bortoret al.2018b) The postble broader methanogenic pathways were supported by
a recent sitespecific study showing that methylotropic, hydrogenotrophic and acetoclastic
methanogenic pathwagan be used to produce methane for microbial commuifritiestheFPW
of the Sichuan Basin shaléZhanget al. 2020) In addition, our annotation is consistent with a
previous study showed that methylotropic gene complexesr(engBC, mbABC, mtaBC, mttBC)
were detected irMethanohalophilus euhalobiusbut were absent itMethanothermobaet

thermautotrophicusand Methanobacteriunfomicicum(Evanset al. 2019b) further suggesting
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differing preferences of substrate for methanogenesis in microbial communities of different

regions.

Similarly, we recovered two MAGs (bin 2®esulfomicrobiumorale and bin 7
Desulfomicrobium escambienssith the capacity for dissimilatory sulfate reduction only from
the Sichuan Basin samples (Figdré). These two bins harbored genes encoding sulfate reduction
(e.g.,dsrAB and thiosulfate reduction functions (eigll). In contrast, sulfide productioin the
Appalachian Basin was derived from thiosulfate reduction from dominant, fermenting strains of
Halanaerobiumand others viaontainedhiosulfatereducing geneg.g.,rdl, phsA psrA) (Booker
et al. 2017) Our study is onsistent with previous studies showing tharkers forsulfate
reducing potential such athe key sulfatereducing genedsrAB were not detected in the
predominansulfidogenicbacteriaHalanaerobiumn the Utica and MarcellusamplegBookeret
al. 2017; Lipuset al.2017) Consistently, a recent study showed no sulfatkicing bacteria were
detected throgh culturing, future suggesting that sulfa¢elucing pathway may not a major
metabolism used by microbes from Marcell@iffe et al. 2020) This restricted substrate
preference of methanogens and an absence of sulfate reducing capability observed in the
Appalachian Basin relative ®ichuan Basin FPVthetagenome and MAGs may be attributed to
the increased salinity of the Appalachian FPW hase metabolisms are reported to exclusively
occur (methylotrophic methanogenesis) or be inhibited (hydrogenotrophic, acetoclastic, sulfate
reduction) at elevated salinities, where increased energy generated may be required to offset the

energy expendituref salinity adaptior{Oren 2011)

To further investigate the importance of glycine betaine pathways for Sichuan Basin FPW
microbial communities, we examined relevant genes from the manually refined MAGs derived

from Sichuan Basin FPW. Among the bins, only the bin classifiddhésmovirgalienii encoded
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relevant genes for glycine betaine pathways sudrcéisomplexes (ABCDEHI)tdh, gcvP AB
andopu ABC while, key enzymespecifically related to glycine betaine synthesish adetAB,

gsdmf andsdmtwere not detected.

The increased abundance of sporulation gene spoOA and starvation of certain
microorganisms such a@acillus subtilisin latestage of FPWmay trigger sporulation due to
dilution of potential carbon sourcéSonzakezPastor 2011; Zhonegt al.2019) We also examined
spo0A genes in the manually refined bins and found the bin classifigaicttbus subterraneus
harbored this key gene for sporulation. However, previous studies suggesteBachihts
subterraneusthe closet relatives of our MAGsolated from a deep subsurface thermal aquifer
was nonrsporeforming (Kanso, Greene and Patel 20Q2igh salinity of the FPW may also inhibit
the sporulation efficiencWidderichet al.2016) Thus, future laboratorpased experiments may

berequired to prove the hypothesis that microbes form spores in the fracture subsurface
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Figure 4.4 Phylogeny and predicted functional capacities of shale metagesssembled genomes.a¥imum likelihood
phylogenetic tree calculated using FastTre v.2.1.11 with FastTree support values showing the relationships betwedrngmedium
guality MAGs from produced fluids, with purple, green, and yellow colors denoting shale source. The geareirtanually refined
MAG with <100 contigs. The heatmap denotes the complete (%) of major functional modules and the presence and abgenes of the

related to sulfidogenesis and methanogenesi
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4.5. Environmental Implication s

Our study illustrates that thgenotypeof persistent microbial communities inhabiting
hydraulically fractured shales are distinct between regions, indicating that atweashique
ecosystems are present in the fractured deep subsuMarebial commuities in the Sichuan
Basin shale are more diverse compared to those found shakes of the North American Basins.
Relatives of moreextreme halophiles and thermophiles were detected in the FPW samples
collected from North American fractured shal€kese patternswvere substantially influencealy
salinity and the temperature inherent to the formation ge¢igynget al.2019) Notably, many
microbial genera detected in Sichuan Basin FPW have been found in converiticesdrvoirs,
suggesting previous knowledge of microbiology of oil reservoirs can be inferred in the studies of

these highly diverse microbial communities in FPW derived from the Sichuan Basin shale.

Our study providesa perspective from a largeeale vew on the roles that microbial
communities have in resource turnover, chemical degradation, and downhole infrastructure
damage in the fractured subsurfatieese microbial communities are effective indicators to reflect
the subsurface geochemistry chagastics. Conserved functions of methanogenesis and
sulfidogenesis between regions demonstrate a gesiaradrity that microbial communities are
key playerof geochemical cyclingh fractured subsurfac@he biogenic methane as an additional
supply to inprove the energy yieldHowever biogenic sulfide is of significant concebecause it
may lead tanfrastructure damage, gas quality degradation,headthrisks toon-site personnke
(Lipuset al.2017) Prevalent enriched genes such as sporulation gene indicate potential challenges
in subsequenivater treatment, recycling, transportation, and disposd&t V. Despite this, the

different pathways leading to sulfide and methane generation suggest that designing proper FPW
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managemerthat can adapb formation geochemistry is essential to improve fthieiency of life

cycle of HF water cycles a$F activitiescontinue to grow
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4.6. Statement of Contribution

In this studyexperimental design, sample preparation and 16S rRNA amplicon for samples from
the DuvernayFormation and metaanalyses were cduocied by me Sample preparation, 16S
rRNA amplicon and metagenomics sequencing for samples from Sichuan Basin were conducted
at the Southwest Petroleum University. Sample preparation, 16S rRNA amplicon and
metagenomics sequencing for samples from Marcellus and Utica were conduécyip A.

Borton of the Wrighton laboratorymicrobiome research grpuat Colorado State University
Metagenome 16S rRNA gene extractisexonomic classificationand MAGs annotatiowere

conducted bwlikayla A. Borton
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5. Conclusionsand Future Steps

Every ecosystem, from water, soils to the human body, is home to a diverse community of
microorganisms that are not visible to the human eye. Understanding how microbes irghgence
mold theirecosystems is of significant interest in understanding elaineytling, which can aid
in addressing environmental concenms activities such as energy recovery and pollution
remediationHydraulic fracturing is the key technologyextracing hydrocarbomesource from
low permeability formations. This technolodgrms a water cycle that connedhe surface
environment to the subsurface. One of the key environmental issues is management flowback and
produced water (FPW) produced after hydraulic fracturing operatleidg/ has acomplex
composition including variaus hydrocarbons, chemical additives, and lithospheric elements.
Understandinghte microbial ecologyn FPW s vitally important forassessindpiofouling and
biocorrosion issues in downhole environmekt&robesalsohavethepotential to remediatePW
pollutantsreleased to soil and water in the event gpal, andspills themselvemay impact the
contributionsof microbesto normal ecosyste functioning.Thus, his dissertation focuseon
microbial ecology and geochemistry in aquatic and soil environments undeirfdleééd stress
(Chapters 2 and 3), and regioisahlesubsurfacenvironments impacted byydraulic fractuing

(Chapter 4).

In Chapters 2 and 3ny results show that increasing FPW exposure levels caused
reductiorsin biomass andespiration activityand shifts of microbial community compositions and
diversity. Bacteria are sensitive to organic compounds derived from FPW arat¢heiective
indicators for>2.5%FPW contaminationFor examplein experiments iraquatic environments
Pseudomona®fkheinheimeraandBrevundimonadvecome dominant under FRWHuced stress

(2.5%5% by volume) Marinobacterin the soil environmergxperimentdecame dominant under
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FPWinduced stress (FPW consisifs>50% of the total exposure fluids). The results in Chapter 2
illustrate that machine learning techniques suctaadom forestsnodeling combined with high
throudhput sequencing are promising tools for selecting bioindicatidiee FPW contaminated
sites. The results in Chapter 3 show that luvisol soil of higher pH rlpegtcle sizeandlower
carbon, nitrogen, and moisture are more vulnerable to-Feéted sress compared to chernozem
soil. This effect is seen igreater losses in biodiversity argspiration activityin theluvisol soil.
Persistent bacteria FPW, such aMarinobacter contained genesssentiato the degradtion of
FPWderived chemicals athat have the potential tesist sahity stress, essential to maintiig
functionin the soils.Thus,Chaptef3 suggestthatchernozenhasa considerableapacity to resist

FPW exposure, artie soil microbiota cametaincertainfunctiorsin susceptiblesoils exposed to

even fairly high concentrations of FPWogether, these two Chapters 2 and 3 suggest that both
aguatic and soil microbial communities are likely to be influenced (e.g., changes in microbial
community compositions and diversitywhile soil microbiota may havegreaterresistace
capacity than aquatic microbiota in generalpon exposure to FPW,oth soil and aquatic
microbiota shifted to microbes that have potential to degrade EfMicalsvithin certain range

of FPW exposurghus these results indicated that bioremediation (e.g., natural attenuation) may

be effective methods to remediate certain organic pollutants derived from FPW.

Chapter £ompareshale microbial communities betwettre Marcellus, Utica, Duvernay
(North America), and Sichuan Basin (Chiradillustrates two distinct genotypégtween North
American and Chinese (Sichuan Basin) playgrobial communities are of higher diversity in
FPW generated frorthe Sichuan Basin thathe North America Basinsln addtion, microbial
community compositions are dramatically different between the two regioesgenvbommunity

compositions in FPW derived from North America Basins have more halophiles such
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asHalanaerobium while communies derived from in FPW of the Sichuan Basin shale gas
formations are similar to dsefound in conventional oil reservoirs. The lower biodiversity and
presence of halophiles the North America Basinis correlated to significantly higher salinity.

Core furctional genes related to fermentation, sulfidogenesis, and methanogenesis are conserved
between the two regions. Theorebiodivere community inthe Sichuan Basin contained more
functional pathways that can lead to sulfidogenesis and methanogeises@rpared to
communites in FPW of the North America Basins. Chapter 4 provides the first evidbate
microbial functionsrelated toinfrastructure degradation and biogenic methane production are
conservedacrossmajor North Americaand Chinese basinghe results imply that the core
functions of the shale microbiome and their impacts to energy recovery might be generally similar.
However, the treatment strategies in different regions of production should be dgutious

consideredo target specific communitsethat can adapt to locébwnholeconditions.

Together, he series of studies my dissertation enhanseur overall understanding of the
microbial ecology in environments closely relatedheHF water cycle which has implications
for energy extractiorfficiency, predictingthe impacts oFPW spills, anddeveloping strategies
to increase energy yield and risk assessment and management oBBB&H.on my research,
future work should be done in the areas (@) using bioindicatorscowpled with the recent
advances in computational technigdfes FPW contaminants to support traditional chemical
analyses (Chapter 2[2) investigating the pathwayf biodegradation of organic pollutants and
the fate of metals derived from FPW, addntifying the key microbes responsible for mitigating
these FPW pollutant$3) developingbaselineenvironmental assessmemtsidentify vulnerable
soil andwaterenvironments taletect and remediatbee adverse effects of FPW contamination

(Chapter 3);and (4) tracking the biogeochemical processes (e.g., degradation pathways of
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chemical additives in the downhole environments from Chinese shale hydrocarbon development),
and promoting theselecton of properFPW treatment strategies based on the distinct miatobi

communities in different regions of unconventional hydrocarbon development (Chapter 4).

This dissertation is mainlgomprised ofgenomebased studies. Thua,significant next
step is to linkspeculations made @enotype to the phenotype tsplating key bacteria observed
in these studies or conducting studies based on the-lBi$&d gene expressiapproachesuch
asmetatranscriptomicand proteomicsDespite the genorAgased studies Chapters 2 and 3 that
give permissive evidendbat migobial communities cadegradeorganiccontaminantslerived
from HF chemicals (Chapter 2 and 3), the degradation pathwaygsoareell understood.
Developing such an understandimgquires indepth chemical analyses on the degradation
intermediates and Higr sequencingesolutionto link specific organic compounds to the key
genes responsible for biodegradation. Chapters 2 and 3 used simulated aquatic and soil
environments in the lavatory,and thus, investigation of tle situ microbial ecologyn the feld
is needed to validate these simulatidnsChapter 2, foundthat adding FPW can quickly Kkill
most of the healthy cella water, although the number of viable cells recovered after several days
of incubation. Theeresults suggest that FPW may tergrily inhibit the growth othe majority
of the indigenous microbes in freshwater environmertss knowledges useful in designing

more sustainable wastewater treatment strategies.

Finally, monitoring ofchanges imicrobial communities over a morgtended period and
monitoring of the microbial changes under different conditions such asngtemperature is
needed to more accurately understand the response of microbial communities to FPW exposure to

improve bioremediation and natural attenuatkuture research should study the chronic impacts
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of low dose exposuren the microbial communitiedecause these chronic impacts may take

longer time to be effectively detected.

Chapter 4 demonstrates thiae microbial community structusen FPW from Chinaare
significantly different from tbse inNorth American Basins.However, my studyvas focused on
alargescale comparisodetailingthe key differences between North America and Chinese shale
microbiomes in FPW. Future studies may rectmst detailed metabolic pathways of the
metagenomeassemble genomes identified in my study in order to confirnsdhgctursin my
study; for examplean analysis of thegenome bins related to methanogens found in Chapter 4.
Further isolating the aburaht microbes identified from my genofbhased studies may be needed
in future investigabns ofthe functiors of the microbial communitieDespite thefact that my
study showed the presence of thermotolerant and thernwopighnismsthe temperature wamt
measured in this study. Thus, future stsdshould investigate theimpacts oftemperature
differences between formatiois ChinaandNorth America on the distributioand functionsf
microbial communitiesCurrently, microbiologcal dataon FPW fromChina is limited, so more
studies are needed on the major bacteria observed in this thesis to assespdbtsto energy
extraction ando develop effective mitigation practiceere necessarompared to the studies
from the United Stat the biogeochemical processes in both China and Caaadkess
understoodFor examplethe impacts othemical additives and their transformation products at
downhole conditions are poorly understoddherefore, future studies should tratgmporal
charges in the input chemical€umulatively, thisknowledgewill support observati@from the
genomebased studies and enhanoair understanding of biogeochemical processes in

environments impacted by hydraulic fracturing
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7. Appendix

Appendix 1. Supplementary Information for Chapter 2

Result and Discussion

Changes in DOC ovef7 DaysIncubation The results showed DOC concentrations were
reduced from 54.7 mg/L + 27.5 mg/L to 52.3 mg/L £ 26.8 mg/L (decrease of 4.9% + 2.7%) for the
high PW_1 proportion group (> 5% PW_1) affedays. DOC concentrations were reduced from
14.2 mg/L + 2.0 mg/L to 11mg/L = 0.7 mg/L (decreases of 17.5% + 13.6%) for the intermediate
PW_1 group (2.5%% PW_1) aftei7 days. No reduction in DOC concentrations was observed
for the low PW_1 proportion group (< 2.5% PW_1), which was initially 10.6 mg/L = 1.1 mg/L,
after7 days incubation Appendix 1Figure S2). DOC concentrations increased (up to 10% at day
7) in the abiotic samples as compared to the initial time point, likely due to oxidation of

hydrocarbons that were originally less soluble and thus not detected duringhB&Grements.
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Figure S1Regional map showing the sampling locations of freshwater samples and

flowback and produced water (PW) samples. The PW_1, PW_2 samples, and the hydraulic

fracturing source water sample were collected from a shale oil and gadiertsite near the town

of Fox Creek, Alberta, Canada (red star). The Smoky River water sample was collected from the

blue star location. The North Saskatchewan River sample was collected in the City of Edmonton

near the University of Alberta (green staFhe red shaded area represents the distribution of the

Duvernay Formation. The map is modified frgRokoshet al.2012)
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Figure S2Temporary changes in DOC concentrations over tgays of incubation,

including five groups: 5% PW_1 and 25% PW_1 abiotic controls (n=2), low PW_1 proportion

group (<2.5% PW_1) (n=8), intermediate group (25% PW_1) (n=4), and high proportion

group (>5%PW_1) (n=4).
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Figure S3Threefactor plot showing temporal changes of the relative abundance in the ten
most abundant genera-@xis) as a function of time and flowback and produced water (PW_1)
mixing ratio. The PW_1 mixing ratios (0, 0.05%, 0.25%, 0.5%, 2.5%, 5%, 25%, andw&o)
labelled on the lower-axis. Day 0, 3, and 7 exposures are labelled on the higleis>xand are

split into three suiplots, one for each time point. The relative abundance (%) of a genus is

represented by the bubble size, and colors on-thasyepresent the phyla of the ten genera.
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Table S Total numbers of nechimeric sequences for each mixture sample used for

taxonomic

Time (Day) PW_1 Proportion (%) Non-chimeric Sequence:

0 0 381597
0 0.05 309857
0 0.25 311813
0 0.5 305853
0 2.5 305644
0 5 304817
0 25 265476
0 50 303489
3 0 352290
3 0.05 323176
3 0.25 421973
3 0.5 403394
3 2.5 350604
3 5 326140
3 25 303656
3 50 336612
7 0 207035
7 0.05 233575
7 0.25 305377
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0.5 345418
2.5 345408
5 309564
25 281190
50 234972
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Table 2 Inorganic elements iflowback and produced water (PW_1 and PWagj

Smoky River freshwater

Mg K Ca Mn Fe Zn S
Sample Types
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
PW_1 924 2325 12564 6.23 12.26 1.44 236
PW_2 942 2115 12295 16 7 0.41 49
Smoky River
9.26 1.07 28.8 BDL BDL BDL 14.27
freshwater

BDL: below the detection limjtTable S2 Detailed inorganic chemistry profiles for both

PW samples and freshwater. PW_1 and PW_2 are highly similar in composition, while PWs were

significantly different from the freshwater.
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Table S3F u | | l i st of Tukeyds rdbmldiversitydetweéntthe f or

three representative groups (< 2.5% PW_1, 28%PW _1, and > 5% PW _1). Pure freshwater

(0% PW_1) was used for cont rhodanalysisofar ASQVA Tu k ey

anal yses. Tukeyods t es ttmestdtotpeanean of evely ethentreadnmest. o f

The significant thresholds are p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).

Groups Diversity Indexes Time (day) diff Iwr upr P Value
0.050.5vs 0 Observed ASVs 3 -61.0000 -201.4002 79.4002  0.4013
255vs0 Observed ASVs 3 -70.0000 -218.9170 78.9170 0.3498
2550vs 0 Observed ASVs 3 16.5000 -132.4170 165.4170 0.9660
2.55vs 0.050.5 Observed ASVs 3 -9.0000 -119.9961 101.9961 0.9859
2550 vs 0.080.5 Observed ASVs 3 77.5000 -33.4961 188.4961 0.1439
2550 vs 2.55 Observed ASVs 3 86.5000 -35.0902 208.0902 0.1369
0.050.5vs 0 Observed ASVs 7 7.6667 -42.1447 57.4781 0.9184
255vs0 Observed ASVs 7 245000 -28.3330 77.3330 0.3585
2550vs 0 Observed ASVs 7 102.0000 49.1670 154.8330 0.0049
2.55vs 0.050.5 Observed ASVs 7 16.8333 -22.5460 56.2127 0.4122
2550 vs 0.080.5 Observed ASVs 7 94.3333 54.9540 133.7127 0.0022
2550 vs 2.55 Observed ASVs 7 77.5000 34.3621 120.6379 0.0064
0.050.5vs 0 Shannon 3 -0.4501  -0.9840 0.0837 0.0847
255vs0 Shannon 3 0.2446 -0.3216 0.8108 0.4052
2550vs 0 Shannon 3 0.7898  0.2236 1.3560 0.0162
2.55vs 0.050.5 Shannon 3 0.6947 0.2727 1.1168 0.0089
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2550 vs 0.00.5 Shannon 1.2399 0.8179 1.6620 0.0010
2550 vs2.55 Shannon 0.5452  0.0829 1.0075 0.0290
0.050.5vs 0 Shannon -0.0790 -1.7792 1.6212 0.9972
255vs0 Shannon 0.6002  -1.2031 2.4036 0.5813
2550vs 0 Shannon 1.3092 -0.4942 3.1125 0.1296
2.55vs 0.050.5 Shannon 0.6792  -0.6649 2.0234 0.3047
2550 vs 0.0%0.5 Shannon 1.3881 0.0440 2.7323 0.0451
2550 vs 2.55 Shannon 0.7089 -0.7635 2.1813 0.3346
0.050.5vs 0 Chaol -60.1667 -198.3938 78.0605  0.4001
255vs0 Chaol -69.1667 -215.7787 77.4454 0.3474
2550vs 0 Chaol 15.5000 -131.1120 162.1120 0.9701
2.55vs 0.050.5 Chaol -9.0000 -118.2782 100.2782  0.9852
2550 vs 0.090.5 Chaol 75.6667 -33.6115 184.9448 0.1471
2550 vs 2.55 Chaol 84.6667 -35.0416 204.3749 0.1391
0.050.5vs 0 Chaol 7.7778 -41.9788 57.5344 0.9151
255vs0 Chaol 26.4375 -26.3374 79.2124 0.3100
2550vs 0 Chaol 102.0000 49.2251 154.7749 0.0049
2.55vs 0.050.5 Chaol 18.6597 -20.6763 57.9958 0.3439
25-50 vs 0.080.5 Chaol 94.2222 54.8862 133.5583 0.0022
2550 vs 2.55 Chaol 75.5625 32.4720 118.6530 0.0070
0.050.5vs 0 Inverse Simpson -0.2571  -2.9225 2.4083 0.9768
255vs0 Inverse Simpson 3.1086 0.2815 5.9357 0.0367
2550vs 0 Inverse Simpson 1.5254  -1.3017 4.3525 0.2663
2.55vs0.050.5 Inverse Simpson 3.3657 1.2585 5.4729 0.0099
2550 vs 0.080.5 Inverse Simpson 1.7825  -0.3247 3.8897 0.0839
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2550vs 2.55 Inverse Simpson 3 -1.5832  -3.8915 0.7251 0.1508

0.050.5vs 0 Inverse Simpson 7 -0.5711  -4.0173 2.8751 0.9017
255vs0 Inverse Simpson 7 3.3183  -0.3369 6.9736 0.0678
2550 vs 0 Inverse Simpson 7 2.2584  -1.3968 5.9137 0.1959

2.55vs 0.050.5 Inverse Simpson 7 3.8894  1.1650 6.6139 0.0149
2550 vs 0.080.5 Inverse Simpson 7 2.8295 0.1051 5.5540 0.0442
2550 vs 2.55 Inverse Simpson 7 -1.0599 -4.0444 1.9246 0.5381

diff: difference between means of the two groups; Iwr, upr: the lower and the upper end

points of the confidence intervals at 95%
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Table S4Relative abundance of the ten most abun@acteria of the entire community.

Multiple amplicon sequence variants (ASVs) could be classified to the same Genus.

ASV Relative Abundance (%) Time | Ratio | Kingdom Genus
ASV16598 74 0 25 Bacteria Flavobacterium
ASV16598 71 0 2.5 Bacteria Flavobacterium
ASV16598 71 0 5 Bacteria Flavobacterium
ASV16598 70 0 50 Bacteria Flavobacterium
ASV16598 66 0 0 Bacteria Flavobacterium
ASV16598 66 0 0.5 Bacteria Flavobacterium
ASV16598 64 0 0.25 | Bacteria Flavobacterium
ASV16598 56 0 0.05 | Bacteria Flavobacterium
ASV18585 6 0 0.5 Bacteria Methylotenera
ASV18585 6 0 0.25 | Bacteria Methylotenera
ASV18585 6 0 25 Bacteria Methylotenera
ASV18585 6 0 2.5 Bacteria Methylotenera
ASV18585 5 0 50 Bacteria Methylotenera
ASV18585 5 0 0 Bacteria Methylotenera
ASV18585 5 0 5 Bacteria Methylotenera
ASV18585 4 0 0.05 | Bacteria Methylotenera
ASV18634 3 0 0.05 | Bacteria Pseudomonas
ASV13804 3 0 0.5 Bacteria Planktophila
ASV13804 2 0 0 Bacteria Planktophila
ASV16930 2 0 50 Bacteria Flectobacillus
ASV13804 2 0 0.25 | Bacteria Planktophila
ASV16930 2 0 25 Bacteria Flectobacillus
ASV16930 2 0 5 Bacteria Flectobacillus
ASV16930 2 0 2.5 Bacteria Flectobacillus
ASV13804 2 0 2.5 Bacteria Planktophila
ASV13804 2 0 0.05 | Bacteria Planktophila
ASV16598 71 3 0.05 | Bacteria Flavobacterium
ASV16598 68 3 0.5 Bacteria Flavobacterium
ASV16598 63 3 0 Bacteria Flavobacterium
ASV16598 60 3 0.25 | Bacteria Flavobacterium
ASV16598 49 3 50 Bacteria Flavobacterium
ASV16598 48 3 25 Bacteria Flavobacterium
ASV19210 36 3 5 Bacteria Rheinheimera
ASV19210 28 3 2.5 Bacteria Rheinheimera
ASV18634 22 3 5 Bacteria Pseudomonas
ASV16598 20 3 2.5 Bacteria Flavobacterium
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ASV16930 14 3 0.5 Bacteria Flectobacillus
ASV18634 13 3 2.5 Bacteria Pseudomonas
ASV19210 13 3 0.25 | Bacteria Rheinheimera
ASV16598 9 3 5 Bacteria Flavobacterium
ASV18585 9 3 0 Bacteria Methylotenera
ASV15854 7 3 5 Bacteria Rhizobium
ASV18585 6 3 25 Bacteria Methylotenera
ASV15173 5 3 5 Bacteria Brevundimonas
ASV15173 5 3 2.5 Bacteria Brevundimonas
ASV18585 5 3 50 Bacteria Methylotenera
ASV15854 4 3 2.5 Bacteria Rhizobium
ASV18634 4 3 0.25 | Bacteria Pseudomonas
ASV13804 4 3 50 Bacteria Planktophila
ASV13804 4 3 25 Bacteria Planktophila
ASV16930 3 3 0.05 | Bacteria Flectobacillus
ASV15173 3 3 0.5 Bacteria Brevundimonas
ASV18585 3 3 0.05 | Bacteria Methylotenera
ASV16930 3 3 25 Bacteria Flectobacillus
ASV16930 2 3 50 Bacteria Flectobacillus
ASV18634 2 3 25 Bacteria Pseudomonas
ASV15177 2 3 0.25 | Bacteria Caulobacter
ASV16598 78 7 0.5 Bacteria Flavobacterium
ASV16598 56 7 0.25 | Bacteria Flavobacterium
ASV16598 53 7 0.05 | Bacteria Flavobacterium
ASV16598 47 7 0 Bacteria Flavobacterium
ASV16598 42 7 50 Bacteria Flavobacterium
ASV16598 40 7 25 Bacteria Flavobacterium
ASV18585 30 7 0 Bacteria Methylotenera
ASV16598 29 7 2.5 Bacteria Flavobacterium
ASV18634 28 7 5 Bacteria Pseudomonas
ASV19210 20 7 5 Bacteria Rheinheimera
ASV15854 18 7 5 Bacteria Rhizobium
ASV18585 15 7 0.05 | Bacteria Methylotenera
ASV15173 15 7 2.5 Bacteria Brevundimonas
ASV19210 11 7 2.5 Bacteria Rheinheimera
ASV15177 9 7 0.25 | Bacteria Caulobacter
ASV15854 7 7 2.5 Bacteria Rhizobium
ASV15173 6 7 0.25 | Bacteria Brevundimonas
ASV18634 6 7 25 Bacteria Pseudomonas
ASV18634 6 7 2.5 Bacteria Pseudomonas
ASV15173 6 7 5 Bacteria Brevundimonas
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ASV18585 5 7 50 Bacteria Methylotenera
ASV18585 5 7 25 Bacteria Methylotenera
ASV15177 5 7 0.05 | Bacteria Caulobacter
ASV16930 5 7 0.25 | Bacteria Flectobacillus
ASV13804 5 7 25 Bacteria Planktophila
ASV16598 4 7 5 Bacteria Flavobacterium
ASV13804 4 7 50 Bacteria Planktophila
ASV15177 3 7 2.5 Bacteria Caulobacter
ASV15173 3 7 0.05 | Bacteria Brevundimonas
ASV16930 3 7 0.05 | Bacteria Flectobacillus
ASV16557 2 7 0 Bacteria | Sediminibacterium
ASV16930 2 7 50 Bacteria Flectobacillus
ASV16557 2 7 50 Bacteria | Sediminibacterium
ASV15177 2 7 0.5 Bacteria Caulobacter
ASV18585 2 7 0.25 | Bacteria Methylotenera
ASV18585 2 7 0.5 Bacteria Methylotenera
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Table S5Relative abundance of archaea. Multiple amplicon sequence variants (ASVSs)

could be classified to the same Genus.

ASV Relative Abundance (% Time | Ratio | Kingdom Genus
ASV5527 0.29 0 0 Archaea Nitrosopumilus
ASV5527 0.26 0 0.5 | Archaea Nitrosopumilus
ASV5527 0.24 0 0.25 | Archaea Nitrosopumilus
ASV5527 0.09 0 0.05 | Archaea Nitrosopumilus
ASV5527 0.05 0 2.5 | Archaea Nitrosopumilus
ASV5527 0.04 0 5 Archaea Nitrosopumilus
ASV5452 0.04 0 0.5 | Archaea Methanosaeta
ASV5546 0.04 0 0 Archaea | Candidatus Nitrososphaer
ASV5434 0.03 0 0.5 | Archaea | Candidatus Methanoregul
ASV5527 0.03 0 25 | Archaea Nitrosopumilus
ASV5527 0.03 0 50 | Archaea Nitrosopumilus
ASV5468 0.02 0 0 Archaea Coxiella
ASV5653 0.02 0 0.5 | Archaea Halobacteriaceae
ASV5446 0.02 0 0.25 | Archaea Methanohalophilus
ASV5546 0.02 0 0.05 | Archaea | Candidatus Nitrososphaer
ASV5434 0.02 0 0 Archaea | CandidatusMethanoregula
ASV5546 0.02 0 2.5 | Archaea| Candidatus Nitrososphaer
ASV5434 0.02 0 0.25 | Archaea| Candidatus Methanoregul
ASV5449 0.02 0 5 Archaea Methanosarcina
ASV5546 0.02 0 50 | Archaea| Candidatus Nitrososphaer
ASV5452 0.02 0 0.25 | Archaea Methanosaeta
ASV5490 0.01 0 0.25 | Archaea Methanobacterium
ASV5935 0.01 0 0.5 | Archaea Methermicoccus
ASV5455 0.01 0 0.5 | Archaea Methanofollis
ASV5427 0.01 0 0 Archaea Methanospirillum
ASV5517 0.01 0 0.25 | Archaea Nitrosotalea
ASV5434 0.01 0 50 | Archaea| Candidatus Methanoregul
ASV5449 0.01 0 0.25 | Archaea Methanosarcina
ASV5490 0.01 0 0 Archaea Methanobacterium
ASV5434 0.01 0 0.05 | Archaea| Candidatus Methanoregul
ASV5527 0.16 3 25 | Archaea Nitrosopumilus
ASV5527 0.15 3 50 | Archaea Nitrosopumilus
ASV5527 0.15 3 0 Archaea Nitrosopumilus
ASV5527 0.14 3 0.05 | Archaea Nitrosopumilus
ASV5546 0.06 3 50 | Archaea| Candidatus Nitrososphaer
ASV5546 0.05 3 25 | Archaea| Candidatus Nitrososphaer
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ASV5546 0.04 3 0 Archaea | CandidatusNitrososphaera
ASV5434 0.04 3 50 | Archaea| Candidatus Methanoregul
ASV5452 0.03 3 25 | Archaea Methanosaeta
ASV5527 0.03 3 2.5 | Archaea Nitrosopumilus
ASV5434 0.03 3 25 | Archaea| Candidatus Methanoregul
ASV5527 0.02 3 5 Archaea Nitrosopumilus
ASV5517 0.02 3 0 Archaea Nitrosotalea
ASV5527 0.02 3 0.5 | Archaea Nitrosopumilus
ASV5452 0.02 3 50 | Archaea Methanosaeta
ASV5449 0.01 3 0 Archaea Methanosarcina
ASV5490 0.01 3 50 | Archaea Methanobacterium
ASV5446 0.01 3 2.5 | Archaea Methanohalophilus
ASV5449 0.01 3 0.05 | Archaea Methanosarcina
ASV5490 0.01 3 0.05 | Archaea Methanobacterium
ASV5935 0.01 3 0 Archaea Methermicoccus
ASV5449 0.01 3 0.5 | Archaea Methanosarcina
ASV5435 0.01 3 50 | Archaea Methanocella
ASV5527 0.23 7 25 | Archaea Nitrosopumilus
ASV5527 0.23 7 50 | Archaea Nitrosopumilus
ASV5527 0.06 7 0 Archaea Nitrosopumilus
ASV5546 0.05 7 50 | Archaea| Candidatus Nitrososphaer
ASV5434 0.04 7 50 | Archaea| Candidatus Methanoregul
ASV5546 0.04 7 25 | Archaea | Candidatus Nitrososphaer
ASV5527 0.04 7 0.05 | Archaea Nitrosopumilus
ASV5527 0.04 7 5 Archaea Nitrosopumilus
ASV5452 0.03 7 25 | Archaea Methanosaeta
ASV5517 0.03 7 25 | Archaea Nitrosotalea
ASV5434 0.02 7 25 | Archaea| Candidatus Methanoregul
ASV5527 0.02 7 2.5 | Archaea Nitrosopumilus
ASV5527 0.02 7 0.5 | Archaea Nitrosopumilus
ASV5452 0.02 7 50 | Archaea Methanosaeta
ASV5446 0.02 7 25 | Archaea Methanohalophilus
ASV5487 0.02 7 50 | Archaea Methanosphaera
ASV5427 0.01 7 50 | Archaea Methanospirillum
ASV5490 0.01 7 25 | Archaea Methanobacterium
ASV5449 0.01 7 25 | Archaea Methanosarcina
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Table S6 Envfit correlation of the top 10 genera to the sample dissimilarities NMDS

ordination

NMDS1  NMDS2 2 Prer)

Planktophila -0.99978 -0.02114 0.6561 0.001  ***

Brevundimonas 0.55169 0.83405 0.4252 0.011 *

Caulobacter 0.81823 -0.57489 0.3984 0.012 *

Rhizobium 0.23506 0.97198 0.4013 0.017 *

Sediminibacteriun -0.2141 -0.97681 0.7354 0.001  ***

Flavobacterium -0.24078 -0.97058 0.2357 0.064

Flectobacillus ~ 0.19912  -0.97998 0.0295 0.728

Methylotenera -0.02844  -0.9996 0.6114 0.001  ***

Pseudomonas 0.22731 0.97382 0.401 0.011 *

Rheinheimera 0.34883 0.93718 0.5116 0.005 *k

Significance codes: 0 6** 0001 o** 001 0* 0
Permutation: free
Number of permutations: 999
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Table S7 ©nfusion matrix of the average errors for each spill status correspdoding

threerepresentedroups. The table shows thgerage error of 1000 runs of prediction for each

group.

Groups (PW_1 Treatment Groug < 2.5% 2.5%5% >5%

Average Error (1000 Runs) 0.012% 0 0.325%




Appendix 2. Supplementary Information for Chapter 3

Methods

Sampling To minimize contamination, all equipment used for sampling soils was
thoroughly sterilized using 70% ethanol in advance. Soil sampling was done on 12 August 2019.
Surface vegetation was removed before collecting topsoil. Fox Creek (FC) soil was cafiected
the morning (about 11:00). Sample was taken from the Ah horxopefdix 2Figure S1). The
soil was identified to be an orthic grey luvisol. Grand Prairie (GP) soil was collected was collected
in the afternoon (about 17:00). The sample was taken fnenf\p horizon Appendix 2Figure
S1). The soil is likely a gleyed solonetzic black chernozem
(https://soil.agric.gov.ab.ca/agrasidviewer/). Before collecting GP soil, all the collection tools
were sterilized again using ethanol. For both soils, largecfestsuch as rocks and roots were
sieved out on site by using a 2mm stainless steel sieve. After collecting a sufficient amount of soil,

the sampling hole was filled back again.

Inorganic analysesFor soil samplesyater soluble ions/ere extracted usingda5 soil to
milli-Q water. SG* concentration was analyzed using the EPA Method 375.4 using barium
chloride extraction (Guo et al. 2018) NHs" concentration was analyzed using the Salicylate
Hypochlorite Method(Bower and HolrHansen 1980)NO, and NQ concentrations were
analyzed using the EPA method 358National Environmental Methodsdex 1978a) PQ2 '
concentration was analyzed using the EPA method 365.1 with Molybdenum(dtienal
Environmental Methods Index 1993} concentration was analyzed using EPA method 325.2

with ferrithiocyanatgNational Environmental Methods Index 1978b)
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Pre-processing samples for nontarget organic analys@sventy milliliters of the FPW
sample and a source water sample were filtered using a glass fiber membrane (Glass Fiber Store,
90 mm diamete , pore size: 0.4 em). The aqueous fi
extraction. Briefly, Oasi#1LB cartridges (Waters, 150 mg/6 mL) were conditioned with 2 mL of
methanol (HPLC grade) followed by 2 mL of 1% ammonium hydroxide, 2 mL of 0.1M formic
acid, and then 2 mL of pure water (UGS grade). Afterwards, 7 mL of aqueous filtrate was loaded
to the cartridge and subsequently washed with 7 mL of pure water and 2 mL of 0.1 M formic acid.
The cartridge was vacuum dried and organic compounds eluteg2usih of methanol followed
by 2 mL of 0.2% ammonium hydroxide in methanol. The eluate was evaporated-tiryresss
under a gentle stream of higlurity nitrogen at 40 °C. The sample was then reconstituted with

300 €L of met hanol faramlys® Osihga HPL-OrbitrapMS. e wat er

Manual refinement for metagenomeassembled genomeBor bins used for functional
annotation bins were visually inspected for contamination using the-iaiiie interface in
Anv (Edepetal.2015) To remove contaminating sequences
processed using refineM v0.1(Rarkset al.2017) Bins were then imported into Geneious v7.0.6

for further rounds of assembly and refinemig€darseet al.2012)

Statistical analysedata processing was conducted using R (v.4(@XJore Team 2018)
using ggplot2 for data visualizatigWWickham 2009)For 16S rRNA gene sequencing analyses,
alphadiversity analyses were conducted in Phylo@ég\Vurdie and Holmes 2013hcluding
assessments of observed ASVs, Chaol richness, Shaneaitgj and Inverse Simpson diversity.
Samples were rarefied to even depth for loitarsity analyses using Bragurtis distance in
Principal Coordinates Analysis (PCoA) in PhylogstzMurdie and Holmes 2013)The

FANTAXTIC package was used to construct  taxonomic bar charts



(https://rdrr.io/github/gmteunisse/FantaxficThe significant factors that influence the PCoA

ordinations were tested by PERMANOVA analysis. ANOVA combined with Tukey HSD analyses
was used to testhe significance of resultsp£0.05 was used as eaoff value) related to
physicochemical, 16S rRNA gene sequencing, shotgun metagenomics, and soil respiration

analyses.
Results and Discussion

Vegetation at the sampling site#\t the FC site, major treesese Populus tremuloides
Picea glauca and Pinus contorta Identified shrubs werdlnus viridis and Salix spp. Floor
vegetation consisted dfaraxacum officinalgTrifolium repens Trifolium pratense Chamerion
angustifolium Eurybia conspicuaAt the GP ge, the major vegetation was madeRipulus
tremuloidestrees, shrubs likeCornus sericegaeSalix sp., andRosa sp., andEriophorum

chamissonigsAgrostis scabraPhleum pratensdé?oa pratensi®n the floor.

FPW characteristicsFor FPW, NH" made up the largest fraction (412.72 + 10.43 mg L
1y of total N, with lower concentrations of N@below the detection limit) and NQ0.03 + 0.00
mg LY (Table3.1, Appendix 2Table S1). Similarly, S present as 8@as only a small fraction
of the ptal S. Notably, FPW samples were collected from anoxic subsurface environments and an
oil layer on top of the fluid samples inhibited oxidation, which may contribute to the predominant

presence of these detected ligands in their reduced forms.

FC luvisol and GP chernozem soil taxonomic diversity and compositionghe observed
ASV and Shannon diversity for FC luvisol were 133 and 4.48, respectively. While, 40 and 3.35,
respectively, for the GP chernozem. FC luvisail contained more diverse microbial sgscihan

that for GPchernozensoil in terms of the top 100 AS\Appendix 2Figure S2).
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The predominant bacterial phyla in FC luvisol were Actinobacteria and Proteobacteria,
together comprising 39.4% of the total community, while GP chernozem communmitgribyi
consisted of the bacterial phyla Acidobacteria, Actinobacteria, Proteobacteria, and
Verrucomicrobia, together comprising 77.66% of the total sequences. The higher biodiversity in
FC luvisol (Figure3.2B, Appendix 2Figure S2) may be attributed to diverse species of low
abundance (relative abundance < 1% of the total sequences). More abundant phyla Acidobacteria
and Actinobacteria, including predominant acidophilic bacterial geha@dothermug10.87% of
the total squences) an€andidatus Solibacte{6.37% of the total sequences), may reflect the

effect of the lower pH of GP chernozd€Rierer and Jackson 2006)

pH is one of the major factors that driving the taxonomic compositions and diversity in soil
(Fierer and Jackson 200&3Pchernozensoil has higher relative abundanceAaidobacteria and
Actinobacteria and their species are widely found in acidic to extreme acidic environntbat. In
genus level,bacterial generaAcidothermus(10.87% of the total sequencesyandidatus
Udaeobacte(7.78% of the total sequenceSandidatus Solibactd6.37% of the total sequences),
Xanthobacteraceag.90% of the total sequences), Gemmatimonadaceae (5.44% of the total
sequences), Ellin6067 (5.34 of the total sequences). Withindidebacteria and Actinobacteria,
the phyla shown higher abundancelernozensoil than FC luvisolAcidothermus cellalyticus
as the sole species of the gen#@sidothermusis acidophilic (optimal growth: pH -5
6).(Mohagheghi, Grohmann and Himmel 1986; Barabetteal. 2009) Candidatus Solibacter
usitatuswas previously reported to@v at pH 3.5 to 6.fWardet al.2009)The growth pH ranges
of these species potentially present or phylogenetic close to the ones within in the abundant
bacterial genera observed in this study areiwite pH of GRehernozensoil, indicating that pH

is one of the major driving factors in shaping taxonomic compositions in tleth€&Rozem
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Figure S Top: Location of soil sampling sites in Fox Creek and Grande Prairie in the
Western Sedimentary Canadian Basin, Canada. Sample locations are marked with a blue dot for
FC luvisol and ayellow dot forchernozensoil. The boundaries of the Duvernay and Mewgtn
unconventional plays are shaded in light green and light brown, respectively (the Horn River and
Cordova unconventional plays are shaded in dark brown and green, respectively). Bottom: Soil

profiles for FCluvisol (left) and GRchernozen{right).
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FC luvisol GP chernozem

Figure S2 Microbial community profile revealed by 16S rRNA amphibased analysis
showing the relative abundance of the top 100 microbial species in FC luvisol and GP chernozem.

Genera are grouped by similar colour.
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