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Abstract

In subsurface environments contaminated gmstroleum hydrocarbons (PHCs)he steep
geochemical and redox gradients near the water, tdi@deoxygen availabilitymoisture content,
salinity, pH, nutrient concentrations and temperature, modulate microbial pathways and process
rates that affect the fate of hydrocarbons. The reactive transgeit@dis strongly controlled by
hydrological and climatic forcings, includy watertable fluctuations(WTFs) and freezethaw
cycles (FTCs)which cause large temporal variations in the local geochemical conditions and the
distributions of temperature asdil water contenivhich arekey determinants of natural source
zone deplgon (NSZD)process rate$TCs andWTFs modify the biogeochemical and physical
processes controllintpe biodegradatiomf PHCsand the associated generation of methane)CH
and carbon dioxide (Cf Therefore, understanding tlimpactsof FTCs and WTFsn PHG
contaminated soils and groundwatsrcritical for environmental risk assessment auadural

attenuation of PHCs

A diffusionreaction model that accounts for the effects of FTCs on methanogenic toluene
biodegradationwas developedlhe model iwerified against data generatiedm a 215 daylong

batch experiment with soil collected from a PHC contaminated site in Ontario, Canada. The fully
saturated soil was exposed to successiwedk FTCs under anoxic conditions with temperatures
fluctuating ketween-10°C and +15°CThe headspacegas for theconcentrations antfC isotope
compositions of Ckand CQ, and the porewater for pH, acetate, dissolved organic and inorganic
carbon, and toluengere analyzedThe model represents solute diffusion, vibktion, sorption,

as well as a reaction network of 13 biogeochemical processes. The model successfullydsimulate
the soil porewater and headspace concentration time series by representing the temperature
dependencies of microbial reaction and gas diffusion rates during FTCs. According to the model
results, the observed increases in the headspace concentrationaotl@) by 87% and 136%,
respectively, following toluene addition amue to toluene fermentation and subsequent
methanogenesis reactioriBhe experimental results amdodel simulations both confirm that
methanogenic degradatiaimder anoxic soil condins is the dominantreaction fortoluene
attenuation, representing 74% of the attenuation, with sorption contributing to 11%, and

volatilization contributing to 15% Also, he modelpredicted contribution of acetabased
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methanogenesis to total produceds&grees with that derived from tReC isotope dataThe
freezinginducedsoil matrix organic carbon releaseconsidered as an important process causing

an increase imlissolved organic carboQC) following each freezing period according to the
calcuations of carbon balance asgecific UV absorbanc&{UVA) index. The simulation results

of a no FTC scenario indicate that, in the absence of FTCs,a8® CH generation would
decrease by 29% and 26%, respectively, and that toluene would be biodegraded 23% faster than
in the FTC scenaridsiven its ability to represent the dominant processes controlling@¢tHCQ

fluxes and porewater chemical changdss modelling approach can be used to simulgte
sensitivity of soil biodegradation processes to FTC frequency and duration driven by temperature

fluctuationsin anoxic soil conditions

A tenmonth soil column experiment to simulate the effects of water th¢uations on
methanogenic PHCs biodegradation rates and pathmas/sonductecEight columns were filled

with 45 cm of undisturbed soil cosamplesollected from a PHC contaminated site in London,
Ontario. Four columns simulating fluctuating watable conditions were subjected to three
successive -8veek cycles of drainage and imbibition. In the remaining four columns, the soils
remained saturated over the period of the experiment, simulating a static water table. The responses
to the imposed watdable fluctuations ané@thanolhaphthalene injections were monitored by
measuring soil surface G@nd CH effluxes, dissolved C®and CHa4 concentrations, depth
dependent mo PGisotopecempositiontofeC®ang CHj DOC, dissolved inorganic
carbon DIC), and major anions at the end of each drainadmbition cycle. The results show
that maximum C@and CH effluxes were up to 10mes higher during the drainage periods than
during the imbibition periods due to the releaseaafumulated C®and CH and aerobic
degradation. Also, the average dissolved, Céhcentration decreased 26 during the drainage
periods because of the release of.CGfdd CH, aerobic CH oxidation, and inhibition of
methanogenesis in the presence gfuthile the average dissolved Gidcreasedy 105% due to

the oxidation of DOC and CHT h e r e s¥€Ifor & amd CHishowthatthe prevailing
methanogenic pathway shifted from hydrodmmsed methanogenesis to acebssed
methanogenesis in the ethanophthalenespiked soils due to the increase in acetate
concentration In the fluctuating columnsCHs oxidation became the prevailing pathway

controlling CHs flux dynamics after the first drainage period. Moreover, naphthalerzes
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consumed29% fasterin the fluctuatingcolumns compared to th&tatic soil columnsBoth
experiment and model demonstritat there is a tradeff associated with water table fluctuations:
lowering the water levetan exacerbate global warminga moreCO, and CH effluxes while
thisis effective forPHC attenuationThe results of this study shed new lighttba role ofthe soil

drying and rewetting effects on methanogenic hydrocarbon degradatiQ®aadd CH effluxes
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1 Introduction

1.1 Natural source zone depletion at petroleum hydrocarbon contaminated sites

Contamination of subsurface environments by petroleum hydrocarbons (PHCSs) is one of the major
global environmental issues becassenePHCs pose a significant threat to human health due to
their high toxicity(Mayer & Hassanizadeh, 2005)hus, it is importainto comprehend the fate,
transport ad distribution of PHCs, and major hydrologic and climatic factors affecting
remediation of PHC@Ossaiet al, 2020) Natural source zone depletion (NSZD) of PHCs due to
biodegradation, dissolution, sorption, and volatilization as an effective remediation approach has
been attracting attention inghast few decadd&arget al, 2017)

A conceptual diagram of the microbial reactions.(respiration, fermentation, and methanogenic
pathways) leading to NSZD in a PHOntaminated subsurfaeavironment is presented in Figure

1-1. As illustrated in this diagram, aerobic and anaerobic respiration takes place where the
reduction of electron aeptors (EA) such as oxygen (, nitrate (/ ), iron (lll) (&A ),
manganese(IV)-(I ), and sulfate¥ ) is coupled to the oxidation of a PHC as an electron
donor (ED). These electron acceptors might become scarce in-@éHtninated zone because

of respiration or variable hydrological and climatic reginfidabereret al, 2012) As a result,
fermentative and methanogenic degradation of PHCs under anoxic condition become the dominant
pathways leading to much more methane {Cihd carbon dioxide (@) emissionsTherefore,
comprehending the factors modulating the degradation pathways and greenhouse gas (GHG)
emissions in PH&@ontaminated sites is crucial for understanding NSZD processes and the impacts
of PHC degradation on the climate systgoneset al, 2008)

Methanogenic pathways produce methane 4)Cah important greenhouse gas (GHG) with 25
times the warming potential of GOand tlus understanding the controls on boths@iHd CQ
production is very important fartomprehendinghe impacts of PHC degradation on the climate
system(Deanet al, 2018; Lemminget al, 2012) There are two major microbial methane
producing (e, methanogenic) reactionsaceticlastic methanogenesis @cetatebased
methanogenesis (ABM) producdsoth CHy and CQ, while the other, hydrogenotrophic
methanogenesis dnydrogenbased methanogenesis (HBM), consumes @Oproduce Chl
(Conrad, 2020)Thus, the relative rates of these two major methanogenic pathways modulates the

rates and amounts of GHnd CQ. The rates of ABM and HBM depend on many different factors,
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such as temperature, moisture contant] the availability of an organic substrate. In saturated
electron accepteimited environments, fermentative microbial metabolisms are energetically
favourable, and the accumulation of acetdtgdrogen (H) and CQ as products of the
fermentation redons enhance the rates of ABM and HBBlakeet al, 2015; Jonest al,, 2008)

Among the NSZD processes, methanogenic biodegradation has been recognized as a dominant
NSZD process at PHContaminated sites in recent ye@@enrad, 2020; Essadat al, 2015; Garg

et al, 2017; N. J. Sihotat al, 2011; Sihota and Mayer, 201R)ethanogenic NSZD Imgs about

an interesting potential tradeoff: more methanogenic biodegradation decreases harmful PHC
concentrations in soils, while also increasings@thissions to the atmosphere. Whilesitx
contaminant remediation methods are known to be sources Gs(@Hlis & Hadley, 2009) the
contribution @ in-situ natural remediation.¢., NSZD) to GHG emissions relative to theseséx
remediation options is still not clear (Gaggal, 2017). Therefore, it is important to understand

the impacts of the different environmental factors modulating EéfSumption rates and GH

and CQ emissions during methanogenic NSZD biodegradation activity.

0, CO0,CH,CO,

Land surface

Vadose zone 1 I
CH, + 0, co,

DOCHO

Aerobic degradation

Anaerobic degradation
s NO;,50;2 Fe3*, Mn‘i’! DIC/ CO, |l
/-l Acetate
PHC _— .

H,

Figure 1-1: Conceptual diagram of microbial reaction network in a Rid@taminated subsurface
environment.



1.2 Environmental factors influencing NSZD processes

Climate variability is one of the main environmental factors controlling NSZD processes because
it causes large variations in the spatial and temporal distributions of temperature and soil water
content, which in turn modulate the rates of physical, gaodatal and microbial processes that
contribute to NSZD in contaminated sojShanget al, 2011 Sihotaet al, 2016. Cold regions

are warming much faster than the global average, resulting in more frequent and intense freeze
thaw cycles (FTCs). Frequent FTCs can modulate microbial ac{Sipget al, 2017) soil
physical propertiegDing et al, 2019) and transport processéByun et al, 2021; Oquiskt al,

2004) Moreover Climate change can contribute to extreme drought and precipitation events,
influencing soil moisture dynams and water table fluctuation(€hristiansenet al, 2017;
Dinsmoreet al, 2009) Water table fluctuationsWTFs) can havea significant impact on the
distribution of/ and other electron acceptors, contaminants and natural organic matter, nutrients,
and microorganism@Rezanezhadt al, 2014; Ruhlest al, 2015) Therefore, understanding how

PHC NSZD procesesrespond to large temporal variations in soil moisture and temperature
regimes during WTFs and FTCs is vital for predicting the fate and transport of PHCs and the

associated CkHand CO effluxesat PHC-contaminated sites.

The effect of FTCs on NSZD processes becomes even more important in the era of global warming
because cold regions are warming much faster than the global average, with the fastest warming
happening during the wintéKoenigket al, 2013; Natalet al, 2019; Rafaet al, 2021). In fact,

warmer winters result in more frequent and intense FTCs due to the variations in the duration and
the thickness of snow covéthanget al., 2005) Subsurface environments contaminated by PHCs

at high latitudes are subjected to fre#izaw cycles (FTCs), which can have significant impacts

on soil physical propées (Ding et al, 2019; Ferrick and Gatto, 2005; McCaré&tral,, 2020)
microbial community composition and microbial actiipatzner and Borken, 2008; Sawicka

al., 2010; Songet al, 2017) as well as gas antutrients transport processes and réBaain et

al., 2021; Henry, 2007; Krogstad, 2021; Oqeisal, 2004; WagneRiddleet al, 2017)

Growing attention has been paid to the effect of FTCs opd®@® CH gas production, and soill
carbon and nitrogen dynamics in recent yéarg.,Nataliet al, 2019; Rafaet al, 2021; Songt
al., 2017; Voigtet al., 2019; Wuet al, 2020) Sihotaet al (2016)revealed that subsurface gas



transport processes and NSZD rates at bi@@aminated sites vary seasonally due to variations

in temperature profiles in the vadose zone and the presence of a physical ice barrier to gas transport
in the winter. Somestudieshave highlighted the importance of seasonal soil FTCs for their
significant contribution to annual soil G@nd CH gas productiomluring thaw periodéKraev et

al., 2017; Oquiset al, 2004; Rafaetal., 2021; Voigtet al, 2017; WagneRiddleet al,, 2017;
Wanget al, 2019) Thesestudiesconfirm FTCs modulateCO, and CH gas production because
temperature is a major factor controllitige rates of C®and CH production, and the tempar
presence of an ice layeuring freezing periods can inhilgias transpodndresult inlower surface

CO; and CH effluxes and higar CO; and CH concentrationscompared to thaw periods
Although previous studies have investigated NSZD processes and rates under variable
environmental conditions, the impacts of FTCs on the methanogenic biodegradation of PHCs and
the consequent generation@Hs and CQ in anoxic electron acceptiimited environments are

still not well understood.

Soil moisture is a major factor controlling redox conditions and the rates of physical, geochemical
and microbial processes contributing to NS@Eeiluweit et al,, 2016, 2017; Moyanet al, 2013;
Pronket al, 2020; Prowset al, 2009)since itmodulateghe distribution ofO, and other electron
acceptors, contaminants and natural organic matter, nutrients, and microorganisms in the
subsurfac€Habereret al, 2012; Holden & Fierer, 2005; Let al, 2012; Rezanezhad al, 2014;
Ruhleet al, 2015; Williams & Oostrom, 2000} he rates of GH@ffluxesand PHCs degradation

can potentially be affected by groundwater level fluctuatipiemnebergt al, 2016) In fact, high

water level leads to greater generation ofs(Qi¢cause of aceticlastic methanogenesis and
hydrogenotrophic methanogenesis under anoxic condiBoewer et al., 2018; Conrad, 2020;

Von Fischer & Hedin, 2007; Gunthet al, 2020; Sexstonetal., 1985; Suret al, 2012) while it

lowers the rates of hydrocarbon degradation and ga@eratior(Basiliko et al, 2009; Breweket

al., 2018; Christiansest al, 2016; Pronket al, 2020; Sierreet al, 2017; Van De Veret al,

2021) However, water table decline usually decreases @dheration due to inhibition of
methanogeneis or oxidation of @lh the presence of Dwhereas this decline increasesCO
effluxesand PHC degmation because of higher aerobic degradation rates and greater upward
diffusion (Christianseret al, 2016; Elberlinget al, 2011; Klupfelet al, 2014; Pronlet al, 2020;
Sihotaet al, 2011; Van De Veeet al, 2021)



In recent years, growing attention has been directed to the influence of soil moisture dynamics on
climate change mitigatiofe.g, Berglund & Berglund, 2011; Gunthet al, 2020; Leifeldet al,

2019; Xueet al, 2020) Recent studies have shown how drained peatlands exgbérbate global
warming through continued G@nd CH effluxes whereas peatland rewetting is effective for
climate change mitigation, despite the increase in @erationFranzet al, 2016; Guntheet

al., 2020; Hahret al, 2015; Leifeldet al, 2019) Van De Veret al. (2021)quantified the impact

of WTFs an NSZD rates in a biodiesebntaminated sandtank. They state that WTFs affect surface
effluxes due to the redistribution of contaminants, increased aerobic degradation, and the liberation

of anaerobically produced gas accumulated below the water table.

There are many studies that have investigated the impact of WTFs and soil moisture dynamic on
carbon turnover, but the methanogenic biodegradation of PHCs and the resuliandOCH
effluxesin soils undergoing WTFs and variable moisture regime hadveen investigated in

detail. Hence, understanding how NSZD of PHCs responds to large temporal variations in soil
moisture regime during WTFs is vital for predictiN$ZD ratesand the associatesbil CHs and

CO; effluxes(Klupfel et al, 2014; Moyancet al, 2013; Pronlet al, 2020)

1.3Thesisobjectives
The overall objective ofthis researchis to delineate the effects of WTFs and FTCs on
methanogenic biodegradation of PHCs and the consequent generation ahdCBQ through

two research projects using experiments and numerical simulations.

The specific objectiveaddressed i€hapter 2 were
1) monitor the responsad methanogenic biodegradation of PHGSFTCsby measuring
headspac€0, and CH concentrationsPHC concentrationsi*C isotope composition of
CO, and CH, alongside other geochemical variables in Rté@taminated soibatch
experimens subjected to temperature fluctuations betwd€iC and +15°C.
2) develop a diffusiofreaction model to simulate @heffect of FTCson physical,
geochemical, and microbial processes and rates, and hence to simulate the experimental

results.



The specific objectiveaddressed i€hapter 3 were:
1) monitorthe responsesf methanogenic biodegradation of PHIGSWTFs by measuring
CO, and CH effluxes, dissolvedCO, and CH, depthdependent moisture content, and
dissolved @ concentrations, and by analyzing the porewater chemistry at the end of each
drainageimbibition cycle.
2) develop a diffusiofreaction modeld simulate the impact of WTFs on NSZD of PHCs

and the consequeeaffluxesof CO; and CH.

1.4 Thesisoutline

This thesis comprisehiree additionathapters. Chapter 2 consists ahanuscriptsubmitted to
the Journal o€hemospherémpact Factar8.943. The manuscriptvas written as a staralone
document but has been modified slighthythis thesisfor consistentformatting This chapter
describes a batch experimemtd numerical simulation investigating the effects of FORBHC
degradation an€O, and CH generationsChapter 3comprisesa soil column experiment and
numerical simulation examining the impact of WTFs@@, and CH emissions andNSZD of
PHCs Chapter 4 consists of overall conclusions, recommendatiand future research
opportunities. The appendix includes additional experimental resultsateanot included in
Chaptes 2 and 3
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2 Effects of FreezeThaw Cycles onM ethanogenicHydrocarbon Degradation: Experiment
and Numerical Simulation

2.1 Introduction

Natural source zorgepletion (NSZD) of PHCs in the subsurface due to dissolution, volatilization,
sorption, and most significantly biodegradation as an effective remediation approach has been
increasingly attracting attention in the last few decades due to advances istamtlag of
microbiogeochemical processes and environmental capacity to degrade PHC constituents under
varying conditions over tim@enlsraekt al.,2019; Gag et al.,2017; Khaset al.,2019; Kulkarni

et al.,2020; Ramezanzadei al.,2022; Shiet al.,2020) Figure2-1 conceptualizes the microbial
reactions leading to NSZD in soil subsurface of a Rid@taminated site whereby PHC
degradation is governday respiration, fermentation, and methanogenic pathways. Respiration is
an important subsurface PHC biodegradation pathway whereby the oxidation of a.€HC (
electron donor (ED)) is coupled to the reduction of electron acceptors such as oxygaitré@e

(NO3), iron(lll) (F€*), manganese(lV) (MH), and sulfate (S&¥). However, electron acceptors

are depleted at many PHfntaminated sites because the PHC contaminants are in excess of the
electron acceptors or because of transport constraigtsi¢e formation at the soil surfac@}arg

et al, 2017; IrianniRennoet al, 2016; Karimi Askaranet al, 2018) Hence, fermetative
microbial metabolisms become energetically favourable, and acetate, hydroyemdHtarbon
dioxide (CQ) accumulate in the subsurfa{®lake et al, 2015; Jonegt al, 2008)such that
fermentation and methanogenic pathways become the dominant process leading to NSZD in PHC
contaminated zones. Theege two major microbial methane producirige.( methanogenic)
reactions: acetatieased methanogenesis (ABM) produces both @itl CQ, while the other,
hydrogenbased methanogenesis (HBM), consumes ©@roduce Chkli(Conrad, 2020)

Climate variability is one of the main environmental factors controlling NSZD processes because
it causes large variations inettspatial and temporal distributions of temperature and soil water
content, which in turn modulate the rates of physical, geochemical and microbial processes that
contribute to NSZD in contaminated soffShanget al, 2011, Sihotat al, 2016) Subsurface
environments contaminated by PHCs at high latitudes are subjected tethraezeycles (FTCs),

which can have significant impacts on soil physical prope(asg et al, 2019; Ferrick and

Gatto, 2005; McCarteet al., 2020) microbial commurny composition and microbial activity



(Matzner and Borken, 2008; Sawic&hal, 2010; Songt al, 2017) as well as gas and nutrients
transport procees and rate@Byunet al, 2021; Greert al, 2022; Henry, 2007; Krogstad, 2021,
Oquistet al, 2004; WagneRiddleet al, 2017)

002 CH4
A
Atmaosphere - A
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oxic PHC ~—> BTEX | —> nu:ﬂ:c:z------A
NO;, NO,, : NO,
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Figure 2-1: Conceptual diagram of microbial reaction network in a Rtd@Gtaminated subsurface
environment.

The impact of FTCsroNSZD processes and the generation of @@ CH has been studied by

a number of laboratory, field, and modeling studieg.,Byun et al, 2021; Garget al, 2017;
Henry, 2007; Matzner and Borken, 2008; Schimel and Clein, 1996; &alg 2017) Growing
attention has been paid to the effect of FTCs on & CH gas production, and soil carbon and
nitrogen dynamics in recent yedesg.,Natali et al, 2019; Rafaet al, 2021; Songet al, 2017;
Voigt et al, 2019; Wiet al, 2020) Column studies have linked the cycling of carbon and nitrogen
to changesn pore structure and the formation of a physical ice barrier during FDJiGg et al.,
2019; Krogstad, 2021; Sharreaal.,2006; Teepet al.,2001). A number of field studies have
highlighted the importancef seasonal soil FTCs for their significant contribution to annual soil
CO; and CHgas productionluring the thaw period¥raevet al, 2017; Oquiset al, 2004; Rafat
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etal., 2021; Voigtet al, 2017; WagneRiddleet al,, 2017 Wanget al, 2019) Furthermore, some

other studies used batch experiments to investigate the effects of diurnali €T @sr{peratures
ranging betweer5°C and 14C on a daily basis) on PHC biodegradation rate and soil microbial
communities underegiobic conditiongAkbari and Ghoshal, 2015; Chaagal, 2011; Erikssoet

al., 2001) Among the NSZD processes, methanogenic biodegradation has been recognized as a
dominant NSZD process at PHBntaminated sites in recent ye@@®onrad, 2020; Essakt al,

2015; Garget al, 2017; N. J. Sihotat al, 2011; Sihota and Mayer, 2012y number of fiedl

studies have therefore introduced novel methods, such as surficial gas efflux measurements to
accurately measure NSZD rates at Ptt@taminated sitgg\moset al, 2005; Bekin®t al., 2005;
Hodgkinset al, 2014; Sihotat al, 2013; Verginelliet al, 2018) Sihotaet al. (2016)revealed

that subsurface gas transport processes and NSZD rates-@oRté@inated sites vary seasonally

due to variations in temperature profiles in the vadose zone and the presence of a physical ice

barrier to gas transport in the winter.

In addition to experimental studies, several biogeochemical reactive transport models have been
developed to simulate NSZD processes at contaminateqEeshimi & Or, 2017; Essaiek al,

2003; Khasiet al, 2021; K. U. Mayeet al, 2002; Molinset al, 2010; Molins & Mayer, 2007;
Ngetal.,2 015, Gi mTnek &etdh@G2t; ¥enceliddsBa®, 3007) Bayer et al.

(2002) andViolins and Mayer (2007¢ombined a biogeochemical reaction network and physical
transport processes into a multiphase multicomponent flow and reactive transport model, called
MIN3P, which has beeused to simulate the reactive transport of PHCs, &@d CH during

NSZD at contaminated sites. Lat®olins et al (2010) simulated a PHContaminated site using

a similar biogeochemical reactive transport model that incorporates a reaction network,
multicomponent gas diffusion and advection, and solute transport. Their modeling results
confirmed that methanogenic biodegradation is the dominant PHC degradation pathway at a
mature PHGcontaminated site. Recent numerical modeling developments have edpeactive
transport modeling of PHContaminated sites by implementing additional mechanisms for carbon
outgassing, dissolved inorganic carbon inputs, pH buffering,uasttuctured grid capabilities
(Khasiet al, 2021; Nget al., 2015; Sietal., 2021)
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Although previous studies have investigated NSZD processes and rates under variable
environmental conditions using some combination of laboratgpgraxents, field monitoring,
and/or reactive transport modeling, the impacts of FTCs on the methanogenic biodegradation of
PHCs and the consequent generation ofs @Ad CQ in anoxic electron accepttimited
environments are still not well understood. fidfere, the main goal of this study wasdelineate
theeffects ofFTCs on methanogenic toluene biodegradation angda@H CQ generationUsing

a combined experimental and modeling approach, we: (1) monitored changes in toluene
concentrations and Grnd CQ generation, alongside other geochemical variables, in a soil batch
experimentwhere the soil was subjected to temperature fluctuations betd6e@ and +15°C

and (2) developed a diffusiemeaction model to simulate the effect of FTCs on physical,
geochemical, and microbial processes and rates, and hence to simulate the experimental results.
Experimental results were used to validate that the diffusiantion model was able to accurately

represent all the processes and reactions involved in NiBADBg FTCs.

2.2 Materials and Methods
2.2.1 Batch experiment

2.2.1.1 Soil sampling and characterizations

Soil samples were collected from the topsoé.(0 to 20 cm below ground surface) of a PHC
contaminated site in London, Ontario, Canatfa.determined the porosity ), bulk density \1),
and solidphase organic C and N of the soil using standard procedures. &hd ), were
determined gravimetrically following the method of Gardner (1986), and twas calculated
assuming a particle density of 2.65 gtrithe}, andt were 1.22 g cht and 0.4, respectively.
Total organic carbon and nitrogen were determined tB.88% and <1% respectively by
combustion analysis at 550°C usingidamentar vario ELubeanalyzer (method detection limit,

MDL, for both organic carbon and nitrogen was 1%).

2.2.1.2 Sacrificial soil incubation experiment

A sacrificial soil incubation experiment was conducted to delineate the relative contributions of
electronacceptor limied respiration versus methanogenesis to toluene biodegradation and to study
the impact of freezing and thawing on methanogenic toluene biodegrad&in.was
homogenized by wet sieving through a 2 mm sieve udingpure deionized wateHomogenized

sal was transferred to an anaerobic chamber (Coy Laboratory Products, 108mdsphere)
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where 200 g was added %00 mL glass jars (Bernardin Golden Harvest Mason with a modified

lid containing a grey rubber septa for gas sampling) and 100% saturated, mixextificigl
porewater (APW) solutioteaving ~300 mL of headspace gas volume in the sealedrdra soil

surface area of 50 cnf estimated based on the jar geomeTitye APW solution was prepardd

closely match the pH, electrical conductivity, and ionic composition of groundwater from the field
site containing NaHC¢(1.00 mM) and CaGl(0.80 mM), KHCQ (1.00 mM) and Mgdd (0.15

mM) in ultrapure deionized water. In addition, 10 mtaf bot h Wol feds Trace
and Wol feds Vitamin Solution weéeAPWavdsdietder t o pr
amended to account for the additions/absesfcan external electron donor (lactate) and/or a
methanogenic inhibitorn.g., 2-bromoethanesulfonate (BES)). The final APWs consisted of: 1)
original APW ({.e.,, no lactate added (NL)); 2) lactate amended (LA), and 3) 2
bromoethanesulfonate (BES) andtéde amended. Each treatment and time point, except for the
time point at day 0, which had only single jars for each treatment, consisted of triplicates giving a
total of 93 jars. The.A and BES treatments contain@kb mM lactate and the BES treatment
cortained 40 mM BES. On day 88, an additional 1 mM of lactate was added to the LA and BES
treatments to consume the £0remaining in the soil and thus to stimulate methanogenic
conditions. We prepared a series of parallel jars in the same way for eaehtluieth treatments

in triplicate (9 jars in total) which we used to monitor the headspace gas concentrationg for CH
using a LICOR 7810 instrument to determine when the other jars being used for the sacrificial

batch experiment had become methanogenic.

2.2.1.3 Experimental conditions

At the start of the experiment, the soil and APW solution were added together to all the 102
incubation jars, stirred together, and placed, uncapped, in an anaerobic chamber (Coy Laboratory
Products) for six days tquilibrate with the anoxic atmosphere. Following the sidsyubation

in the anoxic atmosphere, the samples were sealed and placed in an environmental chamber
incubator(Percival t41NL XC9)set to 10 °C for 60 days to allow for methanogenic conditions
develop (as determined by monitoring 3iéncentrations in the headspace of the series of parallel
jars) before the FTC temperature regime was imposed. Five consecutive cyelesealf fleezing

at-10°C and 2wveek thawing periods at 15°C were impobetiveen day 60 and day 215.
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On day 113, following the first freeze thaw cycle and second freezing period, during the 2 week
thawing period, a subset of the remaining batch soil jars from each of the three initial treatments
(NL, LA, BES) were amended witioluene. For amendment with toluene, the soil and porewater
from the subset of jars were opened in an anaerobic chamber and divided into two 250 mL jars
equipped with Teflon septa (250 mL Clear Certified Wide Mouth Septa Jar with 58,400 PP Cap
with PTFE/Slicone Septum, Thermo Fisher Scientific), and 10 mL of concentrated agueous
toluene solution was added to reach a toluene concentration of arb&indg LX. For the jars

where no toluene was added at any point, they are given the no toluene (NT)HabelnTotal,

there were 6 treatmentso-lactate netoluene (NLNT), nolactate toluene amended (NIA),
lactateamended ndoluene (LANT), lactateamended tolueramended (LATA), BES-amended

no toluene (BESNT), and BESamended toluene amended (BES) treatments

The jars were then sealed and transferred back to the environmental ciraubatorat 15°C

for 4 days. During the freezing periods, some
water expansion. During the thawing periods,tra@asferred the soil and porewater in these jars
once they were thawed to new jars. This meant
The initial headspace concentrations were measured each time the headspace was reset. These
measurements @ve used along with the measurements at the sacrificial time points to calculate
the cumulative headspace gas concentrations, whose determination method is described below in
section2.2.14 t hat woul d have buil t upeedtatransferehej ar s 6
soil to different jars when jars were broken. None of the toka@nended soil treatments had their
headspace resetq.,none were transferred to new jars). In total, 38 jars were broken and replaced
during the experiment.

Triplicatejars of each treatment were sacrificially sampled for gas and porewater analyses at the
end of each &veek freezecycle ¢10°C) and 2week thawcycle (15°C).The temperature regime

with freezing and thawing cycle (FTC) for 215 days of the batch experisdnstrated in Figure

2-2b. In total, sacrificial sampling occurred for a total of 6 time points in the no tolagaed
treatments (NENT, LA-NT, and BESNT), and 3 time points in the tolueaenended treatments
(NL-TA, LA-TA, BESTA).
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2.2.14 Headspac& O, and CH, gas analyses

During sampling, jars were transferred to an anaerobic chamber, and gas samples were collected
from each jarodés headspace using a plastic 50
CHas, CO, and H usinga Shmadzu Gas Chromatograph (Model @Q14) equipped with fame
ionization detector, a methanizer (for £€énd CH), electron capture detector (for®), and

thermal conductivity detector (for2D

2.2.15 Headspac&€ O, and CH, isotope analyses

Headspacg as sampl es we ri-Cayla s d’C-@hkisdtopescentpositiams usirig

plastic gagight syringes and needle inserted through the Teflon or rubber septa in the jar lid. Gas

samples were preserved by injectind@ mL of headspace gas into hefiflushed Exetainer

vials. The collected headsp’@c@angd®sdHsiathe!| es

Environmental Isotope Laboratory at the University of Wateunlsiaggas chromatography

combustion (GCC) conversion throughAgilent 7890A gas chromatograph coupled to a Thermo

Scientific Delta V Plus isotope ratio mass spectrometer via GC Isolink (Thermo Fisher Scientific,

Germany) continuous flow isotope ratio mass spectrometer (CFIRMS). Samples were pre

concentrated usingBhermo Scientifid®reCon Automated Trace Gas fencentrato(Thermo

Fisher Scientific, Germany).

The fractionation factor betwe&0, and CH,, | ¥ was calculated to quantitatively interpret

the isotope results and use the data as an indepgetm@nfor quantifying the different

contributions of the two methanogenic pathways (hydrdzpeed and acetabmsed, HBM and

ABM) in the experiment. y  was calculated according to Exj1:
1 6 00 p

2-1

wherg P8 60.and P B 8Q were in decimal units.g.,-0.001 instead ofL & ).

The two major methane producing pathways, and the only methanogenic pathways included in our
microbial reaction network model (described in sect®8.]), acetatdbased methanogenesis
(ABM) and hydrogerbased methanogenesis (HBM) have distinct values ofy  : the value

for ABM ranges between 1.017 and 1.QZhanet al.,2005; Okumuraet al.,2016) while the

value of HBM ranges betweer068 and 1.08Penninget al.,2006; Vavilinet al.,2018) Hence,
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the observed y can be used to calculate the fractions of ABM and HBM occurring in the

system. The ABM fraction'Q ) was calculated using E&2:

0 — (2-2)

where| is the| ¥ value observed during the experiment, is 1.078, the average
value of the 5 values reported for HBM, and is 1.022, the average value of the
| v Vvalues reported for ABM. We also estimated upper and lower bounds fi® the

estimated using the upper and lower bounds on the ranges ofand| 8Given the'Q

calculated, the fraction of HBM could then be calculated giveri@hat = 1- 'Q

2.2.16 Porewater chemistry

On sacrificial samplinglates, once headspace gas samples were collected, jars were opened in the

anaerobic chamber to collect porewater samples for various analyses. Approximately 50 mL of

overlying water and porewater were collected from each jar and filtered through a Optirgum

size membrane filtemfylon membrane syringe filter¥WR Scientific).The pH of the unfiltered

porewater samples was measured using afgell | ed pH el ectrode (Orion

Combination Electrode, ThermoScientificdpproximately 1 mL of prewater was filtered
through a 0.2 em pore size membrane filter
Scientific) and frozerat -20°C for later analysis of major anion concentrations including nitrate
(NOg), sulfate (S@), acetate C2H30,) and lactate (§4s0s) using ion chromatographyd,
Dionex ICS5000 with a capillary lonP&cAS18 column; MDL: 14.7, 6.7, 0.7, and 0.4 pnhol,
respectively. Concentrations of dissolved organic carbon (DOC), total dissolved nitrogen (TDN),
and dissolvednorganic carbon (DIC) in filtered porewater samples were measured usitaj a
organic carbon analyzer (Shimadzu TQCPH/CPN; MDL: 4.6, 2.9, and 2.§imol L™,

respectively) For jars amended with toluen@nspoundspecificiit*C- a n dH- tdlueneisotope

compositions were determined in the Environmental Isotope Laboratory of the University of

Waterloo using a PGC- IRMS system. The RPGCIRMS system consisted of CDS

7000E/7300/7400/7500, Purge and Trap/Thermal Desorption System (CDS Analytical, Oxford,

PA, USA), a Trace GC (Thermo Fisher Scientific, Bremen, Germany), aCbustion Il
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interface oper at i n¥C/%tand & DeIA Plis1XP 5s0tdpE ratio amass U

spectrometer (Thermo Fisher Scientific, Bremen, Germany).

To evaluate whethethere were any changes in DOC composition over the course of the
experiment, specific UV absorbance at 254 nm (SkbjAwas analyzed by measuring the
absorbance at 254 nm of 0.45 pum filtered porewater on aVidWle spectrophotometer
(Evol ut i on ¥-Visb& Gpe@rophotolieter, Thermo Scientific) after the method first
described by Weishaat al.(2003). The UV absorbance measured at 254 nm was then divided by

the DOC concentration (in units of mg &)._giving units of L mg ¢ m™.

2.2.2 Numerichsimulation

2.2.21 Governing equations
The mass conservation for one or more chemical species are expressed by the following equation

when there are chemical reactions #melprevailing transport mechanism is diffusion

— Dy Y (2-3)

whered is the concentration [ME] of the specimeiQY is reaction rate [Mi3sec!] of substance

i, ando j, is the diffusive flux tensor for each substance and defined by:

0 Oy 06 (2-4)

whereO ;, denotesthe effective diffusion coefficienfiL? sec'] for substance in an isotropic
diffusion modeling.In a saturateghorous medium with the presence of chemical reaction and
adsorption process, the Egs3 and2-4 arereplaced by the following macroscopicactive

transport equation with no convective transport mechanism:

o/ & no A
T %00 , o ! (*;h v (2_5)

< Oin
T o RO T
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where%ois effective porosity” is bulk density of soil, andy is the Langmuir adsorption
isotherm for substance O, can be correlated to solute diffusivity in bulk solvedt;, as

(Millington and Quirk, 1961)

O 5 OF #0)

where—is the soil water content, which is a function of temperature under saturated conditions
as follows(Huang and Rudolph, 2021; Tie¢al.,1976):

%o YOy
— oy o v (2-7)
% p Y Y Y Y

The thirdterm in Eq.2-5 models thedsorption/desorption of each chemical species to the solid
phase i(e., the soil matrix) in porous media which accounts for decreasing and increasing in
chemical transport flux of species they attach to (adsorb) and detach from (desorb) the solid
phaseduring traveling through the medium. In this studgngmuir adsorption model issed to

predict the solid concentratiom) from the concentration in the liquid phase as:

O O (2-8)

where®  j is the maximum adsorption capacity ang is the Langmuir constant for substance
i. The final term IinEq. 2-5,°Y, represents chemical reactions, most of which are microbially
catalyzed, that account for changes in species concentration perlunmieveorous medium per

time. In the presence of a network of different reactidhsan be defined by:

Y "Rl (2-9)

wherei is the rate ofgh reaction in a reaction network, ang is the stoichiometric coefficient
of specimenQn the reactionQ Then thei can be calculated using the biomdasglicit

formulation for representing microbial reaction rai@seaton and Van Cappellen, 2Q18)
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8 8 ) (2-10)

wherei i s the maxi mum rate anmgsamat cdocemnmteraattii
el ectron donors and electron acceptM]$ consum
and are the hal f saturation constants for t
respectivB] y, @ban® aire [functions reprdseantd ng
pH dependency of tHe nr@aadt iKo ek ,mw¥PO0OIVDBI; | Rws s o

) oy oy oy
Q . . . . < . . . . - (2-11)
Y Y Y Y Y 'Y Y Y Y Y Y
whee,”Y , &hére the minimum, maximum and optim
reaction, resp€ttively, in units of [A
. N0 n o
o o wo_ 20 NP -
oL I DR (2-12)
yNO no
where 'O no , THOhdare mini mum, maXx i mum, and opt

respectivel y.

It should be noted that some chemical species act as competitive inhibitors to some reactions who
share a substrate, so we incorporated an inhibition term i2-Eg for the inhibiting effect of
sulfate (S@) on the reactions LF, TF, ABM, HBM, ACET (reactions associated with these

reaction short forms are provided in Tagi&):

U i (2-13)

hh

where0 j is the inhibition constant for substanicén reactionj andi j is the inhibition

factor. Eq.2-13 was also used to simulate thermodynamic inhibitiog, (noncompetitive

inhibition) of some reactions by the buildup of reaction prod(Ctsstelloet al, 1991; Mosey,
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1983; Siegrisetal., 1993) HBM and ABM were inhibited by Ckbuildup, MF was inhibited by
H> buildup, and ACET was inhibited by acetate buildup, giving inhibition constantsf)

fitting to the experimental data for GHH. and acetate (Tab[23).

Tab2llList of reactions included in the microb
constants, half saturat.ion constant, and ot he
Reaction name Reaction Chemical reaction Reaction parameters
name .
shortform Rate constant, Half. Half saturation
PR () saturation —constant, lka
constant, —)
Kep (—)
Lactate oxidation, LOSR 0 00 ™) 8.3e8 0.005 0.025
sulfate reduction © 900 O
™aY ™m0
Lactate fermentation LF 000 © p&d 0Ou ™0 1l.1e7 0.005 NA
Hydrogen oxidation, HOSR O m] O & O 4.4e8 0.001 0.025
sulfate reduction o mg IOY OO0
DOC (represented by DOSR 600 oY 4.2e7 0.004 0.025
glucose) oxidation, 0 @Od cOY
sulfate reduction (o] @)
DOC (represented by DF 000 p&p@O 1.6e6 0.004 NA
glucose) fermentatior O @ v PP
¢® ® 00
PX P©
08 0'®
Toluene fermentatior TF 00 ¢ {OULO° X0 p O 4.4e8 0.04 NA
XO
Acetogenesis ACET T® 080 O & O 8.8e7 0.001 0.003
O mg w0l
00
Acetate oxidation, AOSR 600 " ©¢O0od oY 4.9e8 0.004 0.025
sulfate reduction
Acetatebased ABM 600 OO ° 08 60 1.2e8 0.004 NA

methanogenesis
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Hydrogenbased HBM g (0 O g (O 2.7e8 0.001 0.003
methanogenesis MF z g 60 2.9e8 0.003
Methane fermentatior ™ UOU
Non-microbial reactions
Carbonate CE 60 R 06z 08 O o o 8 g 8 NA
equilibrium
Soil matrixorganic = SMOCR Microbial Biomass @ 6 'O 0 4.2e7 (sed) NA
carbon release of
glucoseDOC
Tab22ini ti al concentrations of each species mo
Substance Initial concentration (mol m=) | Initial concentration (mol | Initial concentration (mol
in NL treatment m3) in LA treatment m®) in BES treatment
Y 0.384 0.350 0.363
"0d 4.420 4.820 5.007
000 0.086 0.384 0.22
000 0.298 0.465 0.355
600 2.040 3.278 3.039
DOC 12.22 19.67 18.23
DIC 4.42 4.82 5.007
60 (aq) 0.040 0.090 0.084
O (aq) 0
60 (aq) 0
60 0.155 (at day 113 in TA)
60 (g),60 0
(9).0 (9)
Soil matrix
organic C 1.97 mmol
Tab23Parameters of flow and reactive transp
simul ations.
Parameters Values
YO, Y (K) 263.15, 303.15, 313.15
%o 0.35
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noO .,n0,n0 49,7,89

©  (molkgh 20.59
05 (m*mol?) 1.872
(kg nT3) 1220

0 0.018

0 0.034

0.277

c-

0.83
8.7e6 (n? sec?)
5.6e10

c-

1.9e5

1.6e9

1.1eb

1.2e9

7.5e5

2.7e9

6.8e10
6.4e10
6.8e10
6.14e10
9.2e10
0  (molntd) 0.001

o| ©| 0| o| ©| o| ol ©| o] o] O| o| O

0  (molntd 7.25

0  (mol nTd) 0.0001

0  (molntd 0.0004

2.2.2.2 Modeling procedure

The physical model of the soil batch experiment jars is comprisgebadylindrical components
(Figure2-2a). The lower section of the cylinder represents the saturateshddhe upper cylinder
represents the headspace. As shown inrEig2a, a zereconcentration gradient € 20 1) is

considered for the upper boundary in the motleé nr y6s | aw can be appli

between the two soil and headspace compsraithe modeds:
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© Qo (2-14)

where® and® are equilibrium concentrations of substande aqueous phase and headspace

andQi s the dimensionl ess iHweithigafnctionoiteampesratute. o f s
To investigate the impact of the temperature fluctuatiodfigufe 2-2b) on biodegradation
processes and gas productiomiarobial reaction network of 11 microbialbatalyzed chemical

reactions is implemented in the numerical simulations. The list of oeaat the reaction network

and their reaction rate constants fitted by the maudel presented in Tab@1. The initial
concentrations of each chemical simulated in the reaction network are provided i2-2ablee

parameters of flow and reactive trpogt processes used in numerical simulations are provided in
Table2-3.

7

Lo iz @ (b) (©
/’(—‘_‘—\ 0 T FTFTFTFTTFTF 8.5 T FT F T F T FTFTF
S~ 15 M = = = = o — Fitted function - NL

“E 8 7 Fitted function- LA
';-‘ e e N == Flited function-BES
v Headspace -n-J;=0 8 s ok A Experiment. NI
E = @ Experiment- LA
=0 = . 4 @ Experiment. BES
5
% S (I O 1 I I R ey G e )
g = P e Twe—=
8 -10 — — e Lo L
* 0 50 100 150 200 ¢ 0 50 100 150 200
Time (days) Time (days)
8cm
Fi gu42e( a2 | mag-di mé n stihorneael mo d e | used to si mu
composed of saturated soil with porewater and

i mposed during 215 days-1DfACYx merrdi mhmtwwy QilTels aft @
(c) pH values measured from the experiment us
functi on.

Two of the reactions provided in Talflel are not microbialkcatalyzed reactions and their rates
were not modelled using EG-10: carbonate/bicarbonate equilibrium as a function of pH and
Agl ubDOG @& product i oninducddy soilf matexz idistgrbance. The
carbonate/bicarbonate equilibrium was modelled as an equilibrium reaction using the equilibrium
constant for the dissai carbon dioxide/bicarbonate system. The glu@S€ production rate

by freezinginduced soil matrix disturbance lysis is represented using @fulst rate where the
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rate depends on the concentration of soil organic carbon. We added this DOC praéaction

to fit the evolution of totaDOC observed in the experimand based on studies by others which
show that freezing causes rapid physical conversion of soil C to([B@s3et al, 2016; Kveerng

and @ygarden, 2006yVe simulated the reactions that consume this produced DOC by using the
chemical formula of glucose to assign reaction stoichiometries to the reactions. The experimental
glucoseDOC was calculated as the difference between the measured total DOC ateliaceta
carbon molesGiven the challenges in modeling pH as a variable that the model simulates
(Hofmannet al., 2008; Jourabchet al.,2005) we imposed the pH values measudeding the
experiment in the numerical simulation. We fit a continuous function to the discrete experimental
pH measurements to impose the pH at amg tin the model simulation (Figuge2c).

In the numerical simulations used in this study, the transpdsorption, and biodegradation of
species in the soil domain are evaluated by solkm@-5 alongside corresponding boundary and
initial conditions presented in Figu2e€2a and Tabl@-2. The reaction rates and solid concentration

in the adsorption/reaction term Bfy. 2-5 are evaluated by Eq&:6 and2-7, respectively. In the
headspace, the transport of gaseous species is incorporated by soh&rg)kith the boundar
conditions ilustrated in Figur@-2a. Zero concentrations are set for initial concentration of species

in the headspace. Finally, interaction between two domains (soil and headspace) is modeled using
Eq.2-14. These sets of equations are solved udisgCOMSOL Multiplysics® software (version

5.6) by adopting a 2D axisymmetric geometry.

The simulations were performed for the 6 different experimental treatmotstT, LA-NT,
BESNT, NL-TA, LA-TA, and BESTA treatments. In addition, we used the model with the
parametes that were fit to the experimental data to simulate a no FTC scenario and to compare

the effects of FTCs versus no FTCs ons@Hd CQ generation and toluene biodegradation.

2.3Results

In what follows, we report and discuss the results obtained fronbateh experiments and
numerical simulations for the 6 different treatments-(NIL, NL-TA, LA-NT, LA-TA, BESNT,
and BESTA) which were subjected to 5 consecutive FTCs with the tempenagime presented
in Figure2-2b. We show the time series trendsamcentratios measured and simulated (Figures
2-3 to 26) and the time series trends i tteaction rates simulated (Fig&). In addition, we

present the simulation results of a no FTC scenaiigu(€ 2-7) in section3.4. The microbial
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reaction netwrk, initial values, and reaction parameters fitted to the data and applied in the
numerical simulations are presented inufgR-2 and Table®-1 to 23. These parameters were

applied for all simulation runs.

2.3.1Porewater chemistry: pH, DIC and, $O

The pH increased from around 7 to around 8.3 in all three treatmedTNLA-NT, BESNT)

before the first freeze period. Following the first freezing period, pH decreased by more than 1 pH
unit in the treatments, and then decreased by close to 0.fhafsecond FTC. Thereafter, for the
remaining FTCs, the pH decreased by around 0.1 or less after each FTC, and was ai®@énd 6.6
in all three treatments by the end of the experiment on day 202. As mentioned in 2&cfon
these measured pH values wtren imposed in the model simulations, rather than being treated

as a variable to simulate.

The change in DIC concentrations closely mattthe change in pH values (Figures Aand2-

2c¢), which is unsurprising, as the governing carbonate equilibriatiega used in the model
(Table2-1) account for the decrease in DIC at low pH whereby dissolvedd€feases due to

loss as gaseous G@ the headspace and decrease in @Oduction rate as a result of electron
donors depletion. DIC and pH increasedinly the first 60 days, dropped sharply after the first

and second freezing periods, and then remained relatively constant for the remainder of the
experimentDIC concentrations in the TA treatments (BES, LA-TA, NL-TA) are higher than

in the NT treatmets because the added toluene increased the total carbon pool in the system,
stimulates toluene fermentation (reaction TF), and the acetate produced by TF ultimately increases
the cumulative gaseous @Oand DIC produced byABM (Figures 2-3 and 2-4).

The model simulations are able to closely match these DIC changes, confirming that the model
accurately represents the carbonate equilibrium system and the influence of pH on DIC speciation,
as well as the reactions that produce and consumeddCABM, TF, HBM).

3/ was the only electron acceptor that was available in the soils under the imposed anoxic
conditions, as nitrate concentrations were very low or not detegted. was completely
consumed in both the BES and LA treatments by the end sBtbed thaw period (Figuresl-

2) and in the NL treatment by the end of the third thaw period due to the absence of lactate addition,

and hence the lower amount of electron donor available to reduggé thdt should be noted that
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lactate (data not showm)as no longer detected and presumed to be completely consumed in all

treatments by day 35 (lactateidation rates are shown in FigurdR).

2.3.2Porewater chemistry: DOC and acetate

DOC concentrations decreased prior to the FTCs, in alréla¢ments (Figurg-3a) because the

DOC was coaumed by fermentation (DF) (Figurgs3a and 28) and sulfateeduction (DOSR)
reactions (Figuré1-2). Upon the initiation of the FTCs, DOC progressively increased with each
FTC because of two reactions: (f)e freezingnduced soil matrix organic carbon release
(SMOCR) reaction which is assumed to produce DOC during the freezing periods, and (2)
acetogenesis (ACET), which produces acetate freamd CQ during the thawing periods (Figure

2-8). The DOC and eetate concentrations plateau in the fourth thaw period because the soil
organic carbon DOC release and acetogenesis reaction rates decrease over time in the experiment.
The DOC and acetate concentrations are higher in the LA and BES treatments retagvilto
treatmets (Figures2-3b, 2-3c, and2-8), and are higher in the TA treatments tigi&ato the NT
treatments (Figure2-3a to 23c) because of the added carbon in the form of lactate and toluene,
respectively. In the model, the reactions drivihig transformation of added lactate and toluene

to increased acetate concentrations are lactate and toluene fermentation (LF and TF), respectively,
which produce kK The B produced by these reactions then stimulates acetogenesis.

In initial iterationsof the model development, acetogenesis could not explain thelFI&h rise

in total DOC concentrations alone, and we therefore attributed the increasesicataie DOC to
freezinginduced soil organic carbon release from the soil matrig.(soil aggegates) and/or
microbial biomass, as described in secfad In addition to the carbon balance accounted for by

the model, we measured t8&)VA2ssindex ofthe DOC in the porewater. Figurgs3(g-i) showa
considerable decrease in tB&\VA2s4 index afte each freezing period. The decrease in the
SUVA>s4 index following each freezing period for all the soils, regardless of the treatment,
indicates a release of soil matrix organic carbon, as microbial dissolved organic matter has a
relatively lowSUVA2s4 index(McKnight et al.,1994; Vestgarden and Austnes, 2009)
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Figure 2-3: Timeseries results of DOC-@, Acetate (&), and SUVAsasindex (gi) for soils with

different treatmentduring 215 days of experiment with freeze (F1&°C) and thaw (T, at 15°C)

cycles (NL:no lactate added soilsA: lactate amended treatmeBES: 2-bromoethanesulfonate

amended treatmentNT:

2.33C0O and CH; generation

The CQ and CH headspace concentrations increase over time across all the treatments, with

no toluene added soils,

TA:

toluene amended treatment)

negligible changes in concentratiorritlg the freezing periods (Figur@s4 and2-8). Given that

we calculated the cumulative @@nd CH concentrations for the closed batch systems, these

cumulative concentrations also represent the cumulativea@® CH production. The constant
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concentrations during the freezing periods are successfully simulated by imposiagnoaates

of the reactns that produce GGand CH during these freezing periods (Figur2g and2-8).

The results of simulation and experiment show the rapid increaseiard@H production rates

after thaw Ie., when the temperature rapidly switches frein0 ¢ C t oecalde @ifCihe b
accumulation of Bl CQO,, and acetate (Figurez4 and2-8). The simulated C®and CH
production rates after the fourth freezing period are lower than that in the other prior thawing
periads as shown in Figutz4. This decrease in the net £€&and CH production rates is simulated

in the model by the lower rates of HBM relative lbe earlier thawing phases (Figu&s and2-

8) because of the lower concentrationdHafandOd (i.e., DIC), and even by the predicted

consumption of Cklby methane fermentation (MF, which is the reverse reaction of HBM).

Another reason for the decreased.@@d CH production rates could be that ABM is inhibited.
ABM inhibition has been observed before, and is sometimes attributed to high acetate
concetrations being thermodynamically inhibitifGarget al, 2017; Nozhevnikovat al.,2007)
However, we calculated the Gibbs energies undesstamdard state aditions of ABM and found

that it was thermodynamically favourable throughout the experiment (Adbld oluene addition

to the incubations on day 113 increased @@l CH concentrations in all three treatments relative

to theNT incubations as shown Figure2-4. The cumulative€O, and CH generation increased

by 136% and 87%, respectiyein the NL-TA treatment (Figure2-4a and2-4d), by 117% and

61% in the LATA treatment (Figure2-4b and2-4e), and by 50% and 33% in tBESTA
treatment (Figure2-4c and2-4e), relative to their respective NT treatments.

The NL treatments (NINT and NL-TA) had lower cumulative Cand CH concentrations
compared to the LA treatments (LDAT and LA TA) because of the additional carbae ( lactate)
present in th& A incubations as illustrated in Figur2st and2-8. The BES treatments (BEHST

and BESTA) had the lowest cumulative G@nd CH concentrations despite the addition of
lactate to these treatments due to the inhibition of methanogenwayatihy BESFigures2-4c,

2-4e, and2-8f). This inhibition effect on methanogenesis reactions by BES was simulated in the
model by adding an additional inhibition factor on top of the inhibition effect byzeom sulfate
concentrations simulated using E§13. Thebest match with the experimental £€énd CH

concentration data was produced during the first 60 days when BES was assumed to slow down
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ABM and HBM by 90% and 50%, respectively. After the first freezing period, the inhibition effect
of BES was considerablgwer, and the best fitting inhibition factor was% for both ABM and

HBM (Figures2-4, 2-5, and2-8). We attribute the lowered inhibition effect after the first freezing
period to BES degradation by microbial degradation or by degradation due toehedrand
thawing. These simulation results on the efficacy of BES as a methanogenesis inhibitor are in
agreement with other experimental studies in the literature which also found that BES was not
always 100% effective at inhibiting ABM and HBM and fouhat the inhibition effect of BES
declined with time as BES was degrad8dholtenret al.,2000; Zinderet al.,1984)
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Figure 2-4: Headspace C£xroncentrations &) and headspace Gldoncentrations ) in soils
with different treatmentduring 215 days of experiment with freeze (K1&°C) and thaw (T, at
15°C) cycles

2.3.4Fraction of ABM estimated from and simulated by model

7
The fraction of ABM predicted by the model and calculated using the headspace ii@opéls
andit3C-CO; (Figure 2-5) shows that in all three of the NT treatments {NIL, LA-NT, BES

NT),| ¢ decreases from around 1.05 to arour®? between dal45 and 202 (FigurAl-

3c), which corresponds to an increase in the proportion of ABM contributing to methane
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production from around 0.5 to 0.85. In TA treatments, the averagey is higher than that in
NT treatments, which corresponds to ad@@te increase in the HBM fraction because of increase
in the concentrations of +and HCQ@'. Overall, he modelcalculated relative rates of ABM and

HBM are generally in agreement with the ABM fraction derived from they  results.
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Figure 2-5: (a) Experimental and simulation results of the fraction of methane produced by ABM
in soils with different treatments between day 130 and 215, and (b) simulation results of the
fraction of ABM in soils with different treatments during 215 days.

2.3.5Toluene concentrations andC-toluene

Natural attenuation of toluene can be attributed to 1) anaerobic biodegradation; 2) evaporation;
and 3) sorption in anoxic, saturated soil. For this reason, all three of these processes are considered
in the model.When toluene was added to soil at day 113, the toluene concentration declined
sharpy between day 113 and 117 (Fig@&®a). The model predicts that this sharp decline is due

to toluene sorption to the soil. The model predicts that after day 117, afteitthletoluene
attenuation by sorption to the soil, TF is the dominant tohe@msuming reaction. Overall, the

model predicts that 74% of the cumulative toluene concentration decrease between days 113 and
202 is due to biodegradation, 15% being atteduto evaporation, and 11% being attributed to
sorption. Like all the other microbial reactions, the TF reaction has &eeareaction rate during

the freezing periods, and thus, no toluene biodegradation igrimgeduring these periods (Figure
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2-8). During the thawing periods, toluene biodegradation via the TF reaction was the dominant

toluene attenuation mechanism.

Overall, both the experimental results and model simulations show that toluene is anaerobically

bi odegraded.

bi odegraded once

which isindicative of microbial biodegradatiqfigure2-6b).
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Figure 2-6: Timeseries results for (a) Toluene concentration in NL, LA, and BES soils, and (b)

Ut3C-toluene in TA soils with NL, LA, and BES treatmeulisring 215 days of experiment with

freeze (Fat-10°C) and thaw (T, at 15°C) cycles

2.3.6Microbial reaction network: simulated reaction rates
To simulate methanogenic toluene degradation, a network of 13 micremiatliated reactions
were considered, and rate constants and half satucatimtants are used as fitting parameters as

shown inTable2-1. Figures2-8 ac show the rates of DF, ACET, and SMOCR in the different

treatments. The rate of SMOCR decreases over time because of depletion of the leachable soil

organic matter pool, whilehe rates of DF and ACET increase when &hd glucose are
accumulated in the system. The rates of HBM, ABM, &&g MF are illustrated in Figur@s8 d-
f. ABM, AF, and MF reactions become the dominant reactions under anoxic, elacteptor

limited enviraament, but the rate of HBM decreases whensHonsumed or released into the
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headspace. The rates of the othexctiens are illustrated in Figuresl”R. As shown in these
figures, the role of sulfate reduction reactions in biodegradation of DOC becessamportant

over time when sulfate is sufficiently depleted in the system.

The fraction of methane produced by ABM relative to the total methane produced (the ABM
fraction,fasm) was calculated using the model simulatedtiea rates of ABM and HBMFigure

2-5). As shown in Figur@-5b, the ABM fraction is close to 1 at the beginning of the experiment
because acetate concentrations are much higher thaordentrations. The predicted ABM
fraction was very low in the BES treatment during the firstdé9s because the model was
predictingconsiderable inhibition of ABM by BES-{gure 25b). After the first freezing period,

the predicted ABM fraction increased in all the treatments during the thaw periods because of
acetate buildup in the soil porewaterd because CQlissolved in the porewater was lost to the
headspace by diffusion/degassing. The ABM fraction was predicted to decrease after toluene was
added to the soils because toluene fermentation increases porewater dissojvad G®
concentratios. The model predicts that the average cumulative contribution of ABM to methane
production is 75% of all the CHproduced, whereas HBM contributes 25%. These model
calculated relative rates of ABM and HBM are generally in agreement with the ABM fraction
derived from'3C isotopic signatures 60, and CH between days 14801 as illustrated iFigure

2-ba

2.3.7No FTC Model Scenario

Given the successful performance of the diffugieaction model in reproducing the experimental
results when FTCs were imposed, we used the model to simulate a scenario where no FTCs were
imposed. In this model run, the temperature was fixed at @Qfig the first 60 dayand 15°C
between day 6@15. The input model parameters for this simulation is the same as that used for
the simulation of the NL treatment (Tabl2d to 23). Notwithstanding there are no freezing
periods in the no FTC scenario, tleas of CQ and CH generation are lower thahose in the

FTC scenario (Figureg-7a and2-7b). The reason for the higher amounts of,G@d CH
produced in the FTC than in the no FTC scenario is because more DOC and acetate are produced
in the FTC scenario by SMOCR and the subsequent higher rates of DOénhtation and
acetogenesis (Figur@s7d and2-7e). Figure2-7f shows that toluene is deged 23% faster under
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no FTC condition compared to the FTC scenario during the thaw periods: in the no FTC scenario,
it is consumed by day 160 whereas toluene is still available aftet5 in the FTC scenario
(Figure 2-7c). Moreover, the rates GfO;, CHs and DOC production are tt#mes, 1.35imes,

and 5times higher, respectively, under the FTC scenario tingier the no FTC scenario (Figure
2-71).
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Figure 2-7: Simulation results of control scenario for (a) headspa€e concentration, (b)
headspace CHoncentration, (c) toluene concentration, (d) DOC, and (e) acetate in sulfate in soil
porewater, and (f) relative rates of £€&nd CH generation, toluene consumption, and DOC
production/consumption in FTC and control saeos.

2.4 Discussion

2.4.1 Reaction pathways and rates

The results show that anaerobic degradation processes are strongly influenced by temperature
because the freezing periods significantly reduce the rates of anaerobic reactions and cause
freezinginduced soil matrix disturbance and DOC release; however, the rates of the anaerobic
reactions increase during thaw perigqésgure 2-8). The dominance of sulfate reduction and
methanogenic reactions change over time: sulfate reduction reactions play aantmodetwhen

an adequate amount of sulfate is available in the sydtemg the first 60 days (FigurelA2).
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However, methanogenic degradation of DOC and toluene becomes dominant in the anoxic,

electron acceptdimited conditiors that occur after day §6igure2-8 o).

The changes in the methanogenic pathways HBM and ABM over time during the experiment can
be identified using both isotopic analyses and numerical modeling. The model predicts that the
rates of the HBM and ACET reactions increase whemd¢éumulates in the systemcdaeise of

DOC fermentation (Figurg-8 d-f). The HBM rate then starts to decrease after the second thaw
period because of Hlepletion, which occurs when the rate efddnsumption is greater than its

rate of production. In cdrast, the rate of ABM increases over time because acetate concentration
increase due to acetogenesis (ACET) and DOC fermentation (DF) of the DOC released by the
SCOR reaction. Thus, the model predicts overall that the ABM fraction relative to HBM irecrease
with time in the experimenfs sectior3.4 highlighted, the ABM fraction predicted by the model

is in good agreement with the ABM fraction calculated usingitf@CO, andi*3C-CH, isotope
compositions observed. For the soil temperature during the thaw periods of 15°C, the model
predictions that: (1) the average ABM fraction is around 75% , and (2) the acetogenesis rate is
higher than that of HBM, indicating that it outcompetes HB¥the shared KHsubstrate, are in
agreement with previous studi@onrad, 2020; Conrad and Klose, 1999; Fenehal.,2012; Fu

et al.,2019; Hoehleet al, 1999; Kotsyurbenko, 2005)

Themodel 6s ability to accurately predict the r
model 6s microbi al reaction network is represe
soil. Although we did not rely on thermodynamic constraints orhameigenic and fermentation
pathways to predict the relative energetic favorability of and competition between the pathways

(Jin and Kirk, 2018)the kinetic inhibition factors used to inhibit the fermentation when sulfate

was present successfully predicted the competition betweeratesulfeduction and
fermentation/methanogenic pathways. Representing the DOC, lactate and toluene fermentation
reactions as separate reactions from methano
measured concentrations of the fermentation prodaraismethanogenic precursors acetate and

Ho, is very important to the reaction netwd&arget al.,2017; Gieget al.,2014) it is likely one

of the reasons our model was able to predict the ABM versus HBM methanogenic pathways and

match the ABM fraction derived from the  results as well as it did, despite not using the
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7

results to fit the model. Otheonceptual microbial reaction networks proposed or used

in models have grouped the initial fermentation, HBM and ABM reactions todetbeEdwards

an

d

Grab ii 1l

1 ®takl,2010Maut nnodesparameters therefore also provide the rate

constants for the fermentation reactions, such as DF, TF, HBM and ABM, which are not often

derived and reported. (Tablel). According to the simdation results, TF contributes to 74% of

the overall toluene naturattenuationsorption contributes tb1%, and evaporation/volatilization
contributes to 15%.
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Figure 2-8: Simulation results of the rates of the DF (DOC fermentation), ACET (acetagjgnes
and SMOCR goil matrix organic carbon relegseactions in soils with 3 different treatments (a
c), and the rates of hydrogbased methanogenesis (HBM), acetzdsed methanogenesis
(ABM), and methane fermentation/reverse HBM (MF) in soils with different treatmes)s (d

during 215 days of experimewith freeze (F, at10°C) and thaw (T, at 15°C) cycles

When simulating the FTC experimental resultsusately representing the freezimgluced soil

matrix organic carbon release of DOC into solution was a key reaction for predicting the changes
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in the total DOC in solution. The observed increases in DOC after freezing and the interpretation
that freezinginduced soil matrix disturbances, and thus physical soil organic carbon degradation,
is driving this DOC increase is in line with what other stadiave observe@iesle et al.,2007;

Matzner and Borken, 2008; Somg al., 2017) Furthermore, a considerable decrease in the
SUVA:2s4index following each freezing period for the soils with different treatments supports the
interpretation that the DOC increase is due to a release of soil matrix and/or microbial biomass
organic carbon, as microbialtjerived dissolved organic matter haselatively lowSUVA2s4

index (McKnight et al., 1994; Vestgarden and Austnes, 200B)is freezingnduced release of

DOC into soil porewater has been identified as one of the major effects of ¢TGsIl
biogeochemistry observed when comparing winter and spring seasons with many FTCs with those

having more snow cover and less FTEssset al.,2016; Koponen and Baath, 2016)

The equations which account for how temperature modulates microbial reaction rates (Eq. 11) and
effective gas diffusion coefficients (Eq. 6) are some of the key functiortieirnodelling
framework which enable the prediction of the impact of FTCs on reaction and transport rates.
These temperature functions can also be used to simulate the impact of any temperature
fluctuations on PHC NSZD at contaminated sites, regardlestether they involve fluctuating
between freezing (<0°C) and above freezing conditions (>0°C). Accounting for tHenean

impacts of temperature on microbial reaction rageg.(EQ.2-11) and on other processes will be
important to account for in meting frameworks for NSZD going forward. Altogethehet

reaction network and diffusiereaction model framework that we have presented herein,
especially the inclusion of these temperature dependency functions, can be used as the basis for

modeling methaogenic NSZD at any contaminated site.

2.4.2 Effect of FTCen toluene biodegradation and @nd CH: generation

In the no FTC scenario modelled, toluene is degraded 23% faster compared to the FTC scenario
during the thaw periods; however, the cumulative @@l CH generation is 29% and 26% lower,
respectively, than in the experimental and modelled FTC scenario results. The predicted increase
in cumulative toluene degradation in the no FTC scenario is predicted because of more active days
where the reactiomates are not inhibited by belexero temperatures and more sulfate available

in the system under the no FTC scenario. In the FTC scenario, the only reaction whose rate is

enhanced by the FTCs is DOC production by soil matrix organic carbon release (SMOCR
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reaction). Comparing the predictions of the no FTC model scenario with the FTC scenario
highlights the important influence on DOC production by soil organic carbon release during FTCs
on the overall Ckl and CQ generation. Without this enhanced DOC prchn in the FTC
scenario relative to the no FTC scenario, less &@ CH would have been produced in the FTC
scenario than in the no FTC scenario due to the zezarreaction rates of all the ¢énd CH
producing reactions during the freezing periotise no FTC scenario modptedicted results

reveal that FTCs produce two outcomes which are less preferred than their alternatives: higher
cumulative CQand CH generation and lower cumulative PHC degradation rates. Thus, in areas
where snow cover is raded and soils are exposed to FTCs more often, we can expect to see lower
PHC degradation rates and higher C&nd CH generation at contaminated sites where

methanogenic PHC degradation is the dominant process.

2.5 Summary and Conclusions

We conducted 215 daylong incubation experiment and reproduced the experimental results
using a diffusiorreaction model which included 11 microbial reactions, toluene
sorption/desorption, and gas diffusion to better understand how FTCs modulate soil geochemistry,
methanogenic toluene biodegradation and>@@d CH production. In the batch experiment, we
imposed anoxic, saturated conditions and 5 successive fitemeaecycles (FTCs) where the
temperature fluctuated froni0°C to 15°C. Based on the results obtained is phoject the

following conclusions can be drawn:

1 The model successfully reproduced the experimental time series trends in porewater
chemistry and headspace gas concentrations, indicating that the biogeochemical reaction
network captures the most important reactions. This model represented the impacts of
temperature on microbial reaction rates and gas diffusion rates and predicted-termear
rates during thel0°C freezing periods by applying temperature functions to the calculation

of the maximum rate constants and effective diffusion coefficienisecasely.

1 Toluene addition to the incubations on day 113 increaseda@®CH concentrations in
all three treatments relative to the NT incubations. The cumulatig@@DCH generation
increasedoy 136% and 87%, respectively, in the VA treatmentby 117% and 61%,
respectively in the LATA treatment, and by 50% and 33% in the BEStreatmentWe
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predicted this in the model by representing toluene fermentation, acetogenesis, hydrogen

based methanogenesis, and acdtated methanogenesis as sepaeatetions.

The average fraction of ABM contributing to methane production in the model was around
75%, and the ABM fr acé€CQ and-CHa tesultslagrdec with f r o m
this. The model confirms that methanogenic toluene degradation igmnmaaht toluene
attenuation mechanism, representing 74% of the attenuation, with sorption contributing to
11%, and evaporation contributing to 15%, which demonstrates that methanogenic toluene
biodegradation (in anoxic soil, in the absence of electronptms® can contribute to

natural toluene attenuation.

Representing the effects of FTCs on porewater DOC production due to freehilcgd

soil matrix disturbance was key for accurately simulating DOC concentrations as well as
CO; and CH generationTheconsiderable decrease in tB8VA2s4index following each
freezing period also confirms that pdstezing DOC production can be explained by soil
matrix organic carbon being released, as microb@diyved dissolved organic matter has

a relatively lowSUVA 254 index.

In a model simulated scenario with no FTCs impo€4t;, and CH generation are 29%

and 26% lower, respectively than in the FTC condition because less D@@ligced in

the no FTC scenario, whereas toluene biodegradation is 23% faster in the no FTC scenario.
Hence, this no FTC scenario showed that FTCs slow down toluene degradation while
enhancing C@and CH production, which is a less preferred outcomecfamtaminated

site remediation.

Overall, our model was able to successfully reproduce the microbial reaction network and
gas transport processes controlling methanogenic toluene degradation aaddOCH
generation from the soil, and the effect of FTidshese reaction and process rates.
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3 Effects of Water Table Fluctuations on M ethanogenicHydrocarbon Degradation

3.1lIntroduction

subsurfacecontamination by petroleum hydrocarbons (PHCsa global environmental issue
becausesomePHCs pose a significant threat to human health due to their tofiy et al,

2010; Mayer & Hassanizadeh, 2003hus, it is importainto understandnajor hydrologic and
climatic factors affectinghe fate, transport and digtution of PHCYOssaiet al, 2020) Natural
source zone depletion (NSzZD) of PHCs due to biodegradation, dissolution, sorption, and
volatilization has attraed attention in the Ist few decadefBenlisraelet al, 2019; Garget al,

2017; Khasiet al, 2019; Kulkarniet al, 2020; Ramezanzadeh al, 2022; Shiet al, 2020) In
thesePHC-contaminated environmentsgrabic and anaerobic respiration takes place where the
reduction of electron acceptors (EA) such as oxyden ,(nitrate ( / ), iron (Il) (& ),
manganese(IV)-(1 ), and sulfate¥/ ) is coupled to the oxidation of a PHC as an electron
donor (ED). These electron acceptofenbecome scarce in a PHfontaminated zone because

of respiration or variable hydrological and climatic regimédabereret al, 2012; Karimi
Askaraniet al, 2018) As a result, fermentative and methanogenic degradation of PHCs under
anoxic conditios become the dominant pathways leadinmtreasednethane (Ck) and carbon
dioxide (CQ) effluxes While exsitu treatmentmethods ee known to be sources of greenhouse
gases (GHG4EIlis & Hadley, 2009)the contribution oNSZDto GHGeffluxesis still not clear
(Garget al, 2017) Therefore, comprehending factors modulating degradation pathways and GHG
effluxesduring NSZD processes and the impactthe climate systens required(Blake et al,

2015; Dearet al, 2018; Jonest al, 2008; Lemminget al, 2012)

Climate change can contribute to extreme drought and precipitation esaunds)g flutuations

in the water table anidfluencing soil moisture dynami¢€hristianseret al, 2017; Dinsmoret

al., 2009; Easterlingt al, 2000; Efop-Aragonéset al, 2013; Fairbairn, 202050il moisture is a
major factor controlling the rate of physical, geochemical and microbial processes contributing to
NSZD (Henry, 2007; Keiluweiet al, 2016, 2017; Moyanet al, 2013;Pronket al, 2020; Prowse

et al, 2009)by modulatingthe distribution ofEAs, PHCs,natural organic matter, nutrients, and
microorganismgHabereret al, 2012; Holden & Fierer, 2005; Liet al, 2012; Rezanezha al,

2014; Ruhleet al, 2015; Williams & Oostrom, 2000)The rate of GHGeffluxes and PHC
degradation can potentially be affected by gawater level fluctuationfHennebergt al, 2016)
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In fact,ahigherwater level leads to greateffluxesof CHs because of aceticlastic matibgenesis

and hydrogenotrophic methanogenesis under anoxic corgl{fdyewer et al, 2018; Conrad,
2020; Von Fischer & Hedin, 2007; Guntredral, 2020; Sexstonetal., 1985; Suret al, 2012)

while it lowers the rates of hydrocarbon degiaah and C@ generationBasiliko et al, 2009;
Breweret al, 2018; Christianseeat al, 2016; Pronlet al, 2020; Sierraet al, 2017; Van De Ven

et al, 2021) In contrastawater table decline usually decreases; €fluxesdue to inhibition of
methanogenesis axidation of CH in the presence of Hwhereas this decline increasesCO
emissions and PHC degradation becaugastérdiffusionin air than in waterandhigher aerobic
degradation rate@\urelaet al, 2007; Baehr & Corapcioglu, 198Berglund & Berglund, 2011,
Christianseret al, 2016; Elberlinget al, 2011; EstopAragonéset al, 2013; Hogeet al, 1992;
Klupfel et al, 2014; Molinset al, 2010; Pronlet al, 2020; Sihotat al, 2011; Silvoleet al, 1996;

Van De Veret al, 2@21). Methanogenic degradation of PHCs undergevater table fluctuations
(WTF9 and variable moisture regime has not been investigated in detail. Hence, understanding
how NSZD of PHCs responds to large temporal variations in soil moisture during WTFs is vital
to predict the fate and transport of PH@sd the associated GHnd CQ effluxes (Kltpfel et al,

2014; Moyancet al, 2013)

The Impact of WTFs and soil moisture dynamics on NSZD processes has been investigated
numeroudaboratey and field studiege.g, Dinsmoreet al, 2009; Knorret al, 2009; Moore &
Knowles, 1989; Surt al, 2012; Van De Vert al, 2021; Xiaet al, 2022) Recent years has
focused orthe influence of soil moisture dynamics@rG emissionge.g, Berglund & Berglund,
2011; Guntheret al, 2020; Leifeldet al, 2019; Xueet al., 2020) Some field studies have
highlighted the importance of drainage and imbibition cycles on GHG emissions, microbial
activity, and soil carbon and nitrogen dynam{E&stopAragonéset al, 2013; Kettuneret al,
1999; Knorret al, 2009; Manderet al, 2011; Martikaineret al, 1993; Pronk et al, 2020;
Rezanezhadt al, 2014;Saurichet al, 2019; Suret al, 2012; Tiemeyeet al, 2016; Whittington

& Price, 2006; Wiedermaret al, 2017; Xueet al, 2020; Zhongpt al, 2017) Recent studies have
shown how drained peatlands might exacerbate global warming through co@iduehissions,
whereas peatland rewetting is effective ¢limate change mitigation, despite the increaseHn
emission(Franzet al, 2016; Guntheet al, 2020; Hahret al, 2015; Leifeldet al, 2019) In
addition to field studieslaboratoryexperiments ave linked GHG emissiongrganic carbon
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degradation, and microbial activity to water table d€prglund & Berglund, 2011; Dinsmore

et al, 2009;Dobsonet al, 2007; Farnswortlet al, 2012; Hennebergt al, 2016; Legoutt al,

2009; Méakirantaet al, 2009; Moore & Knowles, 1989; Peraéthal, 2014; PrieteEspinozeet al,

2021; Pronlet al, 2020; Wessolekt al, 2002; Xiaet al, 2022) soil moisture dynamicdBrewer

et al, 2018; Christianseet al, 2017; Fairbairn, 2020; Haek al, 2015; McNicol & Silver, 2014;
Sierraet al, 2017) and soil proprties(Berglund & Berglund, 2011; Fairbairn, 2020; Ghezzehei

et al, 2019; Moyaneet al, 2013; Reginat al, 2004; Tang & Riley, 2019)t can be inferred from

the studies thaCO, and NO emissions peaked at different drainage depth and moisture content
depenthg on soil type, wheredSH4 generation peaked whéme systemvassaturatedDinsmore

et al, 2009; Fairbairn, 2020; Moyarat al, 2013) In terms of microbial activity, prewus studies

have conflicting results. A number of studies showed that the composition of microbial
communities changed in the fluctuatingiter tablezone, influencing the rates GO, and CHs
production(CruzMartinezet al, 2012; Fierer & Schimel, 2002; Gupaal, 2020; Minicket al,

2019; Oertekt al, 2016; PrieteEspinozeet al, 2021; Rihleet al, 2015; Shengt al, 2021; Sun

et al, 2012; Xiaet al, 2022; Xueet al, 2020) while othersobserved no systematic difference
(Pronket al, 2020; Rezanezhad al, 2014) Previous studies alssuggssthat frequent drainage
imbibition cycles might enhance microbial tolerance to dynamic redox conditions. So far, several
studies have investigated the impact of WTFs and soil moisture dynamic on carbon turnover, but
the long term and short term effeofaNTFs on methanogenic degradation of PHCs are still poorly
understoodvan De Veret al.(2021)quantified the impact of WTFs on NSZD rates in a biodiesel
contaminated sandtankand reported thasurface effluxes due to the redistribution of
contaminants, increased aerobic degradation, and the liberation of anaerobically produced gas

accumulated belv the water table.

In addition to experimental studies, several biogeochemical reactive transport models have been
developed to simulate NSZD procesgeébrahimi & Or, 2017; Essaielt al, 2003; Mayeet al,

2002; Molinset al, 2010; Molins & Mayer, 2007; Ngtal, 2015 Gi mTnek & Suar ez,
et al, 2021; Vencelidest al, 2007) Mayeret al. (2002) andvolins & Mayer (2007)combined

a biogeochemical reaction network and physical transport processes into a multiphase
multicomponent flow and reactive transporbahel, called MIN3P, which has been used to
simulate the reactive transport of PHC%) and CH during NSZD. LaterMolins et al (2010)
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simulated a PH&@ontaminated site using a similar biogeochemical reactive transport model that
incorporates a reactiaretwork, multicomponent gas diffusion and advection, and solute transport.
Their results confirmed that methanogenic biodegradation is the dominant PHC degradation
pathway at a mature anoxic PHGntaminated site. A number of studies simulated the effect o
WTFs and moisture dynamics oantaminantransport andCO; effluxes(Amos & Mayer, 2006;
Brookfield et al., 2006; Davidson et al., 2012; Fairbairn, 2020; Ghezzehei et al., 2019; Kettunen,
2003; Legout et al., 2009; Moyano et al., 2013; Rubol et al., 20h&)rumerical modelshowed
thatthe rate ofCO, production is limited by the diffusion of organic carbon substrates at low soil
moisture,while it is limited by availability of Oz at high soil moisture. However, the rate of
anaerobic reactions, such as metlygamesis is predicted to increase with soil moistureasa®

inhibit anaerobic reactions during dryifiDavidsonet al, 2012; Fairbairn, 2020)

Although previous studies have investigated NSZD processes varilsle moisture conditions
using laboratory experiments, field monitoring, and/or reactive transgatmethanogenic
biodegradation of PHCs and thecompanyingeffluxes of CQ and CH under anoxicversus
variable redox conditions are still not wellderstood. Therefore, the specific objective of this
study was to delineate the effects of WTFs on geochemistry, methanogenic naphthalene
biodegradation, and CHand CQ effluxes. Using a combined experimental and modeling
approach, we conducted a colummpestment in whicHour soil columns were subjected to cycles
of drainage (20 cm bss) and imbibition (0 cm basy foursoil columns remained saturatdthree

of the static and fluctuating soil columns were spiked with naphthaleer ethanglwhile the
remainderswvere not contaminated hyaphthaleneThe responses to the imposed WTFs were
monitored by measuring G@nd CH effluxes, dissolved C&and CH, depthdependent moisture
content, and by analyzing the porewater chemistry at the exatbfdrainagembibition cycle A
diffusion-reaction modelvas developetb simulate the effect of WTFs on physipabcess rates

and(bio)geochemicabnd geomicrobial reaction rates
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3.2Materials and Methods
3.2.1 Soil columnexperiment

3.2.1.1Soil sampling and analyses

Undisturbed soil cores were collectedm a former gasoline storage and refining facility where
gasoline and other hydrocarbon compounds were stbrede si t e was wused from
to 2001 for storage and distribution of iars petroleum products, including two underground
storage tanks and one abey®und storage tank which were removed in 2005 (Golder Associates
Ltd., 2018). The soil ranges from sandy silt to silty sand aitestimated hydraulic conductivity

of 101 cms! or less. The groundwater depth historically ranges from 1.91 to 2.77 m below ground
surface (Golder Associates Ltd., 2018). Sampling activities indicate presence of petroleum
contamination in the soil and groundwatExg Energy Services Ltd., 2015; {@er Associates

Ltd., 2018). From these historical surveys, contamination appears to be heterogeneously
distributed around the sité. total of 13soil cores, ¥5cm long, were collected from 2.3 m

below ground surface, straddling the water table.sbilecores were stored under sealed, nitregen

flushed, sukpxic conditions at 4°C until used.

The bulk density and porosity were determirfigain ore the coreausing the methoddescribed

by Haoet al (2008) assuring theparticle density of 2.65 g cinThe averagebulk density and
porosity of 5 samplesvere 1.53 g cm and 0.43, respectively. Particle size distributions were
determined at five depths along a single representative soil core by suspending samples in a 4%
w/w sodium metaphosphate sotutifor several hours on a stir plate, then pipetting suspended
samples into a wet dispersion unit feeding to a Analysette 22 Microtec Plus laser diffraction
particle size analyzer (Fritsch, Germany). Total carbon, total organic carbon, and total nitrogen i
ovendried (105°C, 2 days) homogenized soil were measured via CHNS analysis using-a Carlo
Erba NA1500 Elemental Analyzer (Carlerba Instruments, Italy). Total organic carbon and total
nitrogen were each found to be below the detection limit@f g/g while average total carbon

was measured &02 g/g

Sorption tests were conducted to assess the cespexific aqueous/solid partitioning potential of
naphthalene. Although naphthalene sorption is known to have dependence on soil organic carbon
conent(Li et al, 2020; Shet al, 2020) and a variety of sorption distribution coefficierkg)(for
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this compound have been determined in the literature for a variety ofesgilsXing, 1997) it
was unknown how the prexisting hydrocarbons ithe soil might affectsorptionof naphthalene.
To investigate thisywe determined contexdpecific 48hour isotherms for naphthalene at 25, 50,
and 100% of the maximum experimental concentrations (5 ¥ngrl0.039 mM). Thesorption
tess wereperformed at rom temperature (~24°C) and soil was treated with 1.84 mmél kg

mercuric (Il) chlorideas biocide

3.2.12 Soil column system

Eight stainlessteel columng7.5cm inner diameter and 60 cionig) were each filled with 45 cm
of undisturbed soil cores. In @dition, four equilibrium columns(clear acrylic columnsinner
diameter: 7.5 cm, length: 60 cm, Soil Measurement Systems, LLC, USA, modi2 X filled
with 45 cm of artificial porewater (APWAnd connected to the stainlegsel soil columngo
control the water table level in the soil columifgr a more detailed explanation of this soil column
setup, the reader is referred to Rezaneehat (2014).The APW solution was prepared to closely
match the pH, electrical conductivity, and ionic casiion of groundwater from the field site
and containedNaHCG; (1.00 mM) and CaGl(0.80 mM), KHCQ (1.00 mM) and MgC} (0.15
mM) in ultrapure deionized wateiThe APW in the equilibrium columnsvere sparged
continuously with N gas to ensure anoxic atitions. A photo and achematic diagram of the
column expemental setup are shown in Figarg1 and3-2. The soil columnsvere equipped
with samplingports formoisture content, Eh, temperatuperewater sampling, arghsanalyses
(see3.2.14). Therewerealso two ports on top of the columns through which the headsgce

flushed with humid air to minimize evaporative ladsvater
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Figure 3-1: A photo of thestainlesssteelcolumns equipped wittnoisture, temperature, and redox
sensorsand water and gas samplers

3.2.1.3Water table fluctuation regime

The columns were packed under saturated conditions and remained saturated for TAfedays.
the fourfluctuating water table columns were subjected to 3 succesgiles of6-weekdrainage
imbibition with water level fluctuating from 0 cm below soil surface (bss) to 20 cmirbslse

remainders, thevater tablevas maintained at O cm bss (see FiguBap

On day 111, 5 ml pure ethanol was injected into one H8&¢C)and one luctuating (FEC)
columns while 5 ml ethanoinaphthalene solution witaphthaleneoncentration of 15000 mg L
! was injected into two statiSEN1 and SEN2ind two fluctuatindFEN1 and FEN2golumns.
In addition, 5 ml APW solution was injected into astatic(SWC) and one fluctuatingFWC)

columnsas control columns to compare the physical effect of injecting 5 ml solution into the

columns. The solutions were injected into the soil colufrora the port located at 17.5 cm bss.
To change the water levély 1.5 cm day, the peristaltic pump for the equilibrium column
controlling FEN1, FEN2, and FEC was set at a flow rate of 6.4l hr
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Figure 3-2: Schematiadiagrams of the column experimental setup for (a) the fluctuatatgr
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46



3.2.14 Instrumentation

The columns were equipped with airtight lateral ports regularly spaced every 5 cm. Aselustrat

in Figure3-2, stainlesssteel porewater samplersdmm length, 2.5nm dianeter, with a filter pore

size of 180 em) were | nstn@FENlaml SBN1 and at2.5, 1252 . 5,
22.5, and 32.5 cm bss in othmlumns. Up to 3nL agueous sanigs for chemical analysis are

collected every 3 weeks.

Five hgh-resolution redox potential (Eh) microelectrodes t h mlglass #p (Unisense,
Denmark) was installed at 2.5, 12.5, and 37.5 cm bss in FEN1 column and at 2.5 and 37.5 cm bss
in SEN1column (Fgure 3-2). Each pair of Eh microelectrode was combined waithexternal,
micro-size reference electrode (opended A@AgCI electrode with gestabilized electrolyte,
Unisense), which was ioontact with the bottom outflow/inflow of the soil coluntlectrode
readings were recorded by a highpedance millivok meter (Unisense), which in turn was
connected to theontrol computerThree temperature sensors (DagLink Fourier Systems Ltd.,
#DBSA720) were installed at 7.5 and 27.5 cm bsisaREN2column (Figure 32) and one outside
thecolumnsdup. IntheFWC and SWC columns, 5 ECH20 E&oil moisture sensors (Decagon,
Devices, Inc, USA) occupied ports at 5, 10, 15, 30, and 40 cm bss. The Eh, temperature, and
moisture content were recorded every &6,45 sec, and 15 min, respectively.

3.2.15 Headspace gas fluxes

CO and CH fluxesweremeasuredhree times a weelly connecting the headspace ports to an
automated multiplexed CGlux analyzer (L8100, LFCOR Biosciences, Lincoln, NE, USA) and

a CHy/CO,/H20 gas analyzer (Er810, LFCOR Biosciences, Lincoln, NE, USA) (sEgure 3

2). During the measurements, the upper ports of the coluvensclosed for 10 min, and air
circulated in a closed loop through-8100, L7810, and the headspace. Thex@ad CH fluxes
weremeasuredrom the rate of gas accumulation within the headspace, according to the method
of Davidsonet al. (2002) (for more details about the flux calculations using thisisesee
Rezanezhasdt al.,2014andPronket al, 2020.
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3.2.16 Porewaterand gas analyses

Porewater samplewere collected every three weeks for analysis of dissolved naphthalene,
dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), major anions, pH, electrical
conductivity (EC), dissolved gas, ahi€ isotopecompositions oCHs andCOs.

Dissolved naphthalene concentratwasdetermined using a solvent mieeatractiontechnique

2 mL porewater sample and 1 mL of dichloromethane solvent extractant spiked with
metafluorotoluene tracevereadded to a 4 mL glass vial. The wahsshaken fo 20 min at 350

rpm and then left inverted for 15 min. The dichloromethane extraststhen removed from the

vial using a 1 mL ga#ight glass syringe and transferred intoral2glass vial. The extractantas

then injectedo an Agilent 7890A Gas Chraatograph (Agilent Technologies, China) at 275°C
through a capillary column andhphthalene concentration wagasured using a flame ionization

detector (detection limibf 5 pug LY.

For analysis of DO@ndDIC, 1.5 niL of each porewater samphasfiltered through a ChoiceTM

0.45 um nylon filter and then placed into a total organic carbon (TOC) glass tube prefilled with 6
mL ultrapure Milli-Q water {.e., 1:7 dilution). DOC samplesereacidifiedto pH <3 usin@ drops

of 1 M HCI. DIC and DOC sampleserethen analyzed on a TOC analyzer (Shimadzu T0C
LCPH/CPN MDL: 3 and 6 umol [, respectively).

Approximately 0.5 mL of undiluted porewater samplasfiltered through & . 2 e m por e
membrane filter (Thermo Scientific Polysulfone filterjo a glaswial, preserved with 10 mg't
chromate, and then frozen &0°C for later analysis of major anion concentrations including
chloride anion (C}, nitrate (NQ), sulfate (S@), acetate (¢Hs0-) and lactate (§4603) using

ion chromatographyiC, DionexICS-5000 with a capillary lonPac® AS18 column; + 3.0% error

and + 1.6% precisignMDL: 0.076, 14.7, 6.7, 0.7, and 0.4 pmof Lrespectively). pH and
electrical conductivityEEC) weremeasured using LAQUAtwin pH and EC metdtAQUA Twin

meters, model Hdra B-213), requiring ~0.2 mL of unfiltered sample.

The headspace equilibration technique proposed by McAullife (1971) was used to measure
dissolvedCO,, CH4, and Q concentrations at different deptinghe soil columnsApproximately

1 mL of each porewater sample was injected into atighs plastic syringe prefilled with 40 Im
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helium (He). The dissolved gas components in the porewater satrgoheterredto the He
headspace during equilibration time, whietas later measured using a Shadzu Gas
Chromatograph (Model G2014) equipped with a flame ionization detector and methanizer (for
CO; and CH) and thermal conductivity detector (fop &hd Q) (Magenet al, 2014)

The headspace equilibration techniguasalsousedf o +C isbtope analyses of dissolve®;,
andCHs. The gas samples obtained from the headspace equilibration technique were injected into
He-filled Exetainer vials to analyz@3C- CO; andii*3C- CH4via gas chromatography combustion
(GCC) conversion through a Agilent 7890A gas chromatograph coupled to a Thermo Scientific
Delta V Plus isotope ratio mass spectrometer via GC Isolink (Thermo Fisher Scientific, Germany)
continuous flow isotope ratio mass spentieter (CFIRMS)by the Environmental Isotope

Laboratory at the University of Waterloo.

3.2.2Smulation
The mass conservation equation for solute transport describing advectiatiffasimn of a
sorbing, volatilizing, and decaying solute in a varialalusated porous medium can be described

as:

i " 8 05 OfEr & 080 Y (31)

whe+andartehe volume fraction of |iquibisthphase
concentration [MLE%] of the specimef0i s dar cyTY, ¥ is ceaction sate [MEsec!]

of substance @i s t he c@Lélent s pakicd nmeas iphulkdersinfML"

3 of soil, @, is thelinearadsorption isotheriMM Y] for substance, a®@gi s t he vol at i |
rate dhofstsanbOt;anO g a rthee effective diffusion coefficientd. 2 T for

substance i n t he aqueous phase thtcah bg cselatpdht@asolate r e s
diffusivity in bulk solvent as followgMillington & Quirk, 1961)

Op —0Oj (3-2)

O r —Oj (3
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w h e %o & effective porosity, an® ; a n'@ j; a rthee solute diffusion coefficienfs? T-Y] for

substancei n bul k sol vent in the aqueous phase and

I n the f Ey3lt,—caemr mbe fforbordmi nkeae R atkmpdD) $ 60 t hi s
equathenspeci fic onmondc ttuhree ecfafip@aaiiteyet aslaé mr far om
Genuchten rétVant Genumbteh, 1980)

— Y Y — - 0 "Qa ™ (34)
wheSies storage?l) ©def fpircisesnltrne(tlthé ssd e(qu)at i on, a s
can be imposed to mimic rheewater table regim

8

O Mu m OE] 0 (3-5)

whereH is hydraulic head ants time(days)

The seconderm in Eq.3-1 models the adsorption/desorption of each chempetdies to the solid
phase i(e., the soil matrix) in porous media which accounts for decreasing and increasing in
chemical transport flux of species they attach to (adsorb) and detach from (desorb) the solid
phase during traveling through the mediumtHis studythe linearadsorption model isised to
predict the solid concentratiot) from the concentration in the liquid phase as:

ARV (3-6)
whered j [ML] is the concentrationf aqueousubstance after equilibrium was reacheand

0 ; [L3M™] is thedistribution coefficient for the linear model

The final term inEq. 3-1,'Y, represents chemical reactions, most of which are microbially
catalyzed, that account for changes in species concentration per unit volume porous medium per
time. In the presence of a network of different reactidhsan be defined by:
Y B i (3-7)

wherei is the rate oft) reaction in a reaction network, ahg is the stoichiometric coefficient
of specimeriln the reactioriQThen thé can be calculated as follow:

i Qo o (3-8)
wherei i s the rate cjopn@nhdnd afrcer croenaccetnitomti ons of

and electron acceptors consumedi.n. the reacti
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It should be noted that some chemical species act as competitive inhibitors to some reactions who
share a substrate, so an inhibition term in &0 for the inhibiting effect ob on anaerobic
reactionswvas incorporated

[ - (3-9)

h —
AR

where0 5 is inhibition constant for substanci reactionj andi  j is the inhibition factor.

Inthismodel[Henr yds | aw can be appheheadspatce@andsdie bound:
© E;® (3-10)

where® and® are equilibrium concentrations of substanae aqueous phase and headspace.

To investigate the impact of WTFs on biodegradation processes and gas emissimngbial

reaction network of 2Zmicrobially-catalyzed chemical reaction@asimplemented. Thést of the

chemicalreactionsandthe associated fitting parametense presented in Tab®1. The initial

concentrations of each chemical simulated in the reaction network are provided i3-Zable

In the numerical simulations used in this stuilhyg transport, adsorptipand biodegradation of
species in the soil domain are evaluated by solEgg3-1, and 3-4 alongside corresponding
boundary and initial conditions presentedin 3-10 and Table-2. The reaction rates and solid
concentration inthe adsorption/reaction term @&qg. 3-1 are evaluated by Eq8-6 and3-7,
respectively. Atmospheric concentrations are set for initial concentration of species in the
headspace. Finally, interaction between two domains (soil and headspace) is modglédjusi

10. These sets of equations are solved usiegCOMSOL Multiphysic8 software (version 5.6)

We ranthesimulations for 2 different experimental treatmefSN and SEN

Tabl-leLi3st of reactions i ncluded in the microb
constants

Rate constant

Reaction name Chemical reaction
(sech)
Naphthalene " . . "
o 0 O pog ©9p1n0 100 2.0e7
oxidation
Naphthalene - - L ,
) 0 O ¢TO0©° pml ¢ 1O 2.1e8
fermentation
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Ethanol oxidation
Ethanol fermentation
Hydrogenbased
methanogenesis/
Methane
fermentation
Acetatebased
methanogenesis
Methane oxidation
Acetogenesis/
Acetate fermentation
Acetate oxidation
Glucose fermentatior
Glucose aerobic

oxidation

Tabl2in 3t

600

al

6006 ab ©¢db 00U

2.5e5

600 060 © pad "0v p&0 5e7

g 00 Oz mg 06O 100 5.5e7/8.1e8
600 'O 060 060 2.2e-8
CHz+ 20,0 COx+ 2H,0 2.0e7

o0 Oz g 0 00 g 00 ™ O 8.0e-6/5.1e7
0 00 ¢c0 OO0 60 qOO0 5.2e7
T ULVROOC MPuvd ¢& P OO0 P PO ® X@ 1.5e8
0600 o0 © @b @O0 9.5e8

concentrations of

eaabt sprchneswmD|

Substance Initial concentration (mol m-3)

"Y) 0.250

6 0 0
0 N 0.117
600 0.017
506 1.733
DOC 1.75
DIC 5.987
00 (aq) 5.987
O (aq) le6
60 (aq) 0.005

800 0

60 (9),670 (9),"O (9) 0
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Tabl-3eMa3d e |

3.3Results

p aursaende tienr st h e

n wre rFIENa la ngdi .iBEINa tciod ru

Parameters

Values

~K)

295.15

%0

0.425

h o

7.2

0

0.018

0

0.034

0.032

c-

0.83

2.1e9

1.59e5

1.9e5

1.6e9

1.1e5

1.2e9

7.5e5

2.7e9

6.8e10

1.8e10

6.8e10

O| G| 0| O| ¢| o| o] o] 0| 0| &| o

6.14e10

1.23e9

0 ¢ (molntd)

0.001

0  (molm?)

25

0  (mol nd)

0.0001

0  (molntd

0.25

0 # (molntd)

0.016

3.3.1 Porewater geochemistry

Figure 33a shows how moisture contenhangedin the fluctuating water tablcolumns at 5
different depthgb, 10, 15, 30, and 40 cm bs)e moisture was highest at 40 cm bss and decreased
with increasing proximity to the soil surface (between 40 cm and 5 cmTes)mposed water
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table regime Kigure 33b) controlled thesoil moisture profile in théluctuating columnsThe

redox microsensorat 2 depths (2.5 and 12.5 cm) in SEN1 recordkdost constant redox
potentials on the order @00 and-900 mV, respectivelywhile themicrosensorsnstalled at 3
depths (2.5, 12.5, ar#l7.5 cm) in FEN1 showe@dox potentials oscillating betwe@d0 mV and

-600 mV.

Time series data afissolvechaphthalene concentrations for these columns are presefRigdia

3-4 (samples were taken from depth® cm in FEN1 and SEN1, and-42.5 cm in FEN2 and
SEN2) andrigure A21 (samples were taken from depth 22.5 cm bEs¢dissolvednaphthalene
concentration irthe two static ethanol/naphthalene columBEN1 and SENRdecreased from
20371 M to 991 M between days 131 and 280, whereas it dropped fra@n IBto 40T M in the
fluctuating zones in FEN1 and FENRigure 34). These resultsuggestthat naphthaleneas
degraded faster in the fluctuatieglumns compared to the static coluniiecause naphthalene
fermentation is the dominant naphthalene attenuation mechamder saturated, anoxic soil
conditions while aerobic degradation increases the rate of naphthalene consuumaterroxic

soil conditions However, the increase in naphthalene concentrations in the FEN1 and SEN2 at
depth 22.5 cm bs$igure A21) indicaes the downward transport of naphthalene in the column.
As presented irFigure A21, naphthalene concentration in FEN1 is higher than that in SEN2

because WTFs result in naphthalene redistribution in the fluctuating water table soil columns.
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Figure 3-3: (a) Time series data of moisture content at 5 different dépthe fluctuating columns
and (b) schematic diagram thie water table level imposedn the static and fluctuating columns.
The blue area shows timabibition period(IMB) andthe pink area represents tth@inageperiod
(DRN).
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Figure 3-4: Naphthalene concentrations measured at dépfesd 12.5 cm bgs the fluctuating
zone(a) FEN1 and FEN2 columns, and (b) SEN1 and SEN2 colurhes.ed dasttine represents

the time at which naphthalemg¢hanol solution was injected.

The average DOC concentrations in all soil columns decreased from 2.0 mM to 0.8 mM during
the first 111 days because the DOC was consumed by fermentation and sulfate rechacimms.
Following naphthalene/ethanol additiam Day 111, the average DOC concentrations in the
naphthalene/ethanabntaminated soils increasdxy up to 58 mM due to the presence of
ethanol/naphthalene (s€eures 35a and 3bb). Approximately 17@ays after the injection, the
average DOC concentrations in the fluctuating and static ethanol/naphtbafgaminated soll
columns decreased td 3nM and 18 mM, respectively Eigures 35a and 35b). Three main
mechanisms explain the higher rate of DQ@sumption in the fluctuating water table columns
compared to the static water table columns: (1) both anaerobic and aerobic degradation of DOC
occur in the fluctuating water table columns, while fermentation reactions are the dominant
reactions consumingoth ethanol and naphthalene in the static water table columns, (2) the rate
of ethanolevaporation in the fluctuating columns is higher than in the static water table columns,
which are anoxic, fully saturated, and (3) the rate of acetate productionamudéc condition in

the static water table columns is higher than in the fluctuating water table columns.

Following naphthalene/ethanol injection @ay 111, theaverageDIC concentration in the
fluctuating and static soil columns decreased from 6 toMBon Day 140 because COwas
probably consumedlongside H for methanogenesis.€., for the HBM reaction) after H
production was increased by the fermentation of the adaekthalene and ethanol (FigsiB5c

and 3-5d). After Day 140, DIC concentrations increased in the fluctuating columnsdimiinot
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increaseconsiderably in the static columns (Figur&@ due to limited @availability and lower

CQO; production.The timeseries data of porewater pH measured in the fluctuating and static wa
table columngFigure A23g) closely matched the DIime seriedrends in the corresponding soil
columns, which is unsurprising, as changes in dissolveda@iéct both DIC and pH in soils. pH

in FEN1, FEN2, and FEC increased following ethammphth#éene addition because of GO
consumption, while it significantly decreased after lowering the water level due to the increase in
dissolved CQ(Figure A233a). The naphthalene/ethanol injection also affected the soil porewater
EC. The timeseries data of EC in the fluctuating and static water table columns are provided in
Figure A23b.
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Figure 3-5: PorewateDOC and DICconcentrations measured at de®lig 12.5, 22.5, and 32.5
cm bssin the fluctuating water table colum{s and clandin the static water table soil columns
(b and d).The red dastine represents the time at which naphthaleti@anol solution was

injected.
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The average acetate concentration in the static and fluctuating water table columns decreased from
0.059 mM to 0.006 mM during the first 111 days because acetate was consumed by acetate
fermentation, acetateased methanogenesis (ABMgnd acetate oxidatie-sulfate reduction
reactions in the saturated soil colun{#gyure 36). Following naphthalene/ethanol addition at

Day 111, the average acetate concentration in the static and fluctuating water table columns
increased from 0.006 mM to 66 mM and 88 mbidspectively(Figure 36). The acetate
concentration in the static water table columns was higher than in the fluctuating water table
columns becauseX@cts as a competitive inhibitor to acetogenesistarioeother fermentation

reactions which prodie acetate.

3/  was the only electron acceptor that was available as the other electron acceptors, such as
NOsz concentrations were very low or not detectgd. was completely consumed in the
ethanol/naphthalereontaminated soil columns during the first 120 d&ygure A22). However,

3/  concentration in FWC remained above 0.5 mM at depth 12.5 cm bss because of the limited

organic carbon substrate.
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Figure 36: Porewater acetatmncentrations measured at defdlts 12.5, 22.5, and 32.5 cm bss
in the fluctuating water table columfe), andin the static water table soil colum(is). The red
dashline represents the time at which naphthaleti@anol solution was injected.
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Figure 3-7: Concentrations of dissolved ¢@nd CH measured at depth 22.5 cm bss in the
fluctuating water table columrfaand ¢ andin the static water table soil colum(isand d).The
red dasHine represents the time at which naphthaletinol solution was injected.

Dissolved CQ and CH concentrations athe depth 22.5 cm bss were measuresing the
headspace equilibration technique. As shown in Fg#& and3-7b,the averageéissolved CQ

in the ethanol/naphthaler@®ntaminated soil colummiecreased from 6.3 to 3.4 mM, 30 days after
naphthalene/ethanol injection (days 110 to 140), while the diss@i@eih FWC and SWC did
not decrease following the naphtia¢/ethanol injection. As presented in FigiB€'c and3-7d,

the averageidsolved CHin the ethanol/naphthaler@®ntaminated soil columniscreased to 323
MM between days 110 to 140, while thesblved CH in FWC and SWC remained less than 10
MM. The observed decrease DO, and simultaneous increase in dissolv€Hls in the
naphthalene/ethanol contaminated soil columns indicate that HBM is probably the pre&diing
producing reaction following the presar naphthalene and ethanol fermentation reactidfiey:
day 140, the fluctuating water table columare subjected to 3 successivavéek cycles of
drainage and imbibitionDuring the lowering of the water table in the first, second, and third
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drainage priods dissolvedCO; increasd by 2.1 mM, 5.9 mM, and 3.1 mNFigure 378a),
respectively due to the oxidation of DOC &Dids. Mearwhile, dissolvedCH4 decreasg by 123.1

MM, 244.7 uM, and 139.6 pM, respectiyeturing the first three drainage periodszause of the
release of the dissolvétHs during the drainage, the onset of aer@hit; oxidation, andnhibition

of methanogenesis in the presence aflwever, during the imbibition periodsissolvedCO;
concentratioadecreasedFigures 3-7a and 37b), while CH started taccumulate in the saturated
soils (Figurs 3-7a and 37b) because of the increase in the rates of methanogenesis and other
anaerobialegradation reactions and the considerable decreaseconCertation.

3.3.2 CO: and CH; effluxes

The averag€Hj, efflux rates in the ethanol/naphthalene contaminated soil columns increased from
0.3 to 71.4 nmol M s* (Figures 3-8c and3-8d) following naphthalene/ethanaijection which
wasmatched by800uM increasen the dissolvedCHs concentratioa measureét the depth of

22.5 cm (Figures 3-7c and 37d). Simultaneously, the averageO, fluxes stayed relatively
constant at around 0.06 umol?ra? in boththe static and fluctuating columns (FigsiBe8a and

3-8b). The observed decreased, fluxes and the simultaneous increase in@h& fluxes and
dissolvedCHs concentrations indicate that HBMhich consumes CO2 and produces Ckl4he
prevailing methanogenic pathwagfore day 140The averag€Hs fluxes n FEN1, FEN2, and
FECduring the lowering of the water table in the first, second, and third drainage peciedsed

to 733, 129, and 114 nmol m? s?, respectiely, due to the release of the accumulated; CH
(Figure 38c). As presented in thefigures, CH fluxes started decreasing about two weeks after
the start of the drainage periods. Although the water table level remained constant (at a depth of
20 cm bss) in all the fluctuating columns for 2 weeks, the decrease 4rfl@Hs possibly
explained by CH oxidation and the inhibition of methanogenesis by Eigure 38a shows a
continuous increase in G@luxes duringthe first, second, and third drainage peribddsn 0.06

umol m?stto 0.65, 1.23, and 1.54 umol4s?, respectively becauséthe release aiccumulated
dissolved CQandthe aerobic degradation of DOC and £H

During the frst, second, and thindnbibition periods, the average @Hux in FEN1, FEN2, and
FEC (Figure 33c) decreased to 80115, and 7 nmol m? s, respectively due to limited upward

diffusion duringthe raising of the water tableollowing the end of the imbition period, the £H
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flux then statrtedncreasingfollowing the end of all 3 imbibitin periods) because of the higher
rate of methanogenissin the saturated conditions compared to the unsatucatatitions The
averagecO; fluxesin the fluctuating columns durirtge first, second, and third imbibition periods
decreased to 0.25, 0.30, and 0.19 pmdl st (Figure 39a) becaus¢éhe mostavailable carbon
substrate has already been degradetie first drainagémbibition period CO, and CH fluxes
reacled higher peaks in the second drainage period (Figw®s 8nd 38c) because of higher
accumulatedlissolved CQand CH concentrationsn the second drainage compared to the first
drainage period.

It should be noted that GHfflux ratesin the SWC column did not change considerdig@gause
this soil columnwas always fullysaturated anthere wasio ethanol/naphthalene add€, and
CHa fluxes in SEN1, SEN2, and SEC have an upward trend after day 140 (Figilvesd 39d)
because of arerobic degradation of etharmm@phthalene, and consequent;@@d CH production
in the anoxic, saturated soiSompared with the gas effluxes for fhectuating columns, th€O;
and CH effluxes measured in theatic, ethanohlaphthalene spiked soil columaokanged at a
slower pace wer the course of the experent. Becausemethanogenesisvas the dominant
biodegradation pathwalpr naphthalene (andhenol)in these columns, CHeffluxes increased
monotonicallybetween dayl10and B0.CO, and CH fluxes remained lower than 0.45 pmol m
2 st and 250 nmol M s, respectively because of limited upward diffusion in the saturated soils
(Figures 38band 38d).
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Figure 3-8: Soil surface C@and CH effluxes from the fluctuating water table colun{asand c)
and the static water table soil colum(bsand d) The red dastine represents the time at which
naphthalenethanol solution was injected.

3.3.3 Methanogenic pathways

To visualize and differentiate between the metabolic pathways controlling the production and/or
consumption of dissolved GHand CQ) concentrationsi**C - CO, was plotted against*C -

CHa (Figures 3-9a, 3-9b, and3-9c) following the approach dfvhiticar (2020) In thesefigures,

the blue and green areas represeetHHBM and ABM metabolic domainsrespectivelyandthe

pink area representee CH, oxidationmetabolic domainHBM is the prevailing methanogenic
pathway in the ethanol/naphthalene contaminated soil columns before désidiBés 39a and

3-9b). Then, the dominant methanogepethway shifted to ABM du® the increase in acetate

and decrease in the dissolv@@.. CH4 oxidation in the fluctuating columns became the prevailing
metabolic pathway contributing to tB&C-CH, isotopecompositiorafter the first drainage period
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(i.e., after dayl65 (Figures3-9a and 3c), whereas ABM was the dominanetabolicpathway

controlling dissolved Cklconcentrationn the static columns after day 130.
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Figure 3-9: (i*3C-CO; versusit3C-CHs in (a) FEN1, FEN2, and FEC, (b) SEN1, SEN2, and SEC,
and (c) FWC and SWC.
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3.3.4 Smulation

Simulation were performed forthe FEN1, FEN2, SEN1, and SEN®lumns only.Figure 3-10
shows soil moisture content obtained by the model and the experiment in the fluctakimgs
As shown in tlesefigures, the model is able tmimic the variations in moisture content during
WTFs. In this model, the variations in moisture content affeeC0O, andCHjs effluxes (Figure

3-11a) because the ability of gas componeatg.(CH4, COp, and Q) to transport within the pore
spaces is &unction of moisture content accondi toEgs.3-1 to 33.
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Figure 3-10: Moisture contents at 5 different depfi@ simulated,(b) measured in the column
experiment.

ThesimulatedCO, andCHjs fluxes fortheFEN and SEN columns are in agreemeith the fluxes
measured in the experiment (FigurelB. The variations in moisture content and relative
permeability of gas components affect soil surface effluxes and the dissolved concentrations of
CO, andCHg, (Figure 312) because of three main megisans in this model: (1) £tan act as an
inhibitor for the anaerobic reactions according to E§, 8) Q increases the rates of aerobic
reactions producing dissolv&D, according to the reaction network used in this model (Table 3

1), (3) dissolvedC O, andCHjs concentrations decrease WillO, andCHa effluxes in this model.

As shown in Figure-32, the modepredicted dissolve@O, andCHs agrees with that obtained
from the experiment.
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Figure 3-11. Experimental(points)and simulation(lines) results of soil surface GGand CH
effluxes for the fluctuating water table columiREN1 and FENZa and c) and the static water
table columnsSEN1 and SENZb and d).The red dasline represents the time at which
naphthalenethanol solution wamjected.

The modelvasable to closely match the DIC changes in ib#FEN and SENolumns Figures

3-13a and 313b), confirming thatthe reaction network used in the simulatioapresents the
reactions that produce and consume H@.(ABM, HBM, ethanol/naphthalene oxidation). Also,
Figures 3-13c and 313d shows that the simulation results of DOC in FEN and SEN agrees with
experimental data because the main components and chemical reaeiensaining DOC
concentrationsvere considereth this model (e., DOC includes glucose, acetate, ethanol, and
naphthalene as presented in Table)3Naphthalene is one of the DOC components consumed
due to naphthalene fermentation and aerobic oxidation reacfidres.model successfully
simulated tle impact of moisture dynamics on naphthalene concentsatiogure 314). Acetate

is another component of DOC that produced/consumed because of acetogenesis, ABM, and other
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fermentation reactions in this model (Tabld)3 Figure 315 shows the model cauccessfully
predict the changes in acetate concentration after naphthalene/ethanol injection in the FEN and

SEN soil columns.
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Figure 3-12. Experimental(points) and simulation(lines) results of dissolved COand CH
concentrations for the fluctuating water table colulB&N1 and FENZa and c), and the static

water table soil columnSEN1 and SEN%b and d).The red dasttine represents the time at which
naphthalenethanol solution was injected.
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Figure 3-13. Experimental and simulation results of DIC and DOC concentrations in the
fluctuating water table columi<EN1 and FENZa and c) and the static water table soil columns
SEN1 and SENZb and d).The red dasttine represents the time at which naphthaletianol

solution was injected.
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Figure 3-15. Experimental and simulation results of acetate concentrations tine(#uctuatinc
columnsFEN1 and FEN2, and (khe static columnsSEN1 and SEN2The red dastine
represents the time at whiamphthalenethanol solution was injected. The red dhsh
represents the time at which naphthaletienol solution was injected.

3.4Discussion

The results show thaaphthalenelegradatiorandCO, and CH effluxesare strongly influenced
by moisture content. The imposed water table fluctuatiotiseisoil column cause variations in
moisture content, dissolve€O, and CH, the relative rates of aerobic and anaerobic

biodegradatiomeactionsas well aggas transpamprocesses in soils.

3.4.1Impact of WTFs on naphthaledegradation

The average naphthalene concentratiotisér22.5 cm bss.€., the zone of water table fluctuation

in the fluctuating columns) decreased-fithes more in the fluctuating (FEN1 aR&N2) than in

the static (SEN1 and SEN2) colum(#sgure 34) because aerobic degradation increases the rate
of netnaphthaleneegradationn the fluctuating columnsompared to the static columns, where
the much slower naphthalene fermentation is theiwi@m degradation pathwg¥igure 3-16).

The increase in dissolve@phthalene concentratisim the saturated zon@2.5 cm bss) by 15

€ Min FEN1 (Figure AZ2l1) indicate that WTFsalso cause downward transpand the
redistribution of naphthalene in the column. As presented in FigurelAZaphthalene
concentration in FEN1 is higher than that in SEN2 because WTFs resiudtradistribution of

naphthalene in the fluctuating water table columns.

67



The average DOC concentrations in tluetuating and static ethanol/naphthalemataminated

soil columns decreased by 95% and 75%, respectively (Figufss @ahd 3bb) because
evaporation and aerobic degradation of DOC components, especially ethanol and naphthalene
increase the rate of DO&nsumption in the fluctuating colum(Sgure3-16). The other reason

is that the average acetate concentration in the static columns is higher than in the fluctuating
columns (Figure &) because ©acts as a competitive inhibitor and reduces the rate of
acetogenesis and other fermentation reactions producing acetate in the soil ¢blgore8-16).

The rate of acetate production also dependthenoncentration of dissolved2Hwhich is a by

product of some anaerobic degradation reactions.
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Figure 3-16. Simulation results of the rates ¢#) ethanol oxidation, ethanol ferm (ethanol
fermentation), Acetogenesis, acetate fermentation, and acetate oxi(iatitve rates of acate
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and methane oxidation, and tbe rates of naphthalene oxidation and fermentation, and (d) the
rates of glucose oxidation and fermentation reactions
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3.4.2Impact of WTFs o0, and CH, effluxes

The averagealissolved CQ in the fluctuating and static ethafmdphthalenepiked columns
decreased by 46%, 30 days after naphthalene/ethanol injection, while the di€0adWC
column increased by 19% (Figures& and 37b). Simultaneously, the averagssblved CH
increased by 323 pM, while thassolved CHin FWC and SWC columns remained less than 10
MM (Figures 37c and 37d). The observed decreas&€i@, and simultaneous increase in dissolved
CHas in the naphthalene/ethanol cantinated soil columns (days 110140) indicate that HBM

is probably the prevailinGHa-producing reaction following the precursor naphthalene and ethanol
fermentation reaction8luring water tabléowering the average dissolve&tld, increasedy 105%
(Figure 37a) due to the oxidation of DO@@&CHa, while dissolvedCHs decreases by 29% (Figure
3-7¢) because dfHs oxidation andnhibition of methanogenesis in the presence ofHdwever,
during imbibition,dissolvedCO, concentration is reduced (Figur&3), while CH is accumulated
because of the increase in the rates of methanogenesis and other anaerobic degradation reactions
and the decrease in the rates of aerobic degrad&iigure 3-16). The changes in dissolved €0
controlledDIC and pH in the soil columns, and hence pH and &bsely matched C&rends in

the corresponding soil columns.

The averag€Hs fluxes in the ethanol/naphthalene spiked soil columns increased by 71.1 hmol m
2 51 about one month after naphthalene/ethanol injection (see Fig8esaBd 38d), which
corresponded to aimcrease in the dissolvetiHs concentratiorat 22.5cm bss (Figure8-7c¢ and
3-7d). The observed increase@t, fluxes and dissolve@Has concentrations and simultaneous
decrease in dissolve@0O, (Figures 38a and 33b) indicate that HBM is the prevailing
methanogenic pathway before the start of drainadpbition cycles. Duringhelowering of the
water table, the averageHs and CQ fluxes increasetdy up to 10 times (Figure-8) due to the
release of the accumulatdssolvedCHs and CQ. When the water level remained constant at 20
cm bss, CH fluxes started to decrease because of aerobig @xidlation, while CQ fluxes
continuously increased becauseha release of the dissolved £ahdtheaerobic degradation of
DOC and CH. During imbibition periods, the average cahd CQ fluxes returned to baseline
conditions (Figures -Ba and 38c) due to limited upward diffusion, and thebH; started
increasing because tife higher rate of methanogeic reactionsn the saturagd, largely anoxic,
soil compared to thensaturated, largelgxic, soil during the drainage periods. €énd CH
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fluxes reached higher peaks in the second drainage period (FigBeearl 33c) because of

higher dissolved C&and CH in the second drainage compared to the first drainage period.

3.4.3 Impact of WTFs on methanogenic pathway

As discussed above, the results of.@G0d CH indicated that HBM is probably the prevailing
CHs-producing reaction during the firs4Q days of the experiment, and the methanogenic
pathway shifted to ABM and CHoxidation after day 40. The changes in the methanogenic
pathways HBM and ABM over time during the experimaateidentified using isotopic analyses

The results ofi**C compositions of dissolved G@nd CH (Figure 39) confirms that HBM is the
prevailing methanogenic pathway in the ethanol/naphthalene spiked soil columns before day 130
because KHand CQ as byproducts of DOC fermentation accumulate in the system. Tieen, t
dominant methanogenic pathway shifted to ABM between dayd838@ue to C@consumption

and H depletion, which occurs when the rate of ¢bnsumption is greater than its rate of
production. In contrast, the rate of ABM increases over time becausseacencentration
increases due to acetogenesis &g beDam€lesser me n
negative, and Ckbxidation and ABM became the prevailing pathways in the fluctuating columns
because of the microbial oxidation of £tHat can takelace due to @availability. The model

also successfully predict the switch from HBM to ABM in the fluctuating columsizesented in
Figure3-16 b.

3.4.4 Model performance

Themo d eslicéessful simulation dhe experimental time series trends in porewater chemistry
and surface gas effluxes indicates that the biogeochemical reaction network captures the most
important reactiongnd that the transport component of the model successfully simulates the
impact ofwater table fluctuations on soil moisture content, and then, in turn, the effect of soil
moisture content on gas effective diffusion coefficients. Although the effect of soil moisture
content on reaction rates is not represented explicitly using a satumeo function, likein
Ghezzeheet al (2019)and Moyancet al. (2013), the effect of soil moisture on @gression into

the porewater is represented, ahd & concentration then regulates the competition between

aerobic and anaerobic pathways via inhibitierms.This modeling frameworkan also be used
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to simulate the impact of any water table fluctuations or moisture content variations on PHC NSZD

processeat contaminated sites.

3.5Summary and Conclusions

A tenmonthlong soil column experiment and simulated the experimental results using a diffusion
reaction model including 12 microbial reactions andlticomponent solute transpdud better
understand how WTFs modulate soil geochemistry, methanogenic napbth&ldegradation and
COz and CH effluxesin PHG-contaminated soils. In the column experiment, 4 soil columns were
subjected to 3 successivavgek cycles of drainage (20 cm bss) and imbibition (0 cm bss), whereas
in 4 static columns, the soil cores renea saturated. Based on the results obtained in this study,

the following conclusions can be drawn:

1 The observed decrease@®, concentratioaand simultaneous increase in dissolzdy
in the saturated naphthalene/ethanol contaminated soil columnatediihat HBM is
probably the prevailin@Ha-producing reaction following the precursor naphthalene and
ethanol fermentation reactions.

1 Duringdrainage periodshe average dissolvegio; increasedy 105%due to theaerobic
oxidation of DOC andCH4, while the average dissolvétHs decreased by 29% because
of CHs4 oxidation and inhibition of methanogenesis in the presence.of O

1 Rewettingfollowing drainagereduced dissolve€O, and increast accumulated CH
because of the increase in the rates of methanogenesis and other anaerobic degradation
reactions and the decrease in the rates of aerobic degradation in saturated soils.

1 Duringdrainage periodghe averag€Hs andCO:; fluxes increased up to 10 times ret
ethanol/naphthalene spiked soils due to the release of the accun@tataddCO,, and
then CHs fluxes started to decrease because of aerobicaRidation, while CQ fluxes
continuously increased due tioe aerobic degradation of DOC and £However, the
averageCHs and CO; fluxes droppedconsiderablydue to limited upwardjasdiffusion
during imbibition.

1 The average porewater DOC in the fluctuating and static ethanol/naphthalene

contaminated soil columns decreased by 95% and 75%, respeb&eause evaporation
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and aerobic degradation of DOC components, especially ethanol and naphthalene
increased the rate of DOC consumption in the fluctuating columns.

The average naphthalene concentrations dropped by 80% and 51% in the fluctuating and
sttic soil columns, respectively. Also, the increase in naphthalene concentration below the
water level in the fluctuating columns indicated that draified®bition cycles also cause
downward transport of naphthalene in the column.

The results ofi**C compmsitions of dissolved C£and CH confirmed that HBM is the
prevailing methanogenic pathway in the saturated ethanol/naphthalene spiked soil columns
because Hand CQ as byproducts of DOC fermentation accumulate in the system. Then,

the dominant methanogenic pathway shifted to ABM due te €&sumption, ki

Cc

depletion, and acetate production. After one draifiageb i b i t i RCiCHsbacanle e |
less negative, and Gldxidation became the prevailing pathway in the fluctuating columns
because o&erobicmicrobial CH; oxidation

The model successfully reproduced the experimental time series trends in porewater
chemistry and surface gas effluxes, indicating thatrtbdelcaptured the most important

processes.
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4 Conclusions andFuture Research

4.1 Summary of key findings

The overall objective of this thesis was to advance understanding ofrbenethaw cycles
(FTCs)and water table fluctuatiorf8VTFs)controlmethanogenipetroleumhydrocarbor{PHC)
biodegradation an@0, and CH fluxesin soils contaminated by petroleum produttsChapter
2, | aimed tadelineate theffects ofFTCs on methanogenic toluene biodegradation angdaDH
CO: generationin Chapter3, the main objective was to investigaite effects of WTFs on soil

geochemistry, naphthalene biodegradation, angda@id CQ soil efflux rates.

In Chapter 2, a 215 ddgng incubation experimentas conductednd the experimental results

were simulatedising a diffusiorreaction model which included 11 microbial reactions, toluene
sorption/desorption, and gas diffusion to better understand how FTCs modulate soil geochemistry,
methanogenic toluene biodegradatiand CQ and CH production. In the batch experiment, we
imposed anoxic, saturated conditions and 5 successive FTCs where the temperature fluctuated
from -10°C to +15°C. | also developed a biogeochemical model representing the impacts of
temperature on microbial reacticates and gas diffusion rates.

The experimental results showed tt@tiene addition to the incubations increased @@l CH
concentrations in all three treatments relative to the (NI lactate addgdincubations. The
cumulative CQand CH generationncreasedy 136% and 87%, respectively, in thed{TA (no
lactate addedbluene amendégdreatment, by 117% and 61%, respectively in theT (lactate
amendedoluene amendgd treatment, and by 50% and 33% in the BES (2-
bromoethanesulfonatéBES) amendedoluene amendédireatment We predicted this in the
model by representing toluene fermentation, acetogenesis, hyersaged methanogenesis, and

acetatebased methanogenesis as separate reactions.

Moreover, the results of this experimel@monstrate that the average fraction of ABAetate

based methanogenestontributing to methane production in the model was around 75%, and the
ABM fraction calPPe@x ant-€H: rebuitsoagreet with this. The model
confirmedthat methanogenic toluene degradation is the dominant toluene attenuation mechanism,

representing 74% of the attenuation, with sorption contributing to 11%, and evaporation
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contributing to 15%, which demonstrates that methanogenic toluene biodegradatmoxic

soil, in the absence of electron acceptors) can contribute to natural toluene attenuation.

In the modelingcomponenbf this study, the biogeochemical model represented the impacts of
temperature on microbial reaction rates and gas diffusies eatd predicted the nezaro rates

during the-10°C freezing periods by applying temperature functions to the calculation of the
maximum rate constants and effective diffusion coefficients, respectively. The model successfully
reproduced the experimenttime series trends in porewater chemistry and headspace gas
concentrations, indicating that the biogeochemical reaction network captures the most important
reactions. Moreover,epresenting the effects of FTCs on porewaliesolved organic carbon
(DOC) production due to freezinmduced soil matrix disturbance was key for accurately
simulating DOC concentrations as well asGind CH generation.In addition to the FTC
scenario] simulated a scenario with no FTCs imposed. The results of this model sthaw@€a:,

and CH generation are 29% and 26% lower, respectively than in the FTC condition because less
DOC isproduced in the no FTC scenario, whereas toluene biodegradation is 23% faster in the no
FTC scenario. Hencehe no FTC scenario showed that FT8lew down toluene degradation
while enhancing C&and CH production, which is a less preferred outcome for contaminated site

remediation.

In Chapter 3, den monthlong column experiment was conducted and the experimental results
were simulated using diffusion-reaction modelhich included12 microbial reactions and
multicomponent solute transpotd better understand how WTFs modulate gmrewater
geochemistry, methanogenic naphthalene biodegradation areh@QH effluxes In the column
experimeat, 4 soil columns were subjected to 3 successiweek cycles of drainage (20 cm bss)

and imbibition (0 cm bss), whereas in 4 static columns, the soil cores remained saturated.

The experimental results demonstrated that abserved decrease @0O» concentration and
simultaneous increase in dissolv€#ls in the saturate@thanol/naphthaleneontaminated soil
columns indicate that HBMHydrogen based methanogenesssprobably the prevailin@€Ha-
producing reaction following the precursor naphthakeme ethanol fermentation reactioA$so,
during lowering the water tablthe average dissolvélo; increasedy 105%due to the oxidation

of DOC andCHjs, while the average dissolvé&iHs decreases by 29% becauseCois oxidation
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and inhibition ofmethanogenesis in the presence ef The results also showed thatwvetting
contaminated soils reduces dissol@@, and increase accumulated £id soil because of the
increase in the rates of methanogenesis and other anaerobic degradation readtiendeznease

in the rates of aerobic degradation in saturated doilang the lowering of the water table, the
averageCH4 andCO; fluxes increased up to 10 times in the ethanol/naphthalene spiked soils due
to the release of the accumula@ds andCO,, and therCHs fluxesstarted decreasing because of
aerobic CH oxidation, while CQfluxescontinuously increased duettee aerobic degradation of
DOC and CH. However, the averagéH; and CO; fluxes droped considerablgue to limited

upward diffusionduring the imbibition periods.

The results of the soil water chemistry analysis showed that the average porewater DOC in the
fluctuating and static ethanol/naphthalemataminated soil columns decreased by 95% and 75%,
respectively becausef the combimation ofevaporation and aerobic degradation of ethanol and
naphthalengboth of which were higher in the fluctuating columns, which incretisedate of

DOC loss The depthaveragel naphthalene concentrations dropped by 80% and 51% in the
fluctuating andstatic soil columns, respectivelgver eleven months, confirming the hypothesis
that naphthalene is attenuated more efficiently in the fluctuating condifitsts.the increase in
naphthalene concentration below the water level in the fluctuating cslunditates drainage
imbibition cycles also cause downward transport of naphthalene in the column.

Themodelpredicted relative rates of HBM and ABM combined with the trends ii‘fi@disotope
compositions of dissolved GCGand CH indicate that HBM is the prevailing methanogenic
pathway in the saturated ethanol/naphthalene spiked soil columns begaumskE0, produced

by DOC fermentation, accumulate in the porewatéen, the dominant methanogenic pathway
shifted to ABM due to C&consumption, H depletion, and acetate production. After one drainage
i mbi bi ti PGCHcbeamhesless negative, and Ldkidation became the prevailing
pathwaycontrolling theti*3C-CHa, and therefore the GHefflux rates,in the fluctuating columns

becase ofaerobicmicrobial CHs oxidation that can take place due tpaVailability.

Themo d el 6 s repioeduteithe gxpetinmental time series trends in porewater chemistry and
surface gas effluxes indicates that the biogeochemical reaction network captures the most

important reaction®\lso, the model can successfully predict the impact of water tablediicns
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on gas effluxes and soil chemistry tgfining chemical reaction rates and effective diffusion
coefficients asa function of moisture contenfhe equations, which account for how moisture
content modulates microbial reaction rates and effectiseifi@msion coefficients, are some of the

key functions in the modelling framework which enable the prediction of the impact of WTFs on
reaction and transport rates. These functions can also be used to simulate the impact of any water
table fluctuation reignes or moisture content variations on PHC NSZD at contaminated sites.
Altogether, the reaction network and diffusiggaction model framework that | have presented
herein can be used as the basis for modeling methanogenic NSZD at any contaminated site.

The experimerst and the numerical simulations presented in Chapters 2 and 3 are novel
investigations into the impacts of FTCs and WTFs in contaminated soils. To the best of our
knowledge, this is the first time the impact of FTCs and WTFs on methanogei@ic P
biodegradatiorhave been investigated. In the FTC experiment, we designed a batch experiment
under anoxic, saturated condition to better understand methanogenic pathways in anoxic soils
under FTCs, while previous studies have investigated FTCs unascanditionsThe numerical
simulation and the batch experiment showleat freezingnduced soil matrix disturbance is a
potential mechanism for DOC increase during FTCs. As a result, this mechanism was considered
in the model for the first time to acctely simulate DOC during FTCs. This mechanism was
considered. While the effect of WTFs on soil surface gas effluxes and microbial communities has
been studied extensively in the past, very few studies have investigated the impact of WTFs on
methanogenic laways in PHCEcontaminated subsurface environmeirighe WTFs experiment,
UC-CO; and -CHs and dissolvedCHs and CQ were measured to examine methanogenic
biodegradation rates and pathways in anoxic, saturated soils and soil3\iFfeéerThe WTFs
experment and model successfully showed hirained PHC contaminated sites can exacerbate

global warming, whereas contaminated sites rewetting is effective for climate change mitigation.
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4.2 Recommendations for future research

The FTCs batch experiment and model successfully simulated methanogenic PHC biodegradation
in anoxic, saturated soils imposed to FTCs, although improvements to the methodology are needed
for future works. The future research can focus on the impact of B @scrobial community
composition and microbial activity in anoxic, saturated soils. In addition, column experiment could
be conducted under FTCs to examine how variations in temperature and moisture profile affect
methanogenic PHC biodegradatiéi*C-CO, and-CHa, redox potential, DOC, and dissolv&#is

and CQ at different depths could be measured to better understand how FTCs cause dynamic
redox conditien and changes in methanogenic pathways and rates. In this thegisthesized

that freezingnduced soil matrix disturbance is the main mechanism for DOC increase during
FTCs. Future studies could finévidence for this hypothesis using microbial analysis on soil
samples subjected to FTCs. Field observations and sagiph microbial and porewater analysis

are another way to find evidender DOC increasg during freezingnduced soil matrix
disturbance In the FTCs modeling part of the project, | developed a 1D model representing the
impact of FTCs on methanogenicgdadation, but future studies can improve this model by
developing a 3D model and upscale the model for-Beklle simulation of FTCs processes.

The WTFs column experiment and model presented in Chapter 3 accurately simulated
methanogenic PHC biodegraitatt in anoxic, saturated soils and soils imposed to WTFs, although
future work could improve the methodology. By including the microbial community composition
and microbial activity analyses, the impact of WTFs on microbial populatiossges of PHC

NSZD at contaminated sitesan be the future studieBield observations and sampling for
microbial and porewater analysi$2C compositions of dissolved G@nd CH, redox potential,

DOC, and dissolve@Hs and CQ at different depths could lm®nductedo beter understand how

WTFs modulate methanogenic PHC pathways and rates in contaminated sites under more
environmentallyrelevant conditionsin the WTFs model, | developed a 1D model representing

the impact of WTFs on methanogenic degradation, but fstudies can improve this model by

developing a 3D model and upscale the model for-Belle simulation of WTFs.
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Appendix

Appendix i Additional experimental results from Chapter 2

Porewater sulfate and DIC experimental datd model simulations:
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Reaction rates:

Figure Al1-2: Simulation results of the rates of GOSR, LOSR, HOSR, LF, AOSR, and TF in the
() NL, (b) LA, and (c) BES treatmendsiring 215 days of experiment with freeze (F14t°C)
and thaw (T, at 15°Q)ycles

Appendix § Additional experimental results from Chapter 3

Figure A2-1: Naphthalene concentration in FEN1 and SEN1 at depth 22.5 cm bss
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