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Abstract

Oxygenhasbeen shown to be an effective addition of enhancing the bioremediation of
petroleum hydrocarbon contamination porous media however, the ability to
effectively deliver oxygen to petroleum hydrocarbon contaminated groundwater has

proven difficult.

A field and numerical modelling study was completed at a former gas station in southern
Ontarig to assess théelivery of oxygen intogroundwater in dractured limestone

aquifer that had been contaminated with petroleum hydrocarbons.

A field investigation was completed to characterize the bedrock aquifer and the
groundwater flonsystem Several lydraulically active facture zones were identified and

characterized

To evaluate how dissolved oxygen would behave in this type of groundwater
environment, an injection test wax o mp | et e d u s®i oxygen injéctiod s gPro
technology. About 1000 L of water containing diseolwxygenat ~ 30 mg/L and a

bromide tracer was injected over ~ 90 minutes and monitored for ~ 10 days in the
injection well and in a multilevel monitoring well located 3 metres dgvadient. The

oxygen concentration rose rapidly within the injection vesild at two of the down

gradient monitor intervals which were aligned with the injection well via major fractures.
Concentration tailing persisted in the injection well for several days following injection.

The effects of biodegradation were not assessaud of this investigation.

A threedimensionalnumerical modelfor groundwater flow and advectidispersive
transport within a discreteffyactured porous mediumvas calibrated to the field
conditions The simulatedinjection test demonstrated thatygen rapidly filled the

porous matrix surrounding the injection well and filled the local intersecting fractures.



Following injection, the oxygenated groundwater in the local fracturas rapidly
flushed by thenaturalgroundwaterflow, with oxygen arwals appearing as sharp pulses

in the fractureassociated breakthrough curves in the monitor well. Back diffusion of
oxygen from the porous matrix into the injection well was accurately reproduced by the

model.

Media properties (fracturaperturs, hydraulic gradient and hydraulic conductivjtyere

varied to assess the sensitivity of the model and to evaluate the effectiveness of the
remediation technologynder different conditionsl'he sensitivity runs demonstrated that

the distribution of oxygen withithe systemauld be significantly different with varying
degrees ofadvectivetransport within the fractures ardiffusion into the rock matrix

which dependsn thephysicalpropertiesand hydrogeological conditions

Predictive simulations were thennrwith two differentinjection scenariosa continuous
injection for 1 week anda cyclic injection scenari¢injection every 2 days)The same
mass of oxygen was delivered in each simulationk@3The results demonstrat¢hat
the delivery of oxygen iotthe system (continuous or ciylcould affect the advective
transport of oxygen through the fractures and the diffusion of oxygehie matrix.The
continuous injection resulted amaximum zone of influence (dovgnadient and in the
transverse dieion) while maintaining high levels of oxygen within the mat®n the
other handtte cycle injection provided more continuous supply of oxygen over time to
the systemThe zone of influencevasreduced but diffusion into the matralong the
fracturesincreasedgcreating a more uform zone of increased oxygeroncentrations

around the injection well and along the fractures.

This studydemonstrated that oxygen could effectively be delivered to a fractured bedrock
system at levelpotentiallysufficient toenhance aerobic biodegradatidalditional areas
requiring investigation include thebehavior of oxygen during hydrocarbon
biodegradatiorthrough field and mod#ing studies. Ell scale implementation of the
technology shouldhenbe consideredo provide additional information with respect to

the applicability of the technology to real world environrsent



Acknowledgements

| would like to start by thanking mgupervisor Dr.Jim Barker and my committee
members DrJohn MolsonDr. Neil Thonmson and Romonaldson fotheir guidance and
support throughout this process and for the patience while | completed my degree part

time.

Thank youto the partners in this thesiaVentures Technologies InciT{), Aaron
Archibald, John Archibald and Jim Begleyr fgiving me the opportunity to ugéeir
technologyandoMac 6 s Mi | k Convenience Stelsitet® f or

complete the thesis

To all the staff and students at the University includBgb Ingleton Marianne
vanderGriendt, Shirle€hattenJuliana Freitas, Pete PehnmaudiaNassandSue Fisher

that helped me in the field, la&md office staged of my thesis

Thank you to WESA for allowing me to complete my degree wideking for them full
time, and toRon Donaldson, lan Macdotéand all thestaff at WESA for your support
understandingnd encouragement througlt this process.

| wish to thank all myfriends and family for all theiencouragement and support and a
very spe@l thank you to myarens Ron and Judy Greer and rhysband David Schaub
| could not have done this withtthem

Finally, I would like to dedicate this thesis memory ofShannonNVagner We were each
ot h suppgo” and motivatiothroughout this process and | will carry this degree in

memory of heforever.



Table of Contents

LISt Of FIQUIES ..ottt e e e e e emee e Vil
LISt Of TADIES.....ueiiiiiiiiiiiiiieeieee e mmne e e e e e e e e e e e e e as X
RO [ (o o 18 Tox 1o o PP PPPTRPRPPPPI 1
1.1 Petroleum Hydrocarbon Contamination and Remediation........................ 1
1.1.1 Flow and Transport within Fracture Networks............ccoooiiiiiiicceeneeeenns 3
1.1.2 Modelling Approaches for Fractured Media..................ccoevvieeereeeeennne. 5

1.2 Remediation Technology Selection and Design.............ooovviiiiiccceeeeeeeeeen. 6
1.2.1 The Selected Remediation Technolagy.............ccooeeiiiiieemiiiiiiieeieeeeeee 7

1.3 THeESIS ODJECHVES......ciiiiiiiiiiiiiiiii et e e e 8
2.0 Site BaCKgrOoUNd.........ccooiiiiiiiiiii e e e e e e e e e nnne s 10
2.1 Location and DeSCriptiQ..........oooeiiiiiii e 10
2.2 Regional Geology and Hydrogeology.........cccccvvviiiiiiiimmmreeeeiiiiiiie e 11
3.0 MEENOAS. ... 14
3.1 Initial INVeStIgatioN............uuuuiiiie e cceeeie e e 14
3.1.1 Bedrock CharacterizatiQn.................uiiiiiieeeeieiiieeeeeeeeeeeeeeien s rmmmeeeneees 14
3.1.2  HydrauliC TESHNG......uuuuuuuiiiiiiiiiiiiitimeer e e e e e e e e e e e 16
3.1.3 Multi Level Well Installation.............ccooeevviieiiiiimmmniieeeeceee e eeeeen 19
3.1.4 Digital Borehole Imaging..........cccoeeiieiiii i 22
3.1.5 Fracture CalCulations...........ooouuiiiiiiiiieeciies e 23
700 0 S T I - Tt = 1= 1 o PO 24
3.1.7 Cross Borehole TeStNgG........ccceviiiiiiiiiiiieeeeiies e e e e e evvmnme e e eeeaens 24

A |01 1= Tox 1o o T =13 1] o TSP 25
3.3 Modelling APPrOacCh.........coooiiiiiiiie e 26
4.0 Field Results and Interpretation..............occevvvvevieeeeeee e eeeer e 30
4.1  Site CharacCterizatiQn..........ccovvieiiiiiiiieeeeii e e e e e e e e et nnne e e e e e eeeaana s 30
4.1.1  HydrauliC TeSHNG.......coeeeeeee e 30
4.1.2 Groundwater Flow and Contaminant Distition................cccceeevvvvvueeee. 31
4.1.3 Digital Borehole Imaging.........ccouviiiiiiiiiiii e ceeen e 34
4.1.4 Fracture CalCUulatiOnS...........cuuuiiiiiiiiiiieeeiiiiiiiiiiiiiieieeeieeeeeeees e 36
4.1.5  Tracer TESHNG.......ccceiiiiiiiiiiee st e e e e e e e e e e e eaeaees 38
4.1.6 Cross Borehole TeStNG.......ccuuuuuuuiiiiie e cceeiiiee e e e 39

4.2 Summary and Site Conceptual Model............ooovviiiiiiccciiiiii e, 42
4.3 GPIS TECNOIOGY.......ceceeeeeeeeeeeeeeeeeee e eeaeee e, 43
4.4 INJECHON TOS.. ittt ireer s a s mmme e e e e e e e e e e e e e e e e e e e e e e s s 45
4.4.1 Dissolved Oxygen DiStriDULION.............ceviiiiiiiiiiieeniiiiiiiiiiiiiviviieeiaeaes 45
4.4.2 Tracer Distribution and CompariSON............cooovviiiiiiiccceieeeeeeeeeeeeeeee 50
443 SUMIMAIY.cccttiiiiee e ee ettt e e e e et e e e s rnne e e e e e e esnn e e e e e e e e eenees 56
4.4.4 Hydrocarbon Concentratiosd Distribution................cccooeeeiiiieeeennnnn. 57
4.4.5 Iron Concentrations and DiStriDULION ...........uvvvvreeieeeiieeeeiiinnns 57

vi



5.0 Numerical MOAElING .......cooiiiiiiiiiiiiiiiii e 58

o0 R [ 0 Yo [T i [0 ] o ISP 58
5.2 Model DeVEIOPMENL........coooiiiiieiee e 60
5.3 Base Case (Fieddata).........cccooeiiiiiiiiiiiiieis e eeeeeme e 67
5.4 Base Case (Bestit) Simulation...............oviiiiiiiiiiceciie e 70
5.4.1 Flow SIMUIatioN........cooeiiiiiiiiiiiiiii e e eeeseieiseevesesssenenennd O
5.4.2  Transport SIMUlation...........coooiiioiiiiiii e 73
5.4.3  Thermal SIMUIALION..........uuuiiiiiiiiiiiiiieeer s enne e 81
5.5, SensitiVity ANAIYSIS.......ccuuiiiiiiiiiiiiiiii et eeee 83
5.5.1 Random Fracture NetwWoOrK............ccoooeriiiiiiiiiemnieeeeeeeeeiii e 89
6.1 Effectiveness of OXygen INJECHQAN...........uururiiiiiiiiieeeeie e 95
6.2 Predictive SIMUIAtiONS...........coooiiiiiiii e 96
6.2.1 Simulation 1I ContinUOUS INJECLION..........uuuiiiiiiiiiiiirieeere e 96
6.2.2 Simulation Zi Cycle INJECLION...........cceeviiiiieiicceee e eeaaiees 99
6.2.3  SIMUIAtION SUMMAIY......coiiiieeiiieeeiiiiimmreeer e e e e e e e eeessnnmeeeeeeannne 102
7.0 Summary and CONCIUSIONS.........ccoviiiuiiiiiiireree e e e e e e e ee e mmme e 103
8.0 ReCOMMENALIONS......ccciieeiiiiiiei e e e ceeereer e e e e e e e e s e e e e e e e e e e eeennnnne 105
RETEIBINCES. ... . ittt e e e e e e e e e e e e e e e e e e e s rmr e e e e e eeeeeees 106
Appendices
Y o] 01T o G A U R RS 112
APPENTIX Bt e e e e e e e 116
Y o] o= T [ G PP 143
Y o] o= T [l I PP 148
Y o] o L= T [ =SS 151
APPENTIX Fee e 154
Y o] o 1= T [ PRSP 158
APPENTIX Heo e e e e e e e e e e e e e e e e e e e s e 185

Vii



List of Figures

Figure 2171 Site map with PHC (F1 + F2) groundwater plume delineated and study area

(0= 11 01T o USRS 13
Figure 31- Location ofinjection well TW2 and dowagradient monitoring well TW115
Figure 32 - Borehole 10gs for TW1 and TW2..........uuiiiiiiiiiiiiiiieeeeiiiies 18
Figure 33 - Instrumentatn of TW1 (monitor well) and TW2 (injection well)........... 20

Figure 34 - Configuration of the quadrilateral elements representing the porous matrix in
the numerical model; concentrations are computeaeh of the nodes
(Molson & Frind, 2009).........ccuvuiiiiiiieiee s ceeeee e e 27
Figure 35 - Geometric arrangement showing how 2D fractures are overlain onto the
porous matrix (Molson and Frind, 2009).........cccceoeevviiiiiiimmmeeeeeeeeiiennns 28
Figure 41 - Borehole images showing a) porous matrix in Zone 1 b) highly fractured
rock in Zone 1, c) and d) discrete fractures in Zone.2a..................... 35
Figure 42 - Site conceptual model showing injection well (TW2), the 7 monitoring
points within the monitor well TW1, and the major fractures identified from

the borehole 10gs and VIde0...........cceeiieeeiiiiiieeee e 37
Figure 43 - SK; tracer tesbreakthrough Curves............cccooovvviiiiiccciccce e, 39
Figure 44 - Cross borehole test results of hydraulic head versus time showing response

at: a) TW11 to TWX4, and b) TWi6 and TW217.......ooooeiiiiiiiiinnnnnnnne. 41
Figure 45 - gPT” UNIt PROTOS..........cveverieieeeeececceeeseeeees e eee et es s vemeesees s seaeeenns! 44
Figure 46 - Oxygen concentrations at the injection well TW2...............ovviiiiiiieenns 46

Figure 47 - Breakthrough curves for oxygen at the degvadient monitor points at: a)
TW1-1, b) TWZ2, 3, 4, c) TW16, and d) TW17. Note different

concentration scale for plot D). 50
Figure 48 - Normalized concentration (C/Co) breakthrough plots for oxygen and
bromide in the injection well, TW2..........ccoooiiiiiiii e 52

Figure 49 - Normalized concentration (C/Co) breakthrough plots for oxygen and
bromide in a) TW11, b) TWX2, c) TW13, d) TW14, e) TW16 and f)

XA 55
Figure 51 - Site location map with PHC (F1 + F2) groundwater plume delineated and

model area defined...........oooeeiieiiiii e 62
Figure 52 - Location of injection well TW2, dowsgradient monitoring well TW1 and

g a0Te (=] o (0] 1 o= 11 o HO TP P PP P R 63
Figure 53 - Perspective plot showing the 3D nebdrid. The system is assumed

symmetric about the Yy = 0 faCe......cccooviiiiiiiiiiieeee e 63

Figure 54 - Model layout and input parameters showing a) grid and flow boundary
conditions and b) transport domain with monitgrpoints and fracture

apertures identified. Fracture numbers are shown at.left.................. 64
Figure 55 - Pressure curve comparison between observed and-mpdeinjection
PIrESSUIES.....ctiiiiiiiiiie ettt e e anen e e e e s e e aa e e e e e e smmnes 65
Figure 56 - Graphic showing layout of additional model monitoring points within the
matrix (between fractures 2 and 3) and along fracture.2................... 67
Figure 57 - Field case (utalibrated) oxygen breakthrough curves a) observed and b)
SIMUIALEd. ... 68



Figure 58 - Hydraulic head distribution a) during injection (end of second injection
period) and pbsteady state following injection................cccooeeiiiieeeennnn. 71
Figure 59 - Velocity vectors during injection within the matrix and the fractures..72
Figure 510 - Radial velocity vectors along fracture 2 in the horizontal (xy) plane.73
Figure 511 - Calibrated base case oxygen breakthrough curves a) observed and b)
SIMUIALEA. ... 74
Figure 512 - Base Case oxygen breakthrough curves a) Simulated results at field
observation points, b) matrix monitoring points and c) fracture monitoring

points (see Figure-58 for monitor point locationS)...........ccccevvvvvvvvvvieee. 76
Figure 513 - Base case simulated oxygen distribution after 0.077, 0.5, 1.0 and 5.0 days a)
plan view (xz), b) concentration profi

di stribution {.y.z.)..at.. . AAdb...and.. BB
Figure 514 - Base case simulated oxygen distribution at 10, 50, 125 and 200 days
showing a) vertical section (xz plane)
BB6 and c¢c) ttmaosveéeysp di.sAAO.bad8d BBO.
Figure 515 - Observed and simulated temperature evolution in the injection well,
showing simulated results for "her mal

OSSPSR 83
Figure 51671 Simulated oxygen distribution under homogeneous;framiured
conditions (Scenario 1) after a) 0.077 days and b) 5.0.days.............. 87
Figure 51771 Simulated oxygen distribution with 10 x higher diffusion coefficient
(Scenario 2a) after a) 0.077 days and b) 5.0 days...........cccceeeeereeeee. 87
Figure 51871 Simulated oxygen distribution with x larger fracture apertures (Scenario
3a) after a) 0.077 days and b) 5.0 dayS..........covvrrvrriiiccciiiee e 38
Figure 519i Simulated oxygen distribution with low hydraulic conductivity of 1.0 ¥ 10
m/s (Scenario 5) afte) 0.077 days and b) 5.0 days.............ccceevvennnn 38
Figure 520 - Random fracture network, mean aperture of 100 pm.....................nd 90

Figure 5 21 - Simulated oxygenuistribution assuming the base case conditions overlain
by a random fracture network (Scenario 7) with: a) mean aperture 50 pm
and b) mean aperture 100 HM.........ouiiiiiieeeeeiiieeeee e e 91

Figure 52271 Simulated oxygen digbution with low hydraulic conductivity and random
fracture network (Scenario 7c¢) (mean aperture 100 um) a) after 0.077 days
and b) after 5.0 dayS.......ccovvieeiiiiii e 93

Figure 6171 Continuous 7day injection siralation showing oxygen distribution at 7, 50,
125 and 200 days in the a) vertical (xz) and b) transverse (yz) sections at

vertical profil e..l.ac.at.i.ans...AAG98and BBO
Figure 621 Cycle injection Bowing oxygen distribution at 10, 50, 126 and 200 days in

the a) vertical (xz), and b) transvers

times correspond to the end of each injection cycle)....................... 101



List of Tables

Table 41 - Hydraulic TeStiNg RESUILS. .......uuuuiiiiiiiiiiiiiieeeicceeee e 30
Table 42 - Groundwater EIeVatiONS..........ccoviiiiiiiiiiiieeee e 32
Table 51 - Basecase model input variables for the oxygen injection test............. 66
Table 52 - Field and Model Variable Comparison (see Figurefbr fracture positions).
.............................................................................................................................. 72
Table 53 - Outline of sensitivity analyses performed with the model.................... 84
Table 54 - Random fracture network StatiStiCS...........coovvviiiiiiieeciiiieieeeeeeeeeeeeee 89



1.0 Introduction

1.1  Petroleum Hydrocarbon Contamination and Remediation

Petroleumhydrocarbons are a major source of groundwater contamination across North
America and around the world. The management and remediatitimesdé types of
contaminantsgs a widespreaahallenge The rising costs ankimitations of conventional
method for plume management and remediati@ve led tahe development ai variety

of in-situ remediatioomethods

It is well knownthat the biodegradation gletroleum hydrocarbonsamelythe BTEX
compounds (benzene, toluene, ethylbenzene and xylenes), is most effectivacuoblier
groundwater conditionandis limited or less rapid under anoxgroundwateiconditions
(Landmeyer et al.2003 Hutchins et al., 1991 and Lovley et al., 1p88roundwater is
described as being anoxic when dissolved oxygen (DO) concentrations are less than 0.3
mg OJ/L, dysoxic from0.3- 3.0 mg Q/L and aerobic for concentrations greater than 3.0

mg O,/L (Malard et al., 1999).

Oxygen addition has also been hown to be an effectivapproachto enhance the
bioremediation of petroleum hydrocarbgroundwateicontamination l(andmeyeret al.,

2003, Johnstoret al., 1998,Arnon et al, 2005. Studies completed by Chiang et al.
(1989) concluded that a minimum 2 mg/lOwas required for rapid biodegradation of
BTX compounds. The gtly also noted thatpproximately 3 mg/L of DQvas requiredo
degrade 1 mg/L of hydrocarbons, depending on the compounds, based on a
stoichiometric balanced equationggeCgHes + 7.5Q Y 6 ©, + 3 H,0).

Numerous remedial strategies have been developed foatysstroleumhydrocarbon
contaminated sites that woiky removng the oxygen limiting factors to encourage
efficient in-situ biodegradation. Tteeremedial strategies have included thgection of

oxygenusing various methods and engineered technologies.

1



With the addition of oxygen to the systeather factors may limibioremediation The
most commonlimiting factors are related tosite conditions sucltas heterogeneities
(especiallylow permeability layers)nornthydrocarboroxygen demandsnicrobiological
properties anthedelivery of oxygen tdocalizedcontaminatiorzonegLandmeyetet al,
2003).

Total kygen demand has been shown to be a major factor with respecteontdidion
efficiency of oxygen injection systenisandmeyelet al, 2003 Chapmaret al, 1998. In
many cases, whawxygenwas injected using a given technologye irjected water could

be traced dowagradient but the dissolvedoxygen became undetectabl@he lack of
measurabledissolved oxygen down-gradient was attributed to the utilization of the
oxygen along the flowpath Oxygen demandsmay be attributed topetroleum
hydrocarbon contamination, ndBiTEX organic contaminants, natural organic matter and
redwed inorganic species (iron, manganese etc.) (Chaptredn1999.

It has also been shown that groundwater has very little oxygen reduction capacity
compared t@quifer solidsAn aquifefs naturabxygen demandreates challenges for-in

situ treatmenbf contamination by chemical and/or microbial methods (Barcedtrad.,
1991).Barceloneet al.(1991) showedt is difficult to overcomethe rediction capaciy of

aquifer solids thereforemaking the additiorof oxygen to remediataquifers difficult.
Another issue relates thhe Al ag t ispaafio micfoorganistdnequired for
bioremediatiorto acclimatize to oxygeenhanced groundwatérandmeyetet al.,2003).

Thebasis for theheorythatoxygen additiorwill potentiallyenhance the bioremiadion

of certain groundwater contaminanis the presence of an indigenous microbial
population capable of biodegrading the desired contaritiahe microbial population
is not presenpr cannot be stimulated, then tbencept of oxygen additios na suitable

for the application



The stimulation of théendigenous microbial populatiodcteria and the changes to the
environment detailed above are all dependent on the injected oxygen reaching the desired

treatmentarea, ando ultimatelyreachthe microorganismsnd contaminants.

Several studies have been conducted looking at the effects of tiegblpyoperties of a
system orthe transport of oxygen. Landmeyadral.(2003)showedthat oxygen transport

Is enhanced in sediments with greater peaibility and that delivery into less permeable
units maybe difficult. This is especially true of complex hydrological systems sigch
fractured bedrock environment&rnon et al. (2005)for examplelookedat the effects of
oxygen addition in fractured edrock environments and found that an increased
groundwaterflow rate (in factures) redudebiodegradation due to less contact time

between the substrate and thieroorganismsvithin the fractures.

Research into thénjection of oxygenand its subsequéeristribution within discrete
fractures zonesvas not reported in the peeeviewed literaturethese issues therefore
form the focus of this investigation. This study is the fiosstook in detail at the high
pressure injection of oxygendtgvater intofractured rock for the purpose of enhancing
the aerobic biodegradation of petroleum hydrocarbons. This study is also theufirct
to use a discrete fracture model to simulate ltbbavior ofoxygenatd water in a

fractured bedrock aquifer

1.1.1 Flow and Transport within Fracture Networks

Due to the complex nature of fractured bedrable principles for flow and transport
which aregenerally applied for porous media are not directly transfetabfeacturel
media To fully characterize and understath@ distribution of a solute such dissolved
petroleum hydrocarbons within fractured rpaldetailed understanding requiredof the
contaminant, the rock characteristics and groundwater flow within the formaach.of

these factorbas adirectinfluenceon the effectiveness of contaminapmediation.



The key processes controlling solute transport in fractured rock include advection,
dispersion, absorptiorthemical reactions (including watssck interaction)channeling
and matrix diffusion (Km et al.,, 2002) however the dominant solute transport

mechanisms usuallyby advection though conductive fractures.

As a solute front travels through a fractusestrong concentration gradiedévelops
between the open fractures and thigally uncataminated rock matrixThis gradient
thendrives diffusion of the solute into the rock matrix (Lipson et al., 2@f@bJardine et

al., 1999. Matrix diffusion has been shown to be a significant process that controls
contaminant transport in fractured beck and its importance increases as the residence
time of the solute increases (Jardine et al., 1999). Studies have shown thar eueal
scales (tens of metrigsnatrix diffusion can be a dominant process in such environments
even witha matrix porosiy of less than 5% (Lapcevic et al., 1988d Parker et al.,
1994). Matrix porosityhas been shown to be a factor that contifvdsrate of diffision
across the fracture walls, with higher porosity allowing for greater diffusion and vice
versa. This isparicularly true at slower groundwatervelocities since with higher
groundwatewrelocitesthere is less time available for the solute to be transfelegdifie

et al., 199%

The forward diffusion of the solute into the matrix will continue until theiteostorage
capacity of the matrix has been reached/loerethe solute concentrations in the fracture
are equal tdhosein the matrix (Lipsoret al.,2005). Ths forward diffusionceases when
the solute source is removed from the fracturegersingthe concentration gradients
which causes the solute to badKkfuse out of the matriand into thegroundwater in the
fractures(Lipson et al, 2005). During tracer tests in fracture rockhe effects of matrix
backdiffusion can often be seen &etime taling in breakthrough cunse(Lapcevicet
al.,, 1999). Incases of high matrix permeabilityolute transporthrough the matrix has

also been shown to occur by advection and dispersion procEsgsaket al., 1980



Over long time periodssolutediffusion may result inmost of the solutebeing stored
within the matrix and not in the fractureBhe timerequiredto remediate the aqueous
phase contamination in fractured rock wtilereforebe determined based on the rate
which the contaminants can lkadiffuse from the rock matrix (Lipsoet al, 2005).This
processalsoresults in the rate of dissolved plume migration being significantly less tha
the rate of grondwater flow Remediation efforts, such as enhancedsiin
biodegradation are therefolienited by the ability to effectively deliver theemediation

agentto theentiresystem(fractures and matrix)

The charactezation of the bedrock system therefore becorae&ey factor when
understanding the behavior dfissolved solutes and indesignng effective site

remediation strategies.

1.1.2 Modelling Approachesfor Fractured Media

An additional challenge when characterizing fractured rock arises with respect to
modelling the groundwatersystemand determining if the rockan be treated ama
equivalent porous medium (EPM) or if a discrete fracture network (DFN) model is
required.Past tudies have shown that EPM models are applicable when the fracture
network is dense and highly interconnectgth negligible effectsfrom the rock matrix

or when the fracture network and tiheck matrix allows for sufficient interaction to
establish a local equilibrium (Berkowiét al, 2002). In a situation where the rock matrix

is an active part of the flow system and transport occurs both in the rock amatixthe
discrete fracturg the system can be defined adumlpermeability model (Berkowitet

al., 2002). DFNmodesk can allow fotthe fluid flow and solute transport within a discrete
fractureto be accounted for explicitl{Berkowitz et al, 2002)with negligible advective

transport within the matrigr incorporated on the level desired



Analytical models (e.g. CRAFLUSHsudicky and Frind, 1982vere first developed to
assesgroundwaterflow and solutetransport in discrete fractures (Grisakat 1981

Tsang et al. 1985nd Sudickyand Frind,1982). Multiple fractures were modelled as
parallel plateswith constant aperturesvith some solutions accountinfpr matrix
diffusion. Flow and transport within each fracture was limited to one dimensio
However, the parallel plate model is limited in representing flow within a complex DFN
(Tsang, 1984) and therefore more sophisticated numerical models were subsequently
develged for modelling two and threémensional flow and heat or solute transport
fractured media (e.g. Tsang et al. 198Mplson and Frind, 1994Therrien et al. 1996,
Yanget al. 1996). Berkowitz et a002) provides a more complete review of different

modelling approaches.

These types of numerical DFN models have been appliadrariety of settings to model
multi-dimensional flow and transport of heat, as well as various contaminants (e.g.
Odling @ al. 1997, MacQuaie and Mayer2005, Gwo et al. 2005, Mundel et al. 2007,
and Molson et al. 2007) and to help in the designeafedial measures (Eckert et al.
2002). To date, DFN models have not been applied to a detailed dugbentration

oxygen injection caseyhich will bethe focus of this study.

1.2 Remediation Technology Selection and Design

The delivery of oxygen intohe subsurface has been investigated through several
different technologies including Oxygen Release Compounds (Landraeywd, 2001

and 2003 Schéer et al, 2006), diffusive oxygen release (Wilsehal.,2002, Azadpour
Keeleyet al, 2006, Salanitreetal., 2000),air spamging (Johnstoret al, 1998, Bas®t al,
1997) and iSog(Mulica et al, 2004).



inVentures Technologies In@Ti) has several different technologies under development
for the insitu remediation of hydrocarbon contamination inclgdhe iSoe technology,
the Low Pressure Gas Infusion (gPLd) andHigh Pressure Gas InfusiqgPro HP)
technologies. Configurations of the gPumit include systems for igitu and exsitu
generation of oxyen and delivery, as well as-situ and exsitu water supplies. Ti 6 s

gPro HP (gPro) was selected to bealuated for use in this thesis

The gPro technoloy has been developed to accommodate variablesggific criteria,
including site location (access to power and water supply), siteitioorsd(geology,
hydrogeology, type of contaminant, groundwater chemisay)well as thevolume of

water available anthetreatment objectives.

For this study, site conditions wei@ major factorin the selection of theggPro
technology. The fracted bedrock geology and hydrogeology was first assessed to
determine if treated (oxygena)ewater could berapidly injected at high rates and
pressures so treatment could occithim a reasonable time framedurs) thus allowing

all equipmento be rapity removed from the site.

The contaminants of concern weatso evaluated to insure that the selecigéro
technology was suitable fareachingthe objectives. Groundwater chemistry, namely
dissolved iron and manganese, veso assessed to determinehigh concentrations
would interfere with the operation of tg@ro system.

1.2.1 The SelectedRemediation Technology

TheHP gProTechnologyis a high rate gas-fusion system that transfers gagesthis
case oxygeninto and out of water. The dgsn enablsrapid gas transfeérom the gas

phase to thevater phase and infashigh concentrations of dissolved gas into the water.



The insitu Gi (gas infusion) remediation methodology involves the injection of
oxygenated water into the local grourater with the goal of enhancing and accelerating

naural biodegradation processes.

The method is based™ @G tedhriblogy.Patet@e sporousn Fus i on
hydrophobic micrehollow fibers (MHF) are utilized to dissolve oxygen into water under

high pressure creating supersaturated conditiondJsing conventional gas infusion

techniquesthe supersaturated water woulddoeneunstable and oxygen would come out

of solution quickly, as governed by Henryos
problemthrough the MHF technologyand allows for stable elevated concentrations of

dissolved oxygen, which are essential for any biological treatment process. According to

i Ti 6s lthe gPeoruaittisucapable of delivering between 26 and 68 mg/L of DO,

depending on flow rateand pressus(iTi, 2007).

1.3 ThesisObjectives

The focus of this study wa$d delivery of oxygen intdractured bedrockThe main

objectives for the thesareas follows

1- characterize the bedrock aquifer and create a site coiatepodel;

2- evaluatethe gPro technology (irsitu or exsitu) to field siteconditions and
design the remediation setup

3- implement gilot-scaleremediation system using tkelectedechnologyand

4- monitor and evaluate the effectiveness of oxygervelsli

A threedimensionalnumerical modelfor groundwater flow and advectidispersive
transport within a discretelfyactured porous mediumas also developed armdlibrated
to the field conditions



The model was usetb validate the site conceptuahode| to simulatethe observed
distribution of oxygen within the systeandto assess the effectiveness of the oxygen
delivery systemwithin the fracture network and porous matrixinglly the model was
usedto testthe sensitivity of the model tokey prgerties, inorder to focus and/or
optimize field investigations at other sites.

The researchdid not assess the implication of oxygen addition lymrocarbon
biodegradation This was justified on the basis thatirihg the field testing little
utilization of oxygen was noted within the system. The lack of utilization could be
attributed to several factors (time scale etc.) but the reasons were not investigaged.

in this study the delivery and transport of oxygen is considered to be under ideal

(consenrative) conditions.



2.0 Site Background

2.1 Location and Description

The site selected for this studyas a former gas station located withensmall rural
community in southwestern Ontario. The site operated as a fuel dispensing operation
from the edr y 1 @nfil@h& snid 1996 .sHistorical records for the area also indicate
that there were numerous operations in the vicinity of the site that also used petroleum
hydrocarbon products (such as home heating oil and motor oils). As a, tasult
groundwaer plume may have multiple contributing sources of petroleum hydrocarbon
compounds (PH€} including BTEX and PHC F1 ¢C1q) to F4 (G4Csp) compounds

Several orsite nvestigations have been completed by WESA (WESA) to delineate
the groundwater antaminatio and assess remedial option§he groundwater
contamination in the area is defineddigsolvedconcentrations of PHCs (BTEX, F14C
Ci0) to F4 (G4Csp)) above the legislated Ministry of the Environment (MOE) Site
Condition Standards (SCS) (ME) 20Q1) for potable groundwatefFigure 2-1). The
groundwater analytical data used to contour the levels of contaminati@callected
from conventional groundwater monitoring vee{l.5 to 3 m screens) and therefore the
concentrations are verticallytegrated.The groundwateicontamination on sites within
thedolostonebedrockof the GuelpH-ormation.

As part of the remedial effortat the sitet WESA commissioned a vapour and
groundwater extraction system to remediate high levels of PHC contaminaw the
source area and in the core of the plume (main sit€ctober 2006 (WESA, 2006)
These systemseredesigned to address there highconcentratiorcontaminatiorzeone

butdid not affect the lower level PHC contamination in the study area.

Based on the need to remediate the full extent of the groundwater contamiotien

options were assesseadahe objective of this thesestablished.
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To meet thes@bjectives the site was divided into two parts: the main study area that
encompasseshé site propertyincluding the zone of influence resulting from the
remediation system, and a secondary study area north of the site along the main street
(study area). The secondary study area is the focubiofthesisand was located to
ensure the effgs ofthe primarysite remedialoperations would nointerfere withthe

results of tks investigation.

2.2  Regional Geology and Hydrogeology

The regionalQuaternary geologis characteristic othe Dundalk Till Plain physiographic
region a drumlinizel gently undulating till plain extending across the area, and
composed of silty sand to sandy ¢thapman and Putnam, 1984)he geology in the
vicinity of the site consists of 0.6 to 3 medrém) of unsaturated silty sand to sandy silt
overlying fractued dolostoneof the GuelpHormation (WESA, 2006).

The GuelphFormation is distributed throughout southwestern Ontéedweenthe
Niagara and Bruce peninsulas. The formation was deposited in the middle and late
Silurian during the Wenlock to Ludlow ggas. The depositional environment during that
time was reef and inteeef and the deposited rock is described as fine to medium brown
crystalline saccharoidal dolostone or dolomitic limesttirais richly fossiliferous. The
depositional environment rdged in medium to thick bedded units with strong bedding
plain features. The strata strikes to the northwsesatheast and dips to the southwest
(Eyleset al, 1997). The lithological characteristics of the formation have been shown to

be veryregionallyconsistent (Bruntoet al, 2007 and Eylest al, 1997).

The origin of the bedrock jointing in the area is a matter of scientific debate, but studies
have been conductedhich correlate the orientation of the joints to thedarn drainage
features Eyles et al, 1997). At theregional scale, the bedrock joints have been shown to

be influenced by the trend of modern drainage networks (rivers).
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The regional orientation of joints and river trerare within 20° (140° versus 180°,
respectively) andpaststudies have concluded thétesetrends are consisteoter both
theregional and local scadEyleset al, 1997). Locally, the joints trend parallel to the
river, located approximately 200 m sowgtast of the sitavith a strike consistent with the
beddng plains towards the northwesiutheasand dipping to the southwest.

The GuelphFormation has been reported to range in thickness between 4 and 100 m. In
the Cambridge and Guelph areas, the formation ranges betwaan 25 m in thickness
(Brunton et al., 2008). The GuelphFormation hasa lower contact with the Eramosa
Member of the Lockport Formation and with the Amabel Formation. The contact is
gradational over thdepositional area (OGS, 1992).

The top of the Guelph Formation has been signiflgaméatheregdtherefore creating an
interfacial aquifer, with groundwater flowing along the bedrock surface and wiitéin
overburden unitsWithin the study areahé local overburden has been confirmed to be
unsaturated, even with seasonal maximum highsvater levels with a groundwater
elevation within the bedrock aquifer at approximatelyeres(m) below groundsurface
(bgs) (WESA, 2007).

Below the upper portion oiveatheredbedrock the bedrock is moreompetent, but
extensively fractured (Eylest al., 1997)with fracturescorresponding to strong bedding
plain features. The groundwater flow within the unit is predominantly horizontal and
controlled by the bedding plain features. i$hregional bedroclaquifer is unconfined

with groundwater flowfrom the northwestowards the southeast (Bruntehal, 2008).
Local groundwater flowdirections arelargely controlled by the river (located

approximately 200 rsouth-east of the site) and are c@tent with the regional flow.
Site-specific characteraion of the bedrock was based on borehole drilling on site. The

results of the drilling are provided as part of the site bedrock characterizegganted in
Section 3.1.
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3.0 Methods

3.1 Initial Investigation

To characterize thbedock and to establish a site conceptual moalglhased approach
to the investigationrwas completedin which the results from each phase could be
evaliated and used to desigime following phase. Thphasesncludedborehole drilling
and hydraulic testing (packer testing), mtlvel well monitoring and samplingligital
borehole imaging, tracer testing and cressrehole testing.

The methodology for each phase of the itigasionis provided below.

3.1.1 Bedrock Characterization

Thebedock on site was first characterized through the drilling of two 4@ bedrock

test wells (TW1 and TW2) (Figure-D). The wellswere located 3m apart along the
direction of groundwatr flow; TW2was located uggradient of TW1 within the road way
(Figure 31). The wells were completed to a total depth of approximatelylis as
determined based on the maximum depth of contamination detected in dewmllti
monitoring well previouslynstalled in the main study area (WESA, 2008je test wells
werelocatedwithin the road and were positioned to avoid existing infrastructure such as

gas and water mains.
The wells were drilled using air rotary drilling techniques by Aardvark Wellimdyiof

Guelph, Ontario. A 114 mm casing was advanced 30 cm into rock and grout was used to
seal the annulus between the casing and the borehole wall.
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Figure 31- Location of injection well TW2 and dowgradient monitoring well TW.1

The wells were dggned tonsure a seal between the unconsolidated overburden and the
bedrockacross the overburddr®@drockinterface. Following the installation of the casing,

a 98.4 mmdiameterhole was then drilled into the rocto a total depth of approximately
9m hgs

During drilling, the characteristics of theedock were noted andre presented in the
boreholewell logs (Figure 32). Unconsolidated sand and gravel fill was noted from
surface to the top of bedrock at ~ 2.20 m bgs. The bedrockveaacterizedsaa highly
fractureddolomitic limestonelight grey in colourA highly fracturedzone was observed
which extended to ~ 3.0 m bgbkelow whichthe competency of the bedrock increased
with depth.Notable changein thebedock were observed at 5.5 m bgsand at ~ 8.0 m
bgs. At 5.5 m bgsthe colour of thebedock changed to a darker shade of grey with
increased competency and more discrete fractursdepth The final change in the
bedock (~ 8.0 mbgs) again indicatethe competency increase and fewvactures were

noted.
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Major dscrete fractures were noted along the depth of the boreholes andetarained
to be dippng towards the southeast (dogradient from TW2 to TW1 and towards the

river) by approximadly 10 cm over a 3 m distance.

3.12 Hydraulic Testing

Packertesting of each borehole was condudtedbtain direct measurements of the bulk
transmissivityof the formation at 1 m intervals along the depth of the boreh®les
testing used an inflatable straddle packer system and a fadand)injection test protocol
(Richard et al., 2004 The testing method was selected based on the designyfstieen

to function withina range of bulk rock transmissivities from“@?s to 10** m¥s and
the ability to testbased on ane metre testsection.The testing range and the testing
interval allowed for detailed, depth discrete transmissivities to be obtathed
hydraulically active (highest permeability) zonesbe identifiedand the vertical and
horizontal groundwater flowradients to & determinedEach one me¢ interval of the
saturated opemorenole bedrock well was testemhd duplicate tests were performed

everyfive tests to insure quality control

Based on theadoptedmethodology discrete sections of each borehole were isolated
using a pair of pneumatically inflated packarsl then hydraulically tested. Water was
injected under gravity flow througha manometerat the ground surfacethat was
hydraulically connected via polyethylene tubing to the isolated zone in the borBhole.
different manoraters were available depending on the relativenpability of the test
intervalla | arge (40) diameter manoandasmali{ f or mor e
diameter manometer for less permeable inter\idds.rate of decline of the w&x level in

the manometer was monitored and recorded to obtain a measurement of the volumetric
flow rate of the injected water. Theskata were used to estimate the hydraulic
conductivity of the test intervalBulk rock transmissivity was then calculatbdsed on

the estimated hydraulic conductivity and the length of the test inteWaler level

measurements were recorded until the level had dropped below the manometer.
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Down borehole pressurtransducer readings were also recorded and logged in lthéofie

provide information on the static hesthe injection interval.

Borehole TW1 was tested sequentially from bottom to topr& metreintervals to
provide a continuous record of permeability/transmissivities with dé&g#ked on the

results from W1, key zonsin TW2 wereselected for testing

The data analysis methodologwas based on the The equation modified for single

well injection testgRichard et al., 2004 using the following equations:

_abh@ @pd
Q_%n( /rw)g )
re= ZGae—ng (2)

whereQ is theflow rate of water into the systefm®/s) (calculated from the change in

headvd i me observedmanombeeid p, amid ©¥8iwtihe chancg

Hstaid (M), T is thetransmissivity (to be calculateéd m/9), re the radius ofinfluence
estimated from equatio@ (m), r, the radius of the well (m), S is the t®rativity

(estimated at Ibfor preliminary calculationsind t is theotal elapsed time of the test

The storativity and transmissivityere firstestimated (based on the dissipation of the
packer inflation pulse) to calatk the radius of influence. Equatibmasthen solved for
T.

Themet hod assumes that oh i s™ Thecosstast headisan d
valid where it is found to be significantly greater than the change in head used to
calculate Q. A variation in S by a few orders of magnitude results in less than aofactor

three change in T.
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Figure 32 - Borehole logs for TW1 and TW2
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Based on the calculatechnsmissiity for each interval and a one meinterval length
(b), the hydraulic conductivity of each interval was calculatesing the following

equation
T

K=— 3
5 3)

3.1.3 Multi Level Well Installation

Based on thdaydraulically active zones in the roealsidentified from the drillingand
hydraulic testing, the dowgradient well TW1) was instrumented with a Solinst CMT
Multilevel montoring systemwith seven isolated sampling interval$he system
consistedof a 43 mm diameter tube with seven isolated chambers, six in a pie shape
around a center hexagonal chamber. With the exception of the bottom interval which is
the center hexagonahamber, an 8 cm hole was cut into each chamber at the desired
depth and a 50 cm screemsfastened around each hole to create an isolated screened
interval. A screen was placed around the bottom of the pipe for the final interval. The
systemwas loweredinto the borehole and alternating lifts of sand and bentovete
placed around each of the screen intervals to comghletisolated sampling interval at
each depth. A minimum 30 cm of sand pacid bentonite sealas installed between

each interval.

The sampling intervalwerepositioned to target the hydraulically active zonethiwvithe
bedrock; TW1-1 to TW14 (3.5, 4.1, 4.7 and 5.3 m bgs) the upperighly fractured
zones and TW to TW17 (7.3, 7.9 and 9.0 m bg#) the discretelyfractured lowe
zones (Figure3-3). The second test well (TW2) was left as an open bedrock hole to be

used as an injection point for the planned technology evaluation (Bd)re
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Following the instrumentation of TWihe water levelsvere measureth each of the
seven zones and iMW2. The water levels wemmeasuredelative to the surveyed top of
casing using a Solinst water level tape atite groundwater elevatisnwere then

calculated.

Thesedata wereused to calculate the vertical and horizontal gradientstanuketter

characterize the flow of groundwater in the study .area

TW2 TWI1

TWI-1
TWI1-2
TWI3 1.
| TWI4 1
204 20
TWI-5
TWI-6

25+ 25

0] L TW17 ©4

3m

Figure 33 - Instrumentation of TW{monitor well)and TW2(injection well)

The vertical and horizontal concentration distributioB®EX and PHC parametevgere
determined throughhe sampling of each of the zones in TW1 and TewW2several
occasions (November 2006, April 2007 and April 2008)
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Low flow sampling techniques, in accordance with the EPA low fiwatocols(EPA,
1996) were used to sample the seven (7) ports in TW1. Rexticlow density
polyethylene tubing was italed into each sampling poforts were purged using a
peristaltic pump at surface. Flow ratgere maintained betwea 0.1 and 0.5 L/min and a
flow-through cell was used to monitor pH, conductivity and digsblexygen (DO).
These prameters were monitored and ganple intervalpumped until the parameters
stabilized within +/- 5% - 10% or within an absoluterange (+/ 0.2 mg/L for DO).
Stability was deemed attaineshen three consecutive readingdl fvithin the criteria.
The well was sampled once the parametead stabilized to insure that the samples
represented natural groundwater conditianhin the formation Purging and sampling

equipment was decontaminated with illesd water between each well.

The pH andelectrical conductivity measurements were determinegsing a Hanna
InstrumentsHI-98129 pH/conductivity/TDS/C meteDO measurements were made

using an Orion Model 835 Dissolved Oxygen Meter.

Conventional purging and sampling techniques weegluo obtain a sample from TW2.

Water levet within the wellwere measured prior to sampling. The monitoring well was

developed and sampled by purging a minimum of three well volumes using dedicated
WaterraE inertial |iftndoot valves and pol ye

The wells were sampled f&TEX, PHCF1, F2 and F3ractiors, total and ésolved iron
and manganese abtchemicalbxygen demand (BOD)on, manganese and BOD were

not sampled at each sampling event.

The groundwatesamples for BTEX and PH@araneterswere collected in triplicate,
using clean 40nL glass vials with Teflon septa, filled with no headspace, and preserved
with 0.4 mL of 10% sodium azidendstored at 4 until delivered to the lab for analyses
Analyses were performed by the Univerdy of Waterloo Organic Geochemistry
Laboratory in accordance witlhe Canadian Council of Ministers of the Environment

(CCME) standard methodology for petroleunydrocarbons in groundwat¢CCME,
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2001) with modifications as outlined in Appendix A. Dupleaamples were collected

for quality control and quaiitassurance purposes (QA/QC).

BOD samples wereollected in clean 500 mL amber glass bettth Teflon septa,
filled with no headspacéNo preservative wagsed.The sampls were delivered to the
University of Waterloo Organic Geochemistry Laboratory for analyses within 3 hours of
collection BOD analysesvere completedh accordance with the Standard Method 5210
(Eatonet al, 1995) with modifications to optimize analysis of samples containingdileola

organic contaminantChapmaret al, 1998)

Dissolved and total iron and manganese sampégscollected in 125 mL plastic bottles.
Samples collected for dissolved metal analygsefield-filtered using a 0.4%m in-line

Wat err aE fderived anthe feeld dith .5 L of HNO Samples collected for

total metal analyses were not filtered or preserved in the Adldamples weratored at

4°C until delivered to the lab for analyses. The samplese analyzed byALS
Laboratories of Vdtaloo, Ontario in accordance with the United States Environmental
Protection Agencyodos (EPA) methodol ogy for
and Wastes by Inductively Coupled Plaskha s s S p e c(ERAdVietbad R2G0&
ICP-MS).

3.14 Digital Borehole Imaging

Digital borehole imagingvas completedusing a R-CAM 1000 down hole camera
manufactured by Laval Underground Surveyavlich generated a gual representation
of the boréole walls in TW2. The imageallowed for the identification ofdiscrete
fractures and fracture featuresdallowed for better characterization afianges imock

properties such as competency and matrix porosity.
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3.15 Fracture Calculations

Based on the results of the hydraulic testing and the digital borehole im&gwyng
fracture calculations were performéal determine thdracture spacing (2B)ydraulic

fracture aperture (2b), and fracture velociy ).

The fracture frequency was determined by examining the borehole imaging outputs and
countng the number of fractures pemitidepth within the borehole.

Hydraulic fracture apertuse(2b) werethen calculated using the cubic law as derived by
Snowet al.(1968)and as applied blyapcevic et al. (1999) and Novakowskial.(2006)

as follows:

_&4T 228G
-8 8

rg =

2b (4)

where 2b is the averadgydraulic fracture aperture (m), T is the transmissivity from
packer testing M s), € is the viG @A®xgsmy, gdsfthewat er
gravitational constanfl0m/s) , } i s t he de nlBODky/y’) amd 2Bisat er at

the fracturespacing(m).

The fracture groundwater velocities were then calculated using the cublaw
(Novakowskiet al., 2006)

§o o (@0

AL (5)

wherebhis the hydraulic head gradient.
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3.16 Tracer Testing

To confirm the hydrogeological properties of the aquifer and to identify and confirm flow
paths between wells conservative tracer test was completed. The tracer test involved
the injection of 500 L of ater,spikedwith 2470 eg/L sulfur hexafluoride (S, into the
up-gradient open bedrock well (TW2BFK was selected as the tracer due to its
conservativebehaviorin groundwater environments and has been shown to have similar
breakthrough curves to bromide (Gan#inal.,2001). Bromide was used as the tracer for

the injection test on sitas detailed below

Concentration bredgkrough wihin the injection well and dowgradient wells (TW11 to
TW1-7) was monitored over timeWater samples for SFanalysis were collected in
duplicate using40 mL screw capplastic containers fitted with Tefloined septa. The
samples were stored at 4°C until delivered to theversity of Waterloo Organic
GeochemistryLaboratory for analysisThe samples were analysed using a method
developedy the laboratory and described\Wjison et al. 1993)

3.1.7 Cross Borehole Testing

To evaluatethe connectivity of fractures betwedre boreholes and to identify the most
significant conductive fracture@liman et al., 2007 and Paillett al., 1993 a cross
boreholehydraulictest was completed to determine the laytic connection between the

up-gradient well (TW2) ad the dowrgradient monitoring points (TW1 to TW17).

The test involved the injection of water into Tf#low 5.5 m bgsata rae of 5 L/min
for approximately 90 mutesand themonitoring of thehydraulic head responses in the
downgradient monitoring points over timdhe injection was completed within an
isolated interval of the bedrock (below ~5.5 m bd$)e fieldtesting coditions andset
up (packer position, injection conditions etc.gre& consistent withthe injection test

detailed inSection 2.2 below
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Water levels within the monitoring points were monitomdating the injection and

recoveryperiods

3.2 Injection Testing

The oxygen injection test was designed based on the site conditions using the gPro
technology The objective of the test was to evaluate the delivery of the oxygenated water
into the bedrock formation artd evaluate the distribution of injected watndoxygen

within the lower discrete fracture zonEhe test interval in TW2, below 5.5 m bgs was
isolated using packers to assess the conditions within the discrete fractured zone and to
isolate the upper highly fractured rocKhe effects of biodegration as a result of the
addition of oxyge into the formationwere notassessed as part of this test.

Waterwas injectedn two 500 L batches prmixed with sodium bromidéromide)and

treated using the gProechnology prior to injection. The injeoch water wasobtained

from the onsite groundwater remediation system and was collected in a 500 httank
average concentration of 683y Br/L. The treated water exiting tigPro was injected
into theisolated zone (below 5.5 m bgs)TV2 (injectionwell).

Bromidewas selected as the tracer becau$ast been shown to behave conservitive
with little matrix diffusionovershort term time scadeofless than 50 days (Jardiaeal,
1999).

Dissolved oxygen (DO) and bromide concentrations werasared in TW2 duringhe
injection to assess the temporal change in injection water. DO measurements were
collectedin the field through a flowhrough cellusing an Orion Model 835 Dissolved
Oxygen Meter. Bromide concentrations were calculated basedlovoih{mV) reading
collected in the field using an Orion Model 230A pH meter equipptdda Cole-Parmer
2750204 bromide electrode
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DO and bromide concentrations in tihgaction well and in the dowgradient well were
monitored untitheywerewithin the range of background concentratibesveen 1.3 and
7.3 mg/L (as measured in April 200afterapproximately 10 dayg he sample frequency
was adjusted throughout the test to provide a-defined breakthrough curve. The low
sampling ratevasdesigne to minimize distribution tehe flow system

Samples were also collected prior to the start of the injeatistimgy and througiut the

monitoring periodor BTEX, naphthalengandiron analysis.The BTEX andhaphthalene
samples were collected and azald based on the methodology describedbeaation
2.1.3 above

Iron samples were collected in duplicate, using 40seriew cap plastic containers fitted

with Teflonlined septa. The samples were stored at 4°C until delivered tdniliersity

of Waterlm Organic Geochemistry Laboratory for analysis. The samples were a@halyse

in accordance with the Hach Company Method 8008 (FerroVer Method) for total iron
analysis using a Hach DR/2400 Portable Spectrophotometer. The method was adapted
from Standard Methaosl for the Examination of Water and Waste Waldre method

concentration range is between 0.02 and 3.00 mg/L.

A SolinstLevel Logger pressure transducer was placed in the injection well below the
packer to monitor the performance of the packer and therwevel (pressures) in the

injection zone during injection.

3.3  Modelling Approach

The modekhoseno simulate the oxygen injection tegsasthe discrete fracture network
model HEATFLOW/SMOKER (Molsonet al 1992 Molson and Frind, 208). This
modelconsiders advectivdispersive tansportof a dissolved phase component (or heat)

within a porous matrix andr a discretefracture network.

26



The HEATFLOW/SMOKER model assumesarisportis governedwithin the 3D porous

matrix bythe general advectivaispersive transport equation given: by

LgDij Eg‘ 3i E = & (6)

X g = KX;g ot

wherex; are the 3D spatial coordinatés = Xx,y,z), c is the dissolved (aqueous phase)
concentration (kg/M (in this case oxygen)D; is the hydrodynamic dispersion
coefficient (n¥/s), v; is the average linear groundwater velocity (m/s) aigltime (s)
(Figure3-4).

Figure3-4 - Configurationof the quadrilateral elements representing the porous matrix in
the numerical model;ancentrationgsrecomputedat each of the nodes (Molsé&nFrind,
2009).

The dispersion coefficienD; in equation §) includes mechanical dispersion and
molecular diffusion (see Molson et al. 1993)mplified to a 1D system, for example; D
can be defined agd, =A v +D* whereA_is the longitudinal dispersivity (m) anid*

is the molecular diffusion coefficient @s). The ternD* represents diffusion through
the bulk porous medium, and is in turn definedDds= D, JOwhere D, is the diffusion

coefficient in water(1.97 x 10° m%s; Wilk et al, 1955)and ] is the tortuosityfactor
(Freeze an€herry, 1979Aachibet al, 2004).
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The HEATFLOWSGMOKER numerical modesimulatestransport inthe fractures by

solving a similatransport equation withiD planar fractures according to

KL MEC) Mgy 8 e ()
Moo g & 8 "8zl
where b is the half fracture aperture mnd c¢c& i1 s the concentratdi

(Figure 3-5). The last term on thd.h.s of (7) accounts for mass transfer across the

fracture/matrix interface.

The fracture velocitieareassumedjoverned by the cubic law defined as follows

- (2by
3=—7 h 8
1 P (8)
where 2b is the fracture aperture (m)is the visosity (10°k g/ ms) and } the
(kg/n?) of water, g is the gravitational constant (fn/and Bhis the hydraulic head

gradient.

iy

Figure 35 - Geometric arrangement showing how 2@cturesare overlain onto the
porousmatrix (MolsonandFrind, 20().
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The HEATFLOW/SMOKER model solves the coupled equaticBasing the Galerkin
finite element method. Model verification examples and model details are provided in
Molson et al. (1992and Molson andFrind, 20®.
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4.0 Field Resultsand Interpretation

4.1 Site Characterization

411 Hydraulic Testing

Transmissivity and hydrauliconductivity values were calculated for each hydraulic test
interval using the Theim equation methodology as described in Section 2.1.2 (Richard et
al., 2004). Data used for each calculation included static hydraulic heads, selected
pressure transducer readings and volumetric flow rates of the injection water. The results
are summarized in Tablé-1 for each interval in the test wells and full results are

provided in Appendix B.

Table 41 - Hydraulic Testing Results

Depth Center
Well Interval Depth K (m/s)
(m) (m)

TW1 1 8.0-9.0 8.5 4.00E07
2 7.0-8.0 7.5 5.00E06

3 5.3-6.3 5.8 2.00E06

4 4.3-5.3 4.8 1.00E05

5 3.3-4.3 3.8 1.00E05

TW2 1 8.0-9.0 8.5 6.00E07
2 7.0-8.0 7.5 7.00E07

3 6.4-7.4 6.9 2.00E07

4 5.4-6.4 5.9 1.00E07

5 4.4-54 4.9 3.00E06

duplicate 5 4.4-5.4 4.9 4.00E06
6 3.4-4.4 3.9 1.00E05

duplicate 6 3.4-44 3.9 1.00E-05

Thebulk hydraulic conductivies of thefracturedbedrock were found to range from™10
m/s to 10’ m/s. Based on the results of the hydraulic packer tedtiegrock can be

divided into three zonegiven the calculatedydraulic conductivity.An upper zone
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defined with an average hydraulic conductivity of 1.0 ¥ h@/s extending from the top

of rock (2.0 m bgs}o ~5.5 m bgs, a second zone with an average hydraulic conductivity
of 1.0 x 10° m/s (~5.5 to ~® m bg3 and a lower zoné~8.0 to ~9.0 m bgg with an
average hydraulic conductivity of 1.0 x" 16n/s.

Throughout the hydraulic testing, duplicate tests were conducted every five intervals to
test the reproducibility of the injection flow rates and the equipment assembly. Duplicate
tess were reproducible within less than one third of an order of magrotudeaelative
percent difference of 28.5%dicating that both the manometer readings for the flow rate
calculations and the equipment assembly were consistent duriragite hydraulic

testing.

4.1.2 Groundwater Flow and Contaminant Distribution

Following the instrumentation of TWihe water levels in eaddf the seven zones (TW1
1 to TWZ17) and in TW2 were measured on several occasions (TableAgpril 2008
levels are condered most representative and wesed to calculate the vertical and

horizontal gradients and to better characterize the flograafndwater in the study area.

The horizontal gradient recorded in April 2008 between TW2 and-#\ias 0.01. The
static waer level in the open borehole, TW2, was reported at 3.03 m bgs (395.63 m asl).
The water levels in the isolated intervals of TW1 showed two distinct zanegpper
zonethat extended frorffW1-1 to TW14 with an average groundwater elevation at 2.91

m bgs(395.69 m asl|)and alower zonewhich extended frorTW1-5 to TWZ17 with an
average groundwater elevation of 7.53 m bgs (391.08 m asl).

31



Table 42 - Groundwater Elevations

Total Water Water Water Water Water Water Water Water Water Water Water Water

Wwell well E(Iaer\(/);tri]gn I;/Yef)ltlh (rlhe;el Elevation Level Elevation | Level Elevation | Level Elevation Level Elevation | Level Elevation
Id Depth (mas) (m.as) .bgs) (m.asl) (m.bgs) (m.asl) (m.bgs) | (m.asl) | (m.bgs)| (m.asl) (m.bgs) (m.asl) (m.bgs) | (m.asl)
(m.bgs)
08-Nov-06 25-Apr-06 25-Apr-07 07-Nov-07 24-Jan08 22-Apr-08

TW1-1 35 398.6 395.1 3.01 395.59 3.00 395.60 3.00 395.60 dry dry 3.05 395.55 2.90 395.70
TW1-2 4.1 398.6 394.5 3.00 395.60 3.00 395.60 3.00 395.60 3.89 394.71 3.03 395.57 2.89 395.71
TW1-3 4.7 398.6 393.9 3.02 395.58 3.05 395.55 3.05 395.55 3.88 394.72 3.03 395.57 2.93 395.67
TW1-4 5.3 398.6 393.3 3.02 395.58 3.10 395.50 3.10 395.50 3.88 394.72 3.60 395.00 291 395.69
TW1-5 7.32 398.6 391.28 dry dry dry dry 7.35 391.25 dry dry 7.7 390.83 dry dry
TW1-6 7.9 398.6 390.7 7.51 391.09 7.75 390.85 7.75 390.85 7.93 390.67 7.50 391.10 7.46 391.14
TW1-7 9 398.6 389.6 7.81 390.79 8.06 390.54 8.06 390.54 8.36 390.24 7.91 390.69 7.59 391.01
TW2 9.05 398.7 389.65 3.10 395.60 3.07 395.63 3.07 395.63 3.92 394.78 3.16 395.54 3.03 395.67
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The vertical gradient within the upper zone was neutral (amasd between TW1 and
TW1-4), while astrong vertical downward gradientl(75) was estimated between the
upper zone and the lower zone, as sneed between TW4 and TW16. There was also

a weaker {.12) downward gradient meared between TW@& and TW17. Being an
open hole across bottones the water level in TW2 represents an equilibrated head

between the two systems.

The vertical and horantal concentration distribution of key chemical parameters was
then determined through the sampling of each of the wells-TWALTW17 and TW2
(Appendix Q.

A limited amount of information is available about the contamination in the study area
andwith the lack of historicainformationit is difficult to characterize the distributiayf
petroleum hydrocarbon contaminatidhis assumed that some natural attenuation of the

contamination has occurrdaljtthe age and origin dhe source is unknown.

The horizontal extent of the contamination was defined by WES®W the April 2007
monitoring andfrom sampling everst that took place on site (WESA, 2007). The
contaminatiorzone isdefined by concentrations of PHC (F1 + F2) above the MOE Table

2 Ste Condition Standard f 100MOE 2005)ande xt ends al ong St
Street East towards Gowrie Street, including TW1 and TW®@ure 2-1). The
concentration of PHC (F1+F2) in TWM1 wa s 1 9 8 @xadlajeftaldelineatioreis
uncertaindue to thelimited number of monitoringpoints. The April 2007 datavere

collected prior to any active reghation within the study area.

The verticaldistributionof contaminants can be best represented by the concergiattion
ethylbenzene inthe TW1 well. The maxinum concentration was reported in TV at

334 Led/above t he S0OrMsentmtions 2herddeceegsedLwith depth in
TW1-2, TW1-3 and TW34 at 6. 41, 2.39 and 1.44 ¢gl/ L,
zones, concentrationat TW1-6 and TW217 were abve the SCS at 3.6 and42¢ g/ L,
respectivelyBased on the vertical distribution of contaminants within these vitetian
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be noted that contamination is concentrated within the upper zone budsaxt¢ine full
depth of investigation. This suggestattlsome hydraulic connection exists between the

upper and lower zones, 4gpadient of TW2 and TW1.

Total and dissolved iroand manganese samples were collected in November 2006 to
help in the technology assessmefspgendix Q. The totaliron concentratins ranged
between 0.34 and 8.08 mg/L in T¥8land TW16. The results in the open bedrock well
TW2 were 0.59 mg/L. A similar range was noted with the dissolved iron. A minimum
concentration of 0.3 mg/L was reported in T\A®and TW14, the concentration doped

from 8.08 mg/L to 0.48 mg/L at TWa between November 2006 and April 2007, a
maximum concentration of 6.21 mg/L was noted in Fvdnd a peak concentration of
0.39 mg/L was observed in TW2. Dissolved manganese concentrations showed a
minimum concentr#on in TW1-2 at 0.019 mg/L and a maximum of 0.132 mg/L in TW1

1. Total manganese concentrations reflected similar concentrations with a minimum in
TW1-2 of 0.015 mg/L and a maximum of 0.157 mg/L in TA&/1

Dissolved oxygen (DO) analyses were completesstablish base line conditions on site.
DO concentrations ranged from 1.6 mgith TW1-1 to 90 mg/L in TWZX2. The
concentration iMW2 was 22 mg/L Appendix Q.

BOD samples were also collected to establish a baseline prior to the start of any
remediatbn (oxygen addition) activity on sitélhe results ranged from a minimum in
TW1-4 at 0.13 mg/L to a maximum in T\M of 15.7 mg/L Appendix Q. The BOD
results vere not used as part of this thebist were collected to establish baseline

conditions.

4.1.3 Digital Borehole Imaging

Based on the results of the imaging, major changes within the rock were notete and
discrete fracturegerei denti fi ed. A distinct transition

at ~ 3.8 m hgs, dividing the upper zone ideatifduring the hydraulic testing into two
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zones Zone 1 and Zone 2a. The averdgek hydraulic conductivity for both zones is 1.0
x 10° m/s but based on the imagirtgo distinct rock characteristiogerenoted. Zone 1
was highly weathered witlonly a few discrete fractures. With increasing depth the
competency of the rock increased aederaimorediscrete fractures were identified. The
discrete fracturewithin this subzone (Zone 2a) were identified a¥+1, 4.7 and 5.2 m

bgs. The characteristics dfetrock seen in Zone 2areconsistent to a depth 6f8.0 m
bgs, with discrete fractures also noted at9556.45, 7.29 and 7.47 m bgs.

Figure 4-1 - Borehole imageshowinga) porous matrix irZone 1 b) highly fractured
rockin Zonel, c) and d) dicrete fracturem Zone2a

Based on the results of the hydraulic testing, a transition in the hydraulic conductivity of
the rock (from an average hydraulic conductivity of 1.0 X a0s to 1.0 x 16 m/s) was
noted at ~ 5.5 m bg3.herefore Zone 2b wa iderified from ~5.5 to 8.0 m bgsBelow

~8.0 m bgsareduced fracture frequency alwver rock matrix porosity were noted (on
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visual inspection). The change in rock characteristics is consistent with the change in
hydraulic conductivity at that depths identified during the packer testing. Therefore a
third zone (Zone 3) was identified below a depthapproximately 8.0 m bgsmages

showing features of the rock are provided in Figufie 4

The results of the investigation waerempiledto create &ite conceptual model as shown
in Figure 42. The figure identifies the four zones within the rock (Zone 1, Zone 2a, Zone
2b and Zone 3) based on the rock characteriatidsthe hydraulic conductivity.he site

conceptual model is summarized in Secddhbelow.

4.1.4 Fracture Calculations

Given theproperties of the bedrock determined through hydraulic testing and digital
borehole imagingthefracture spacing (2Bhydraulicfracture aperture (2b), and fracture
velocity (nr) were determined for each of theajor fractureswithin each of the
identified zones

Based on the highly weathered nature of the upper bedrock, the fracture frequency could
not ke determined for Zone For the remainder of the borehole (~ 3.8 m bgsX® m
bgs), one fracture was present on averagedohhalf meterof rock (2B =0.5m), based

onimages of théoreholewall.

Fractures identified within Zone Z#&actures 5, 6 and 7Af the site conceptual model
were calculated to havefracture apertwof 183¢ nmand a fracture velocity df.37 x 10

® m/s,based on thbulk hydraulic conductivity of 1.& 10°m/s and a fracture spacing of
0.5 m Within Zone 2b the fracture aperturesrecalculated al46 € mwith a fracture
velocity of8.7 x 10* m/s, based m abulk hydraulic conductivity ofl.0x 10°m/s and a
fracture spacing d.5 m The fractures identified in this zone dabeled numbers, 2, 3
and 4
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Figure 42 - Site conceptual model showing injection well (TW2), the 7 monitoring pointsnnitid monitor well TW1and the
major fractures identifieddm the borehole logs and video
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415 Tracer Testing

A conservative tracer test was completed to confirm the hydrogeological properties of the
aquifer and to identify and confirm flow pathsween wells TW1 and TW2. The initial
concentration of Sfin the injected water was 28 2g/L. The breathrough ofthe tracer

was measured in the dowgradient wells (TW1l to TW17) (Figures 43). The ull

tracer test datsetis provided in Appendi®.

Tracer breakthrough was olpged in three of the seven dovgnadient monitoring points
(TW1-2, -3 and-4) completed within Zone 2a. No response was noted in-IT\{Zone
1), TW1-6 (Zone 2b) or TW47 (Zone 3). It should be noted thaettime of breakthrough
of themaximum concentration in TW1 (TWAto TW214) was not likely seen due to the

sparse sampling frequency.

The results of the tracer tesibwever, did confirma hydraulic conection betweeithe
injection well (TW2) andthe monitoring points compled in Zone 2adown-gradient
Note that thanjection well (TW2) and observatiowell (TW1) are only 3 m apartNo
response was noted within th@per (TWZ1) or lower monitoring points (TW-6 and
TW1-7) completed in Zones, 2b and 3, respectively. The kaof response in thepper
zone indicates that there is no direct vertical connection between theomjeetl and
the down-gradient upper zondNithin the lower zonesthe lack of responseould be
attributed to the injection of the tracer into the entipen borehole as opposedting
injectedinto a discreetly isolated interval, as used for the cross borehole and injection
tests detailed below. Trapenhole tracer injection could potentially result in the injected
tracer being prefengially transpaoted through theliscrete fractures artirough the more
highly conductive matrix of Zone 2a

The results of th&F;tracer test confirmed a hydraulic connection between the two wells

within Zone 2a and showed that the monitoring well network could dsoused to
monitor the effectiveness of the oxygen delivery technolaigyin those zones

38



0.8

0.7 A

0.6 1
——TW2

—=—TWI1-1
05 A
——TWI1-2

C/Co

0.4 - —*—TW1-3

—=—TW1-4

0.3 A

0.2 A

0.1 4

0.0

0 20 40 60 80 100 120 140 160 180 200
Time (hours)

Figure4-3 - SK; tracer tesbreakthrough curves

4.1.6 Cross Borehole Testing

A cross borehole pressure test wéscompleted to characterize the connattiof the
fractures betwen boreholes. Dayewis et al.(2000 showed that by examining the
drawdown versus time graphs fowo wells, the connectivity between thecan be
determinedDuring pumping or injectionthe borehole intervals that are connecbgda
high permeabilityzone show similar drawdown responskéghe borehole intervalsvere
not connected by a highydraulic conductivityzone the drawdown responseould be
different(Day-Lewis et al.2000).

The hydraulic head response in each ofrttmaitoring points wasnonitored anglotted
versus timg(Figure 4-4). Results of the test are detailed below. It should be noted that
following the injection, the monitoring points began to recoweth the recovery being
consistent with the injection salts at edt of the monitoring locationg:ull results are

provided in AppendiD.
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No hydraulic response was noted in T\ Iwhich wascompleted in the upper zone
Zone 1. The resultsonfirm those of thdracer andnjection test(below), which showed
no direct hydraulic conection between the injection well (TWahd TW1 or between

thelower zongZone &) andthe upper zoné&one 1).

Within the lower monitoring points(TW1-2, TW1-3 and TW24) that werecompleted
within Zone 2athe upper zone and abe the packedff interval in the injection well
respectivelyan approximately 5 cm increase in water level was noted within the first 200
seconds following the start of the injection. Minor fluctuations were noted within these
monitoring points over mhe but remaied relatively constant throughout the injection.
The results confired that these monitoring pointswere completed on discrete fractures
within the bedrocKsee conceptual model in Figur@¥and that thérorizontalhydraulc

connection is sbng.

TW1-6 saw nohydraulic head response g&cm). The results confirm that there is no
direct hydraulic connection betwedine injection interval and th@W1-6 monitoring
point and therefore thmonitoring point isclearly not positionedirectly inline with an
interconnected discrete fractuffeacture 1, see Figure-2) but is likelyoffset from tre

fracture based on the position identified from the down hole camera images

The results of the crodsorehole test indicatiethat there is stronghydraulic connection
between the injection well (TW2) and TW1 The hydraulic head response was rapid
(0.54 m in 390 seconds) and then stabilized, for a total increase of 0.73 m over the 90 min
injection period.Based ortheseresults the connection is ssumed to be a nel$ of the
injection pressurelThe injection of water under pressure created a hydraulic connection

thatmay notbe present under natural flow conditions.

Overall four main conclusions can be drawln a lack ofhydraulicconnection wth the
upper zone (Zone 1) was confirmed,astrong hydraulic connection along the discrete
fractures was noted within the systdifiw1-2, 3 and 4), 3the testconfirmed that
monitoring point TW16 must beoffset from fracturel since there is no hydraid
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connection to the injection well, and therewasa strong hydraulic connectidretween
the injection well (TW2) and the dowgradient monitoringpoint TW1-7 located in Zone
3.
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Figure4-4 - Cross borehole test results of hydraulic head versuesstimowing response
at:a) TW11 to TW14, and b) TW16 and TW17.
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4.2  Summary and Site Conceptual Model

Based on tis investigation a site conceptual model was developddch is presented in

Figure4-2 and summarized belowl he rock has been dividedanfour distinct units:

Zone 1 - Extends from the top of rock (2.0 m) to ~ 3.8 m bdmsan averageéulk
hydraulic conductivity of 1.0 x T0m/s andis highly weathered There is no direct
hydraulic connection between the injection well and Zone 1 eyadient (as seen in

TW1-1) or with the lower zone (Zone 2a).

Zone 2ai Extends between ~3.8 and 5.5 m byss an averagebulk hydraulic
conductivity of 1.0 x 10 m/s, containsdiscree fractures at ~4.1, 4.7 and 5.2 m bgs
(fractures 5, 6 and 7Thehydraulic fracture aperturesithin this unitwere calculted to

be 183 um wittgroundwater velocities df.37x 10° m/s.A strong hydraulic connection
was confirmedacross the unibased on the response between the injection well (TW2)
and the dowsgradient monitoring points completed this unit (TWZt2, 3 and 4)The

results were consistent from the initial tracer testing and cross borehole testing.

Zone 2b 1 Extends between ~5.5 and 8.0 m byss an averagebulk hydraulic
conductivity of 1.0 x 18 m/s, containdiscree fractures at ~ 5.95, 6.45, 7.29 and 7.47 m
bgs(1, 2, 3, and 4)The hydraulic fracture apertur@sthin this unit were calculated to be

146 pm wth groundwater velocities of 8.7 x 1@n/s. Limiteddown-gradientmonitoring

data vereavailable within this unitMonitoring point TW15 was completed within this

unit but was found to be dry for the duration of the investigation. The monitoring point
was suspected to have been damaged during installdWt-6 was als completed

within this unit. The results of the cross borehole test indicated that the monitoring point
was off-set from a discrete fracture and therefore does not provide direct evidence as to
the behavior of Zongb.

Zone 31 Extends between ~8.0 m and the bottom ofiibeehole (~9.0 m bgsandhas

an average bulk hydraulic conductivity of 1.0 X"¥f/s.No discreet fractures were noted
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within this zone at the depths investigated. Based on the results of the cross borehole
testing a strong hydraulic connection was edtbetween the injection well (TW2) and

the downgradient monitoring point (TWZ) located within this zoneThe hydraulic
connection was a result of the injection under pressure and would not exist under natural

conditions.

The groundwaterevels within the upper zonesZfpnes 1 and Jaare on average
approximately3.03 m bgs (395.63 m asl) whereas the lower zones (Zones 2b and 3) have
an average groundwater elevation of 7.53 m bgs (391.08 mTas)water levels on site
confirm two potential flow systas. The injection well (TW2) is completed across both
systems whegesthe downgradient monitoring points are isolated monitoring points with
TW1-1 to TW214 (Zonesl and 2a) in the upper system and F&/and TW17 (Zones

2b and 3) in the lower system.

Contaminationwithin the rock is concentrated within the upp&o zones but due to the
strong downward gradientand apparent connectivitysome contaminationhas also
enteedZones2b and Jseeanalytical parameter table in Appendix C)

Based on work @mpleted on site byWWESA (WESA, 2006)the matrix porosity was
assumed to be 0.1%vhich falls within the range of the regional aquifer of 0.11 to 0.17
(Novakowskiet al, 1994) The hydraulic conductivity of the rock matrix 1s0 x 10

m/s

4.3  gPro® Technology

i Ti s High Pressur e G% was seledted i evatuatidnenctfisn ol o gy
study. An exsitu system was selected over assitu version of the technology due to the

high iron concentrations in the groundwater. There was concerthéhigh iron would

interfere with the operation of the system causing the internaibnaames to become

plugged if excessron precipitated in the presemof oxygen.Treated water from the
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groundwater remediation system on the main site twaseforesdected as the water
supply. The groundwater from the remediation system is consistent in chemistry with the
groundwater on sites€e #luent samplen Table4-3) but has been treated through an air
stripper to remove the hydrocarbon contamination. Thralighremediation process, the
iron precipitates out of the water atitlsthe iron concentrations in the treated water
(Table4-4) are significantijlower than in the natural groundwater and therefore would

not interfere with th@peration of the technolgg

In addition, a mobile unit was constructed to fit into the back of a cargtovVagilitate

mowving on and off the sit€Figure 45). The system design involved a 30@olding tank

with the discharggiped to the gPro® unit. Discharge from the gPro@t was attached

to the top of a dowamole setup that included an inflatable packer and sampling port.
The system was closed from the discharge of the tank to the open bedrock hole below the
sealed packer. A generator was used to power the gPro® whiftoan rates were set

using the discharge valve from the tank and the regulator on the gPro® unit. The gPro®
unit was operated in accordance with a Mobile Certificate of Approval (air) issued by th
Ministry of the Environment.

Figure4-5 - gPrd” unit photos

44



4.4  Injection Test

During the injection testhe treated water exiting the gPravith an averagelissolved
oxygenconcentrationfmeasured in the welbf 26.4 mg/L, was injected into TW2tlie
open bedrock well) at a rate of approximatelyLrhin for 44.2minutes then stopped for

29 minutes(to refill the tank) and themjected at 10.6 L/min for 37 .@inutes for a total
injection volume of 884 LDissolved oxygen (DO) and bromide concentrations were

measured in TW2 as often as possible aneast every 5 minutes during injection.

TW?2 continued to bemonitored for 212 hour$8.8 days)until oxygenand bromine
concentrations had returned tackgroundlevels (~5.2 mgO,/L, and not detected,
respectively. Concentrations abxygen bromide andron at TW1 (all sevemonitoring

ports) were sampled as often as posdiblgeneratehe breakthrough curves. Sampling
started 40 minutes after the start of the injection and continued for 212 hours. The
observeddistribution of oxygen andhe conservave bromide traceresults from the

injection test are provided belowabulated results are providedAppendixE.

The pressure in the injection interval during injection, as monitored by the pressure
transducer, reported an increase to ~ 50 m of hbawk the static level of ~ 4 nThis
increase was noteduring the first injectionperiod, returred to static between thewvo
injections and therincreagdagain during the second injectipariodbefore returning to

static conditionsor the remainderfahe test

4.4.1 Dissolved OxygerDistribution

Breakthroughcurves ¢oncentration over timejvere developed fooxygen at each
monitoring point andhe dbservatios and interpretation at each of the monitoring p®int

areprovided below.
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TW2- Within the injection well the oxygen ancentrationseacledtheir maximumat the
time of injection and decreasexponentially to 20%f the peakinjection concentration
after 44.25 hoursdecreamg to less than 10%over the remainder of the monitoring
period @12 hours) (Figurd-6).

The shape of the breakthrougtrve characterized bghap peaks and a diffusivike

tail, is consistent with that seen at another fractured bedrock site vetlgmilar
dolostone uni{fNovakowski et al., 1995)The shapsuggsts that a significant amount of
oxygen has enterethe matrixaround the injection well, assumed to be a result of
advective transport due to the pressure gradients during injection. The diffksival

noted on the breakthrough curves is a resuthefback diffusion of the oxygen from the
matrix. It should also be noted, however, that the migraifasxygeninto the matrix is
limited by the short injection time and possibly due to some loss of the injection pulse
into the fractures.
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Figure 46 - Oxygenconcentrationat the injection well TW2

TW1-1is located in the highly weathered and fractured Zone 1, above the injection zone.

Oxygen concentrations rarely rose above background (1.8 mg/L); highest concentrations
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were noted at or after 30 hsu(4.8 mg/L) and again at 212 hours (4.7 mg/L) (Figure
7a).

The results indicate that there is no direct connection via a discrete fracture between the
lower zone (injection zone) and the upper zone (Zoneahsistent with the results of the
initial tracer testing and cross borehole testing. The appearance of oxygen within this
monitoring point at later times could indicate thare is a vertidacomponent of flow
between Zone 2and theupper zongdZone 1)despite thdack of hydraulic connection

noted with the cross borehole tbstween these intervals.

TW1-2, 3 and4 are completed in fractures within the upper discrete fracture network
zone (Zone 2a) and above the injection zone in TB&&ed on their rapid response, it
can be suggested thaetoxygen pulsepropagatedapidly through the fractures to these
monitoring points3 m davn-gradient from the injection welllhe breakthrough curves at
each of these monitoring points asenilar and mirrored those of the injected pulses
(Figure 47 b). The concentrations of oxygereached approximately 20 mg(B to 22

mg/L) after approximately 2 hours in T2 and TW13. At each of the monitoring
points the oxygen concentrations remained above background after 212 hours with a

70% reduction in concerattion after the first 18ours(Figure 47 b).

The rapid breakthrough aikygenat thesedown-gradient monitofocations suggests the
injection waterhad moved through the fractures by advective transptmt.previous
studies within fractured rock,epk tacer concentration arrival tirm@nd breakthrough
curve shapesvere found to changelependingon the diffusion coefficienand on the
distance of the monitoring point from the injection pdiNbvakowski et al., 1994nd
1995.

TW1-61 A peak oxygen carentration of approximately 3 mg/L was reached after 4.5

hours. Concentrations remained above background levels for over 212 hours. The bulk of

the oxygen was removed after 61 hours (Figuver).
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Based on the initial testing completed on,dités monitoring pointwas concluded to be
located approximately 0.2 m frofracturel within Zone 2b(Figure 42). Because Dits
muted response, the shapkethe breakthrough curve at T\AAlLis likely the result of
diffusive transport within the matrix and not fincdirect transport within the fractures, as
was seen in the monitoring points detailed above (RWVIW1-3 and TW14). The
response at TW6 can be explained by assuming that the injection pulse had migrated
through the nearby fracture which was-sét by0.2 m from TW16. From the fracture,

the oxygen wadransported by diffusion into the matrix, eventually reaching the monitor

point.

TW1-7 7 This monitoring point is within the lower aquifer zone (Zone 3). Oxygen
concentrations at this monitoring poiimcreased slightly over time, with a peak
concentration of3.7 mg/L (background of 0.11 mg/L) after 31 hours and remained
slightly above background throughout the remaining monitoring period (Figard)4
The oxygen breakthrough at this location is ¢stest with the diffusion of oxygen

throughthe matrixand into the monitoring point over time.
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Figure4-7 - Breakthrough curves for oxygen the downgradient monitor points a#)
TW1-1, b) TW1-2, 3 4, c) TW16, andd) TW1-7. Note differentcorncentration scale for
plot b).

4.4.2 Tracer Distribution and Comparison

Bromide tracer breakthrough results were plotted as normalized concentrations (C/Co)
versus time and were compared dgygen concentration®Results from the bromide

breakthrough anthe comparison at each monitoring point are detailed below.

In the injection well(TW2), the concentrations of oxygen and bromide followed similar
initial trends (Figure4-8). The concentrationgpealed at the time of injection and
decrease exponentiallyfor the remainder of thenonitoring period (212 hours). Over
time the bromide concentrations decrease more rapidly to background conditions
compared tptherefore a variation in the breakthrough curve tails can be noted (lack of

diffusive tail on the bromde breakthrough curve). The variation in the breakthrough
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curve tails confirms the transport of oxygen into the matrix and the resulting back
diffusion over time.

Within TW1-1 (Figure4-9a) bromide concentrations peaked afte8 Rours (22mg/L)

and renained above backgrourmbncentrations until after 4dours before returning to
background conditions. The bromide trends did not follow those of oxygen at later times
with the oxygen concentration continuing to increase over time. The transport of bromide
at this location confirms a vertical connection between Zone 1 and Zoffmitea
transport of bromide and oxygen into Zoneathyl indicateshat a portion of the transport

is due tomatrix diffusion with the oxygemoncentrations increasing with tigleut the

bromide returnso background

At monitoring points TW12, 3 and 4, bromide concentrations also reached a normalized
concentration (C/Co) of ~1.0 after approximately 2 hourshei€C/Co valuefor oxygen

only reached 0.78also after 2 hours. Ataeh of the monitoring pointsbromide
concentrations returned to within the range of background concentréd@if®s ~0.18
approximately 44 hours after injection. The rapid breakigh of bromide at these down
gradient monitor locations confirnalvectve-dominated transpothrough the fractures
(Figure 4-9ad). The lack of diffusive tails noted with the bromide curves confirms the
transport of oxygen into the matrand resulting back diffusion.

The breakthrough curves for oxygen and bromide at -Bvdlfle similar in shape but not
magnitudg(Figure4-9¢). The normalized (C/Co) concentration for oxygen is greater than
that of bromide (peak concentrations of oxygen of C/Co = 0.14 after 1.42 hours versus
C/Co = 0.08 after 4.5 hours). Concentrations renthai®ove background levels for over

212 hours.
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Figure 48 - Normalized concentratioffC/Co) breakthrough plots for oxygen and
bromide inthe injection well,;TW2.

The maximum normalizedoncentration of bromide measured at T9/«vas 6% less

than that ofoxygen and concentrations returned to background levels within 50 hours of
injection while increased concentrations of oxygen persisted. Bromide concentrations
returned to backgrounkvels quickly duethe natural upgradient wateibeing flushed
through he fractures (under natural groundwater flow gradiefts¢se results confirm

that thedissolvedsolutes werdransported by advectioimrough a nearby fracture and

thatoxygen transport into the monitoring point veagesult of matrix diffusion.

The beakthroughcurves for oxygen and bromide at TW1lare very different in shape
and magnitude (Figuré-9f). A peak normalized bromide concentration of C/Co = 0.48
was observedt about 6hours. Oxygen concentratioabove background @veminimal
with a pe& of C/Co = 0.16after 31 hourgbackground of C/Co = 0.18nd remained

slightly above background throughout the remaining monitoring period.

The bromide breakthrough suggests that the transport was not dominated by diffusion but

by advective transporhtough the matrix. This can be confirmed with direct hydraulic
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connection noted between the injection well and T¥Mtom the cross borehole testing.
The variation between the oxygen and bromide breakthrough curves could be attributed
to the diffusion ofoxygeninto the matrix along the flow path onight beevidence of

oxygen utilization within the system
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4.4.3 Summary

Based on theesults of the injection testing and tb@mparison between the oxygen and
the bromide breakthrough curygee mechanisms for transport of the solutes within the
system were explained. The initial transport intodpgtem was dominated by advective

transport through the fractures and into the matrix and then transported)daient.

The main conclusion noteat several monitoring locationsas that oxygen persisted
somewhat longer than bromide. The persistenaaxpenwas noted with the diffusive
like tails seen on the breakthrough curves. The diffusive tails on the oxygen breakthrough
curved could be attributed toa slower rate oback diffusion of the oxygen into the

fractures.

The variation indiffusion rae of oxygen relative to bromide could be attributed to the

variations in their diffusion coefficients. The bromide diffusion coefficieBt )( is

reported to be 1.1 x & m%/s in water (Jardine et al., 1999), whereas the diffusion
coefficient of oxygen is 5.0 x 1m?s in water (Wilket al, 1955). Neglecting the effects
of tortuosity, tracers with larger molecular diffusion coefficients will be preferentially
lost to the matrix porosity relative to tracers with smaller diffusoefficients (Jardine et
al., 1999).

Another factor that can contribute to the difference in shape between the oxygen and
bromide breakthrough curvegs oxygen utilization. Under conservative (A@active)
conditions and advectivelominated transport,né normalized oxygen and bromide
breakthrough curves would be similar in shape, as seen inZ/\V8land-4. However,

when the oxygen is utilized by microbial activity, the concentrations should decrease with
respect to the (normalized) bromide concerdreti(TW217). However in this field case,
there is very little evidence of consumption of oxygen noted at the monitoring locations.
This could be due to the high velocities in the fractures (measured at 8.Zrt0

1.37x10° m/s), relative to the rate okggen utilization (0.16 mg/L per hour, Johnston et
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at., 1998). No additional work relating to the utilization of oxygen within the system was
completed as part of this investigation.

4.4.4 Hydrocarbon Concentrations and Distribution

Prior to injectionand for the duration of the monitoring periagdmples were collected
for analysisfor BTEX andnaphthalene, a PHC within the F1 range (Apper@ixThe

results are provided for reference purposes and notaddaal objective of this thesis

The variatons in concentrations of the selected components analyzed prior to, during and
after the injection, indicate that the injection creaesdiug of water that moved through
the system to create a zone of treatment arthmdhjection well and the dowgradient

monitoring well.

4.4.5 Iron Concentrations and Distribution

The total iron concentrations within the monitoring points were measured prior to
injection and for the duration of the monitoring period. The samples were collected to
assess the potential cfgge in oxidation conditions within the aquifer as a result of the

addition of oxygen. The results are provided in Appedix

The concentration of iron at each of the monitoring points remained within the range of
background concentrations with a stamddeviation of lesshan0.05 with the exception

of concentrations at TW1. Concentrations at TW1 increased from a background
concentréion of 1.7mg/L to 28 after 18.5 hours. The concentration fluctuated within 8%
for the remainder of the monitoringpod, peaking with a maximum above tmethod
detection limis (>3 mg/L) after 212 hoursSimilarly, the peak DO measurement was
reported at 30.78 hours while the inwas within the elevated range.
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5.0 Numerical Modelling

51 Introduction

The highpressure oxygen injection experiment was simulated using the
HEATFLOW/SMOKER model, ahreedimensional numerical model for groundwater
flow and advectivalispersive transport within a discretdigctured porous medium
(Molson andFrind, 2009). The modetas calibrated to the field conditions orderto
reproducethe observedhydraulic pressure andlistribution of dissolvedoxygen within

the systemand topredictthe evolutionof oxygenover time. The theoretical development

and solution approach is dé&al in Section 2.3 above.

The objectives of the modiéhg were to validatethe conceptual model for the site,
simulate theoxygen distribution wit the fracture network and porous mafjirxcluding
long-term oxygen concentration levels during and aftgaction), and finally to testhe
sensitivity of key parametersin order to improve thefocus and/or optimize field

investigations at other sites.

To achieve the objectived the modelling, a fielkdased model was first developed using
the observediéld site properties. Additional monitoring points were added to the model
(within the matrix and along fracture number 2) to help evaluate the oxygen distribution
within the system following the i njection.
calibrated © the observed field conditions to obtain a best fit (base case), which required
an increase in fielderived fracture apertures by a factor of approximately 3. The reason
for the required increase in aperture to match the observed data is not wellamterst

well documented. Dickson and Thomson (2003) looked the variation in aperture obtained
between a calculated hydraulic aperture (from field data) to a-lnadessce aperture
(based on tracer tests m this case the model). Theyted that calculateéracture
apertures can vary up to three orders of magnitude depending on the field method used
(hydraulic versus madsalance). There study showed that the hydraulic fracture aperture
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calculations to be sensitive to hydraulic head differences acrossattterdér plane and
therefore the resulting apertures are often underestimated due to the tendency towards
smaller apertures intercepted along the flow path. The calculations completed as part of
this thesis used an average hydraulic head gradient, measivezeb two wells (TW1

and TW2) and not along a discrete fracture. This approach can potentially result in
smaller fracture apertures and thus could explain the discrepancy between the field

calculated aperturesid those required in the model.

The simuléed base case flow system is shown by plotting the head distribution during
injection as well as by plotting the velocities within the fractures and matrix. The
transport behavior of oxygen in the base case simulation (and sensitivity runs) was also
assessd using breakthrough curves at selected monitor points, as well as by plotting the
oxygen distribution through the system (along the central vertical plane and within two
transverse yz planes). Ahdrmal simulation will be presented as an independent

verification of the conceptual model used for txygenmodelling.

Based on previous research (Chiang et1#89) it is assumed thatny hydrocarbon
biodegradatiomequiresdissolved oxygen concentrations > 3.0 mgLOA concentration

of 3.0 mg Q/L wasthereforeused as a conservative base line to assess the distribution of
oxygen within the systerfiateral and transverse directiondpwever, it should be noted

that all simulations herein assume oxygen is conservative, i.e. oxygen consumption by
microbial hydrocarbon degradation is not considered. This assumption is supported by
the lack of evidence of oxygen utilization in the field data. The conservative case thus
provides the maximum potential extent of the oxygen within the system. It should also be
noted that because the delivery of oxygeas the focus of the thesis, simulations for the

conservative bromide tracer were not completed using the model.

Sensitivity analyses were completiedtestthe model ando assess the sensitivity of the
model paameters on the distribution and transport of oxygen within the sy$teameed
for the sensitivity runs stems from the uncertainty associated with measuring and

estimating the parameters in the fielhe calibrated (base case) model wased by
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adjusing the fracture apertures, hydraulic gradiemtatrix hydraulic conductivity,
diffusion coefficient and porosity. Theensitivity analyses are detailed in Section 5.5

below.

The model was also used to determine whether the system behaves as a distuete f
network or as an equivalent porous medidrhe effects ofvariableaperturerandom
fracture network overlain onto ahorizontal fracture network were also assested
determine if a simplified horizontal fracture network was an accurate represertat

the aquifer conditions. To further assess the effect of the bulk hydraulic conductivity on
the system, a sensitivity run using a low matrix hydraulic conductivity and the random

fracture network was completed.

The calibrated basease model was ¢m used to examine tipotentialfor appling this
oxygen delivery methotbr enhanced aerobic bioremediatiandto help design further
applications of the methodadditional simulation runs with different injection scenarios
were completed to assess tistribution and persistence okygen within the matrix
(with no utilization) andwithin the zone of influence of the injectiovell (downgradient

and transverse).

5.2  Model Development

The numerical mdel wasdevelopedbased on the site conceptuabdel and using the
parameters measured in the fielthe position of the model domain with respect to the
field site isshown in Figuré>-1 and the position of the injection well (TW2) and the field

monitoringwell (TW1) with respect to the model domasdetailed in Figuré-2.

The injection site was simulated using a 3D grid oriented parallel to the groundwater flow
direction (Figureb-3), andrepresenting onbalf of the full 3D domain. Symmetry was
assumed about the 3 0 face containing the injectm well, thus saving significant

computational effort. The hatfomain measureti5x10x10 min the x, y and z directions,
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respectively, and was discretized wit8 x 40 x 62 (= 193,440)elements, being refined

around the injection well and monitoring well.

The top of the model gridoincides withthe top ofthe saturated rockapproximately 3 m
bg9 and extends 10 m idepth (z); the model basethereforeat 13 m bgs. The injection
well and the monitoring points were positioned on the grid rel&ditteeir position in the
field and were assigned as breakthro@gionitoring) points in the modelThe dscrete
fractures weregpositionedaccording tothe siteconceptual model (Figure-2) andthe

fracture apertures weealjustecbased on the model response.

Flow boundary conditions werassigned using type 1 (Dirichlet) fixed heads at the up
and downgradient boundaries (left and right faces) asthg atype 2(Neumann)luid

flux boundaryat the top boundary wita surface recharge rate of 1.0 x°19/s (3.2
cmlyr;, Figure 548. The remaimg flow boundarieswere assumedmpermeable For
transport, deptivariable type 1 fixed oxygen concentrations were assigned along-the up
gradient face according to the observed background concentrationsgrZeient
(Neumann) conditions were assumed along all other transport boun@gies 54b).
Within the modelthe input parameters and boundary conditions are assumifedm in

time, with the flow system assumed to reatdady statenmediatelyafter each change

in injection rate.The effects of ®rage temperature anitlid densityare neglected.

The basecase model uses a simple set of horizontal planar fractures while more complex
random fracture networks will also be assessed in the sensitivity an@lysitorizontal
fractureswere assumed to beontinuous in the transvergg) direction. Two upper
fractures(8 and 9 in Figure B8l) were added ithe model to simulate the highly fractured
upper zone (Zone 1). The uppefrfractures were needed bettermach the bulk K of

this zone ando be consistent witlthe site conceptual modehith K = 1.0 x 10° m/sas
estimated fromn the packer testing datads will be shown, the addition of these upper
fractures had little to no effect on thestribution of he injected oxygen, which occurred
deeper within the systenfiihe fracture aperture values detailed in Figufede based on

the calibrated base case (best fit) as detailed in Section 5.3.
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Figure 5-4 - Model layout and input parametessowing a) grid andflow boundary
conditions and b) transpodomain with monitoing points and fracture apertures
identified Fracture numbers are shown at.left

The initial oxygen concentratisrwere assumed horizontally uniform (vertically stratified
corresponding to the fixed values along thegugdient boundary face), varyirfgom
0.004 to 0.0024 @, / L based on background concentrations measured prior to the

injection test on site
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The injectionwell was treated as a 6 cm diameteD Pipe element surrounded by a
narrow highK zone. The injected fluid was distributed uniformly along theetre long
well screen, together with the tirvariable input concentrations determined from the
field data.lnjection conditions within the model were set to mirror those of the injection
test with a two stage injectioand a pause between injectiofithe injectionrate was
approximately 11/min for 44.2minutes then stopped fa29 minutes(to refill the tank),
followed by anothemjection at 10.6 L/min for 37.&inute3, asdetailed in Sectiol.2
above.The observed and mod&lput pressure curveduring the injectionperiodsare
presentedn Figure 55.

The physical parameters used in the modetiatailed in Table 8.
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Figure 55 - Pressure curve comparison between observednasdklinput injection
pressures
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Table 51 - Basecasemodelinputvariablesfor the oxygen injection test

PhysicalVariables Value Units
Longitudinal dispersiv t y) ( U 0.2 m
Transverse horizontal dispersivity

( ) 0.1 m
Transverse vertical dispersivity

(W) 0.01 m
Retardation 1

Matrix Porosity 0.15

Hydraulic Conductivity 1.0 x 10 m/s
Recharge 3.2 cm/yr
Hydraulic Gradient(between TW2

and TW) 0.033

Oxygen diffusion coefficient 5.0x 10 | m%s

Model breakthrougtimonitor) points were positioned to correspond with the monitoring
points in the field (TW2TW1-1 to -7). To further assesbe behavior of the injected
oxygen in the matrixrad along thdractures, additionahonitor points were added to the
model. The first series of points (matrix points 8 to 1ZFigure 5-6) were positioned
between fracture and 3to assess the conditions within the matrix and the oxygen
breakthrough avarious points along the flow path over tin@ng¢ point at each of the
following locations:up-gradient, in the injection well, between the injection well and the
monitoring well, at the monitoring well and the end of the model domain). To monitor the
samehorizontal locations within the fractures, a sectind of monitoring points was

addedo the modeblong fracture? (fracture points 13 to 17 iRigure 56).

The model was then catdted to the field observations by adjustittge model

parameterso obtain a best fit (base case).
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5.3 Base CasdField-data)

Model calibration began by first selecting tesimatedfield parameterand simulating

the oxygen injection test under these fieltkerved conditionsAll modelinput
parameters for this fieldata caseare provided in Table 5.1The fielddata based
simulated breakthrough curves are compared to tlsereed breakthrough curves in
Figure5-7. The flow simulation details for the field base case are consistent with that of

the base case (best fit) and are therefore presented in Section 5.4.1 below.

Trendsin the shape (peak and tails) of the breaktbnoturves as well as the delay in the
simulatedpeak arrival time of oxygen at the down gradient monitoring points (W1

and 4) result in a clearly poor fit between the observed data and the field base case
simulation. Although the peak concentrationsragsonable, the simulated decline in the
oxygen concentrations within the injection well is significantly slower than observed, and
there is aslight delay in thesimulatedarrival time of the peak concentrations at the

down-gradient points TW:B and TW24, which are aligned with active fractures.
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Figure 5-7 - Field caseg(un-calibrated)oxygen breakthrough curves a) observed and b)
simulated

Because of the poor initial fit, thigeld-basedfracture apertures wemmodified during
model calibrabn to obtain a best fit to the field observationghe calibration was
completedby adjusting thdracture apertureand comparinghe simulated and observed
breakthrough curvesit the injection well and dowgradient monitoringwell. The
simulated pressure digiution during injection was also compared to thieserved

injection pressures

To obtain areasonabldit to the breakthrough curvethe fracture aperturesithin the
modelhad to bancreasedrom those calculated using the cubic land thegiven field
data (Section4.1.4). The apertures used in thestfit model are compared tohose
calculated in the field in Tabl&-2. The difference betweethe field-estimated and
modeledbestfit apertures is at least in part due to ¢laéculation of the hydrdic fracture

apertures using general hydraulic head for the system (and not along the discreet fracture)
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(Dickson and Thomson, 2003). Variations in aperture could also be a result of

assumptions made in the cultaev calculations

Within the modelflow and transport is dominated by the horizontal fractures with some
interaction with the matrix. In the field there are many small random fractures that are
neglected in the model for simplicity. Therefoee second argument for the field and
modelderived @erture differences is thahe model aperture must be larger to
compensate for flow and transport in the neglected fractures. The transmissivity used to
calculate the apertures in the field (equation 4) is derived from the packer testing
completed on sgt The hydraulic conductivity is then calculated based orstimated
transmissivity over the tested interval (in this case 1 m). ddleulatedhydraulic
conductivity is a function of the bulk rockaking into consideration the matrix and
fractures. Th calculatedvalue underestimates the hydraulic conductivity of the fracture
and thereforalso underestimatdke fracture aperture (directly proportional based on the

cubic law).

During calibrationthe uppermost limit of thénjection interval was ineasedy ~ 1mto
extend above the packedff interval in the field (~ 5.5 m bgs). Eincreasewas
required toprovide a direct connection between the injection well #rel fractures
located at 4.55 and 5.2 m bdsaCtures 6 and; translating to monoring points TW13
and TWZ4 downgradient, respectivelySuch a link was clearly required by the rapid
arrival and decay of DO concentrations observed at -Bvéhd TW24. Although this
observed behavior could also result from rapid but more circyiatirsvaysbetween the
true deeper top of the injection screen Hredown-gradient poird, it is equally likely
that some shoitircuiting occurred directly along the wdlbre into the overlying
fractures. For simplicity, this latter case was assumedthedsimulated injection interval

was simply extended higher, resulting in the same effect.
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54  Base CasdBestFit) Simulation

The calibrated base case model resuiseexamined to providensightinto the oxygen

distribution within the aquifer withfocus on the fracire network and porous matrix.

The HEATFLOW/SMOKER input file for the base case model run is provided in
AppendixF.

5.4.1 Flow Simulation

The simulated steady stateead distribution within thgertical crosssection is shown in
Figure 58. The calibrated model shows consistent head variations with the observed field

conditions duringand following the injections.

During injectiona maximum pressur@deadof 40 m was reached withitihe injection

well. The pressure iseen to disipate along the discrete fractures and with distance from
the well andis concentrated within the matrix between the fractures. Because storage is
neglected, the heads within the system return to steady state conditions immediately
following injection. The heads in the upper fractures are low because they are located
above the injection zone (above the packer) andhardsolated from the injection zone

andare not influenced btheresulting injection pressures.

The velocities within both the matrixhd fractures following injection are presented in
Figure 59. Vectors showing the magnitude andediton of transport are detailedigh
velocity vectors within the injectiowell were blanked in order to not interfere with the
visual depiction of the mak and fracture vectors. The vectors indicate that there is a
significant component of advective transport into the matrix as well as through the
fractures, but the matrix transport is limited compared to the fractures.
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a) Head 0.077 days End of injection
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Figure 58 - Hydraulic head ditribution a)during injection (end of second injection
period)and b) steady state following injection

Modelderived velocities within the fractures calculated based on the cubic law were
compared to the field calculated velocities (Tabk®) 5Model \elocitiesare much higher
than those calculatedased onfield parameterswhich can be attributed to several
factors. Thehighersimulatedvelocities argorimarily due to thdargerfracture apertures
used in the modelas detailed in Section 4.1.Zhe largerapertures were required to
reprodue the observedoxygen breakthrough curves and were justified based on
assumptions from the cubic lawcluding estimated transmissivity values and fracture
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spacing In addition, sincelte observed hydrauligradiern used to calculate the velocities
was a local integratedgradient (measured between TW2 and TW1) and not a -depth
discrete gradient measured withihe discrete fracturg the field gradient may be

underestimatedrhiswould lead to an underestimation dfetvelocities.

Table 52 - Field and ModeVariableComparison (see Figurebfor fracture positions)

Fracture F[r)ae%ﬁ:e Field 2b VFie'd Model Model
Id (um) elocity | oy (um) Velocity
(m bgs) (m/s) (m/s)
1 7.47 146 8.70E04 200 1.63E03
2 7.29 146 8.70E04 150 9.20E04
3 6.45 146 8.70E04 300 3.68E03
4 5.95 146 8.70E04 300 3.68E03
5 5.22 183 1.37E03 500 1.02E02
6 4.55 183 1.37E03 500 1.02E02
7 4.2 183 1.37E03 500 1.02E02
porous 0.001 m/day fractures 2 m/day
matrix —
N

Figure 59 - Velocity vectorsduring injecton within the matrix and the fractures
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The radialvelocities within fracture 2identified in Figure 54b) are shown irFigure 5

10. An approximate 2 m radius of influence was noted withirfréeture.
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Figure 510 - Radial \elocity vectors alongécture2 in the horizontal (xy) plane

5.4.2 Transport Simulation

The dissolved oxygen breakthrough curves from the calibrated bas@ess#) model

are consistent with those observed in the field (Figeté)5

The simulatedesults show similatrendsto those observedith an initial sharp peak in

the injection well (TW2) of 26 mg 4L, followed by a tailing with a decrease in
concentration over time to background levels after approximately 50 hours. At the down
gradient monitoring locations TW3 and 4, similar trends were noted wgimulated
peak concentrations of 16 and 18 mgLQ respectively; following injection, a rapid
decline inconcentrationwas noted beforeeturning to background concentrations after
approximately 20 hours. Small marbations were notedn the simulated oxygen
concentrationat monitoring location TWb and TW17. The response at TWA was
minimal with only a delayed gradual response over tihee concentration above
background. The concentration in TW1lalso showe@ delayed gradual response over

time to aminimal peak concentration after approximately 50 hours
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Although the simulated responses at all monitor points provide a reasonably good match
to the observed data (especially at the injection well), variatiotiends between the
observedand simulated breakthrough curves from the calibrated {fit¢dbase model

were noted. The most significant differences with the simulated results included a slightly
delayed arrival time for the simulated peak DO conceatratat the dowgradient
monitoring points (TW43 and 4) as well as a rapid, almost symmetrical decline (tail) at
these pointsThe arrival curves here thus appear more pliksewith limited evidence

for diffusionlimited tailing. This could be the resufor example, of isolated highly
porous zones in the field that amet accounted for in the model. These zones would
absorb oxygen, and then release it more slowly over t{bme.the other hand, the
simulated oxygen concentrations within the injectiogllwere an excellent match to

those observed.

(a) Observed

30
[ TwW2
g 20
= B
£ N
8 10 :— TW1-7
B 7777L , TWL-6
07““|““|““|““|‘“l
0 50 100 150 200 250
Time (hours)
(b) Simulated
30 —
— C D\ Tw2
= 20
= B
% - Twi-3
a 10 W14 TW1-7 116
O 7] ] T | T ] ] T P |
0 50 100 150 200 250

Time (hours)

Figure 511 - Calibrated base case oxygen breakthrough curves a) observed and b)
simulated
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The breakthrough of oxygen within the matrix canobserved by looking at the matrix
monitoring points (points & 12) that were added to the model (FigbwE2b). Little to

no oxygen above background levels was noted within the matrix in four of the five points
(8, 10, 11 and 12). Additional oxygen was only notgdnatrix point9 within the
injection well betweerractures2 and 3. The breakthrough curve for poiftover the
short term during the injection test) shows a rapid increase in concentration to
approximately 8 mg O,/L with a gradual decrease to approximately 140pf over the

200 hours.The initial mapid decrease in concentration following injection is due to the
flushing of the well with the slow decline in concentration and symmetrical tail over the
200 hours due to back diffusion of oxygen from the matiike shape of the
breakthrough curve taisiindicative of transport and persistence of oxygen in the matrix

over time

Within the individwal fractures (points 13 to 17) as seen in Fidufec, the oxygen is
initially forced up-gradientfrom the injection well point 13) with a peak concentratio
during injection and then a gradual decline over tidethe injection well the peak
simulatedconcentrationsvithin the fracturesccurredduring injection point 14). Over

time, the injeted oxygen is transported dowyradient though the fracturesibg flushed

with clean groundwater as shown by the gradual increase and @ecfeamsmcentrations

at the dowrgradient points (15 and 16). No increase in oxygen above background

concentrationsvas noted at the furthest dogradientpoint (17).

The nunerical model also allows for a visual depiction of the oxygen distribution over
time and space. The oxygen distribution within the vertical xz symmetry plane is
provided in Figure 83ashowing oxygen concentrations at 0.077 days (end of injection),
0.5, 1and 5 days.

The oxygen concentration contour plots show thaingthe injection period, the oxygen
is transported rapidly by advection into the matrix surrounding the injection well and fills
the local intersecting fracture®eak oncentrations of ~24 mg Q/L were noted

following injection. The transport of oxygen into the matrix around the injection well is
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evident by the halo of oxygeroncentrationg> 10 mg Q/L) seen around the injection
well (Figure 513a).

Following the90-minute injection the highest concentrations of oxygen are seen at the
top of the injection interva{~30 mg Q/L), but are quickly transportedown-gradient
through the fracturesvhich are then rapidly flushed by théow-oxygen upgradient

water. @ncentrationgjuickly deaease to backgrounevels

a) Simulated
30 - TW2 ——
B TW1-3 —
o -
E 20F TW1-4 ——
= B TW1-6 ——
Q 10
- TW1-7 ——
0 I N N
0 50 100 150 200 250
Time (hours)
b) Simulated Matrix Points
- 10
(@]
£ 11 —
o
a 12 ——
0 | NN TN WY NN [N N TN TN SN (NN NN SN SN TN N TN SN SO SO N TN SO A S |
0 50 100 150 200 250
Time (hours)
¢) Simulated Fracture Points
30—
- 13 —
J 20 o 14 —
S B
E F \ 15 ——
8 10 :_ 16
B 17 —
0 [ T |
0 50 100 150 200 250

Time (hours)
Figure 512 - Base Case oxygen breakthrough curvesSmjulated results at field

observation pointsb) matrix monitoring points and c) fracture monitoring poifsse
Figure5-4 for monitor point locations)
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Within the lowe discrete fractureghe dissolvedoxygen is transportedrimarily under
advection, migratingvith time downgradientevenafter the injection stopS.he rate of
transport is slower in these lower fractures because of their smaller apertures and hence
lower velocities.Transport into the matrix along the fractures can also be sagra(5

days) with sharp concentration gradients into the matrix along the fractudace
interfaces Evidence of transport into the matrix can be seen by observing the
coneentration halos that form above and below the fractures as the oxytgamsisorted
down-gradient and the fractures are replaced with relatively oxjrgenwater (Figuré-

13a). As the fractures are flushed with clean water, the oxygen in the matrix back
diffuses into the fractures (due to a reversal in the concentration gradidnts)is

likewisetransported dowagradient.

With time, the oxygen is flushed from the injection well preferentially into the fractures.
This can be seen by the layers ofH@g concentrations above and below the fractures
within the injection well (Figures-13a) and by lower concentrations centered on the
discrete fractures. Higher concentrations of oxygen-26 mg QL, persist within those
intervals of the injection wellvhich are not intersected by fractures since in these areas
oxygen was not flushed as rapidlyhe initial delivery of oxygen into the matrix
surrounding the injection well was a result of pressure gradients, resulting in the initial
deepoxygenpenetratio into the matrix around the injectiovell.

These trends are confirmed in the oxygen concentration profiles/) & two cross

sectionsAAOG t hrough the i nj ecmgradient moeitoring welh d BB
(Figure 5-13b). Following injection, tie oxygen concentration is uniform across the

Il njection 1intervalof ¢xpgdndgre seen ét the dagratientp e a k s
monitoring points (BBO6). As time progresses,
causing dips in the concentrationpto at t he fracture iIintersect
concentrations at the frure intersections inthe dovenr adi ent moni toring p
The persistence of oxygen in the matrix is apparent by the elevated oxygen
concentrations between the dips imcentrations caused by the flushing of the fractures.

As time progresses, the dips at AAO6 become
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diffusion of the oxygen from the matrix into theadtures continuesit the dwn-
gradientmonitor( BB 6 ) , ih ¢txggenreneektmations continue to increase (5 days).

The effects of transport into the matrix can be further examined by looking at the
transverse distribution of oxygen withthe system. For the base case, the transverse
distribution of oxygen ovetime in the yz planes through the injection well and through

the downgradient monitoring points can be seen in Figui&c.

The transverse advance of the oxygamme (defined by theconcentratiorcontour of3.0

mg O)J/L) into the matrix surroundinthe injection well (betweediscrete fracture® and

3) is approximately @8 m after 5.0 days. Within the upper zortbe transverse
distribution was limited to approximately 1 m following the injection (0.077 days) at the
down-gradient monitoring locatiorand did not persist with time or distance dewn
gradient (ie oxygen was not seen in the transverse direction within the upper zone at the
downgradient monitoring points following injection). With time, oxygen migrated down
gradient through the fracturepanding in the transverse direction to approximately 1.5

m after 1 day. As time progressed, the transverse distribution at the injection well within
the lower fracture after 1 day was approximately 1.7 m, therefore representing a 3.4 m

diameter zone of fluence transverse to the injection well.

To see the effect over time, the base case run was extended to 200 days. The results are
presented in Figure-54 with views at 10, 50, 125 and 200 days. In the 200 day base case
simulation(Figure 514a), the oxgen continues to be flushed from all the fractures over

time (with no oxygen remaining after 50 days) but the oxygen persists in the matrix
(concentrations 30 mg QJ/L) for the full 200 daysOxygen is also flushed from the
injection well (preferentiallythrough the fractures and over time) where the oxygen had

concentrated in the matrix and then back diffused to the open hole (Fifjdbe 5
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The transverse extent of the oxygen plume was found to decrease over time because the
oxygen is flushed from the fractures and the oxygen stored in the matrix diffuses out. The
transverse distribign is restricted to the oxygen in the matrix around the injection well

(=1 m). Thetransverse distribution in the matrix persists around the injection well for the
full 200 dayswith concentrations of 3.0 mg Q/L (Figure 5-14c). The transvers
distanceafter 10 days within fracture 2 was limited to less than 1 as defined byan

oxygen concentratiomf > 3.0 mg QJ/L. At the downgradient monitoringpoint the
transvers distribution in fracture 2 after 10 days was 1.7 m with concentratioB€ mg

OJ/L. No transvesedistribution was noted dowgradient afte60 days.

Overall the agreement between the simulatadd observedbreakthrough curves
confirms thatdiscretefactures play a defining role in the system behavViavill be later
shown in the ensitivity analysis thathe observedsystemresponse&annot beeproduced
using an equivalent porous media model.

5.4.3 Thermal Simulation

As an independent verification of thenceptuamodel used for the oxygenodelling a
thermal simulationwas ©nductedusing the same model developed for the oxygen
injection simulations (HATFLOW-SMOKER). The temperature dataere obtained
from a data logger positioned within the injection well (same logdrch was used to
log the pressure head during injec)ioithe geometrical and physicabnditions are
identical in the thermaimulation to that of the base cgse. hydraulic gradient, fracture

geometries and apertures, porosity, injection rates).

To simulate thermal transpottie hydrodynamic dpersion coefficien{D) in the input

flewas replaced by tmés)t hehenaé, dwbBuei i tiys &
thermal conductivity (JAs*°C?), and G is the heat capacity of the medium Pfg™),
defined asC, =g9¢, Q, ¥1 -@. ., Wi th d being thewmdgosity,

}s are the specific heats (Jk§C?) and densities (kg of the water andolid phase,

respectively fMolson et al., 1992Molson and Frind, 2009). In this case, we usg €
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4174 Jkg °C?, |, 31000 kgr?, ¢ =800 Jkg'°C* a n d =263 kgm?®. Thebase case
value for the thermal conductivity of dolomites chosen aa = 3 . &' (€otéand
Konrad,2005) giving @ %£.2x10° m?s™. In addition, theinitial condition was fixed at a
background temperature of 1Q, and thewater injecton temperaturgvas set tar=19°C
for the first injection period and T=20 for the second period.emperaturaependent

density (buoyancy) effég arealsoconsidered in théhermal transponnodel.

The observed and simulatesmperature breakthrough withthe injection well forthree

thermal conductivitiege~ 2, 3.8 and bare presented in Figurel’>. Whi | e t he a&a=5 ¢
IS a somewhat better fit, this valuessmewhat extremand is shown only for sensitivity

anal ysis purposes. The &=3.8 ¢ asdlostomeer i ved

samplegCétéandKonrad,2005), is considered the most realistic scenario.

All three simulated breakthrough cuiwehow aslight deviation within the taitelate to

the observed datahe early timedeviations(following the injection)are indicative of
greater therral loss to the matridue to the higher thermal conductivity values (Molson

et al., 2007). The later time breakthrough curve tail shapes are a result of the rapid

diffusion of heat stored within the matrix back into the fractures.

The thermal simulatioshows thathe observed temperature data collected in the field
can be matched using tlsameconceptuaimodel used for the oxygemodelling The
results provide an independent verification of tbaceptuaimodel used for the oxygen
modelling.
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Figure 515 - Observed and simulated temperature evolution in the injection well,
showing simulated resslfor thermal conductivites@& =2, 3. 8s™&8hd 5 Jm

5.5. Sensitivity Analysis

Predictive simulations were run to validate the model parameteit® ahdwtheir effect

on oxygen distribution within the system. A summary of the runs completed is provided
in Table 5-3. Key obsevations are summarized below and fgHaphicalresults are
provided in AppendiG.

Equivalent porous medium

To first assess the applicability of the discrete fracture network nowdelan equivalent
porous mediummodel (Scenario 1),a homogeneouson-fracturedcase was completed.

The hydraulic conductivity of the rockatrix was increased to 1.0 x 2@n/s to simulate

the bulk rock characteristicéncluding the unresolvedractures)but the remaiimg
parametersvereidentical tothe base cas@he hydraulic conductivity value of.0 x 10°

m/s was selected based on the results of the packer testing in which the bulk hydraulic
conductivity (fracture and matrix) was calculated tolb@ x 10°> m/s within the upper
zones of rock.
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Table5-3 - Outline ofsensitivity analyses performed with the model

Variation with respect

Scenario Variable to base case Value
Equivalent porous no fractures
1 medium bulk K (homogeneous) 1.0 x 10°m/s
9 .2

2a Diffusion coefficient 10 x larger 5x10°ms
2b 10 x snaller 5 x 10" m?s

400, 300, 600 and 10Q0n
3a Apertures 2x larger

100, 75, 150 and 2
3b 2 x smaller Sm
4a Gradient Larger gradient 0.6
4b Smaller gradient 0.01
5 Hydraulic Conductivity | Uniform low K 1.0 x 10°m/s
6a Porosity Lower n 0.075
6b Higher n 0.3
7a fracture sub set mean aperture = 50m
7b Random fractures fracture sub set mean aperture = 1Qdn

Uniform low K with

7c random fractures 1.0 x 10%, 100 pm

The results show that the observbreakthrough of opgen cannot be reproduced

assuming a homogeneous system (Appe@)ixEvenwith such a high K,he matrix

cannot flush all the oxygen dowgradientrapidly enoughandthus oxygeradvancesnto

the matrix surrounding the injeah well with limited transpot downgradient (Figures-

16). The discretefractures areclearly needed to transport the oxygespidly down

gradientas theobserved conditionshow. A equivalent porous media modelthus not

a valid approach in this type of system.

Diffusion coeffident

The diffusion coefficient was first increased by an order of magnitedative to the

base casdp 5.0 x 10° m%/s (Scenario 2a) The increasshowed little to no effect on the

breakthrough of the oxygewithin the monitoring pats or thematrix (Appendix G).

Within the fracturs, anincreasdan matrix diffusion(into the matrix along the fractures)

was notedwith time (Figure5-17), resulting in less transport of oxygen doegnadient

within the fracture¢8 m downgradient versu8 m in the basease for concentratioof
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> 3 mg OJ/L). No significant difference in the transverse distribution of oxygen was
observed1.5 m after 1 day with concentration > 6 mgl(). A decrease in the diffusion
coefficient by an order of magnitude to 5 x*{@n%s aso had no significant effect
(AppendixG) (Scenario 2b)with breakthrough curves consistent with the base. Gdse
oxygen distribution is also consistent with that of the base case.

Fracture apertures

The base casenodel has effectively shown that tdeminant flow componenis within

the fractures. Fracture apertures wibnvaried py factors of two larger and smaller) to
evaluate thie effect an the flow systemFor these two cases, thackground natural
hydraulic gradient was kept constant & basecase valueWith an increase in aperture

by a factor of twa(Scenario 3a)the transport velocity obxygen dowrgradient within

the fractures was significantly increased (Figa#i8). With more rapid flushing and thus
lesstime for diffusive lossginto the matrix the persistence of oxyn within the system
decreasedconcentratios greater thar8 mg OJ/L were notreachedwithin the fractures

after 5.0 days) The transverse distribution was also reduced due to the stronger
component ofdvective tansport dowrgradient within the fractures (Append®). The
transvers distance after 1 day within fracture 2 was limited to less than 1 m with an
oxygen concentration of less thamg/L. With a reduction in the fracture aperture by a
factor of two(Scenario 3b) advectivetransport dowsgradient within the fractures was
reduced and diffusive transport of oxygen into the matrix increased, thus increasing the
persistence of oxygen within the system (Apper@hixConcentratios > 3 mg O,J/L were

noted 2 andl m downgradient in fractures 2 and 1, respectively and after 5.0 days.

Hydraulic gradient

Variatiorsin thehydraulicgradient hd similar effects to the changes in fracture aperture.
With an increased gradiefBcenario 4a)there is morerapid transport of the oxygen
downgradient withinthe fractures (Appendi&) (concentrationof > 3mg OQ,J/L 4 and6

m downgradient in fracture 2 and 1, respectively after 1 dayle effect on the
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transport into the matrix oon transverse transport was notédpposite effects were
noted with a decrease in the hydraulic gradient (Appe@jiXxScenario 4b) in which
transport through the fractures was delayed allowing more time for matrix diffusion and
therefore increasing the persistence of oxygen within teeisyConcentratioa > 3 mg

O./L only reached and4 m downgradient in fracture 2 and 1, respectively after 1 day.

Hydraulic conductivity

In this scenario e hydraulic conductivity of thein-fracturedrock matrix was decreased
by an order of magnitie relative to the base ca@® 1.0 x 10° m/s) to assesis effects
on oxygen transport withithe system (Appendis) (Scenario5). The uniform decrease
in hydraulic conductivity of the rocikeducedhe pressureanducedadvectivetransporiof
oxygeninto the matrix surrounding the injection wedkygenwas therefore forcechore
preferentiallyinto the fractures and wabken rapidlytransported dowagradient (Figure
5-19). Concentrations of ~ 28 mg.Q were noted 1 and 1.5 m dovgnadient in
fractures2 and 1, respectively after 1 dalyhe reduced hydraulic conductivity had the
same effecon transport into the matrix as seen at the injection welh lessadvective
transport of oxygerirom the fracturesnto the surroundingmatrix and therefore less

persistencen the matrixand moreaapidtranspet of oxygen dowrgradient

Matrix porosity

In these scenarios, th@nosity of the rock was increased amecrease by a factor of
two. An increase in the porosit{scenario 6a)allowed for more diffusionand less
advectivetransport of the oxygen into thieck matrix, therefore causing lesoxygen to

be transported dowgradient within theractures (AppendiXz). Oxygen concentrations

> 3.0 mg Q/L were only noted2.5 and3.5 m downgradient in fracture2 and 1,
respectively after 1 dayOpposite trends were noted with the decrease in porosity
(Scenario 6b)(4.5 and 6.5 m transport dowgmadient within fractures 2 and 1,
respectively) With lower porosity, ¢ss oxygen was transported into the matrix and

therefore more was transported dogradient within théractures (Appendix).
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Figure 516 i Simulated oygen distribution under homogeneous, 4fi@ctured
conditions(Scenario 1pftera) 0.077daysand b) 5.0 days
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Figure 517 i Simulated &ygen distribution with10 x higher diffusion coefficient
(Scenario 2aaftera) 0077days and b%.0 days
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Figure 5181 Simulated aygendistributionwith 2 x larger fracture apertur€Scenario
3a)after a) 0.07days and b) 5.0 days
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Figure 519 Simulated &ygen distribution with low hydraulic conductivigf 1.0 x 10°
m/s (Scenario 5) after a) 0.0ddys and b) 5.0 days
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5.5.1 Random Fracture Network

In these scenarios, two random fracture networks are superimposed onto the base case

simplified set ofinehorizontal fractureto determine if the match could be improved

The two andom fracturenetworks were developed with varying mean apertufésOo
and 100 pm.Each network considers two sets of fracture planes: one verticale(in th
transverse yz plane) and one horizontal (in the xy plane). For simpiaigom fractures

in the second vertical direction (xz plavegre not consideredhe fracture networkare
shownin Figures5-19 and the statistics are provided in Tabld. Therandom fractures

were assumed to be continuoshe transverse (y) direction

Two cases were considered, as showiidble 53: thebase case with a superimposed
random network of 56m mean fracture aperturegéhario 7a), and the base case with a

syperimposed random network of 166 mean fracture aperturegéhario 7b).

Table5-4 - Randonfracturenetwork statistics

Variable/Plane yz Xy
Mean Spacing (m) 18 0.5
standard deviatign 0.25 0.25
Mean AperturesHm) 50, 100* | 50, 100*
Mean Length (m) 5 3
standard deviatign 1 1
Mean Width (m) 3 15
standard deviatidn 1 1

* fwo cases
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Random Fracture (100 nm)

— _l Q= TW1-4

Figure 520 - Random fractte network mean aperture of 100 um

Breakthrough curves with the random fracture networks shoitiedtd no change from
the simulated basease The random fracture network causesmewhat more oxygen
dispersion ashe oxygen fils the intersecting fractures leaving less oxygen to enter the

dominant horizontal fracturé&igure5-21).

As a result the peak concentrations along the fractuee slightly reducedmaximum
concentration of ~ 18 m@./L following injection). This affects the werall transport of
oxygen dowrngradientand results idess transport into the matrix around the injection
well due to the oxygen being forced inéo greater number diractures. Less back
diffusion was also noted with the random fracture network because with more fractures
there is more room for the oxygen to get flushed from the fractures before diffusing into
the matrix.Similarly, the transverse distributiowithin the horizontal fractures also

significantly reduced.

The transversdistance after 1 day within fracture 2 was limited to less &anwith an

oxygenconcentratior» 3.0 mg Q/L and 4m in fradure 1 In addition, the oxygen within
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the random fractures creates a more uniform distribution of oxygen around the upper
portion of the injection well betwedhe upper horizontal fractures

The random fracture network ofean apertur® 0 € m h iaadtly Eds gnpactfén
with the increasedne an ap er t ur Additional sihWations ewmth random
network apertures greater than 100 um (not shown) showed a clearly poor fit with the

observed data.

a)  Oxygen, 0.5 days
AA_ BB

AA' BB’ (g/L)

0.03

0.024
0.018
0.012
0.006
0.001

0 002 0 0.02

i

0 5 10 15 0 0.02 0 0.02
Distance (m) g/L g/L

Figure5- 21 - Simulated oxygen distributioassuming the base case conditions overlain
by a random fracture netwoKScenario 7with: a) mean aperture 50 um and b) mean
aperture 100 um

Random network with lower matrix K

To assess the impacts of the bulk hydraulic conductivity on the transpmxygén with

the randomfracture networkan additional sensitivity run was completed. The hydraulic
conductivity of the rocknatrix was reduced by an order of magnitwdéh respect to the
base cas¢o 1.0 x 16 m/s and the effect of the oxygen distribut with the random
fracture network with a mean aperture of 100 wasexamined (Appendi%) (Scenario
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7¢). With the reduced hydraulic conductivity, there is no significant effect on the oxygen

breakthrough within the monitorgy points, matrix or fractuse

The distribution ofoxygen is similar to that in c&@nario7a with the random fracture
network (hydraulic conductivity of 1.0 x Tam/s) but additional oxygen is noted within
the fractures which arérangorted dowrgradient(maximum concentration of 26 mg
OJ/L within the fractures)The low matrix hydraulic conductivity slows thess transfer

into the matrixwhich forcesmoreoxygen into the fracturggigure 522).

Higher concentrations were also noted to persist within the injection well iowver t
(concentrations of ~ 30 mg,@ after 1.0 day)As seen witlthe random fracture network
in Scenario7a (hydraulic conductivity of 1.0 x 10m/s), the transverselistribution
within the dominat fractures is reduced due to more oxygen being concedtratthe
random fractures and in the matrix around the injection {@dlland 1.3 m distributiom

fractures 2 and 1, respectively after 1 day for concentrat®f mgO,/L).

This effect is compoundadalith the low hydaulic conductivity of the matxi In addition

the uniform distribution of oxygen around the upper portion of the injection well between
the upper horizontal fractures is also increased because higher concentrations of oxygen
are forced into the random fractures and not into the matrix.
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a) Oxygen, 0.077 days
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Figure5-221 Simulated aygen distribution with low hydraulic conductivity and random
fracture networkScenario 7c)mean aperture 100 um) a) after 0.077 days araftb)
5.0days
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6.0 Interpretation and Summary of Results

The results of b model and in particularthe good match betweethe observed and
simulatedbreakthrough curvesonfirms that fractures play a definingle in the system

behavior.

Within the fractures, xygenwas shown to béransported from the injection zone as
discrete pulses which cased rapidchangs in the concentration gradientdong the
fracture/matrix interfacesThe pulses migrated at distinct velocities depending on the
fracture aperturedVithin the largest fractures, the simulated pulse migration wad rap
with limited time for diffusion from the fractures to the matrixansport was slower
through the smaller fracturaghich allowed more time for matrix diffusionfransport
within the factures is dominated by advectiomhich carries the injected oxygelown
gradient resulting in sharp breakthrough curvestlabse monitoring points thatare
aligned withthe majorfractureg(e.g. TW1-3 and TW14).

Transport into the rock matrix alsoccurs by diffusion and advectiveprocesss
Diffusive-like concentraon tailing within the injection wellpersisted for several days
following the injection, providing evidendbat oxygerhad rapidly penetratetie matrix
under the high pressure gradients, followedloy back diffusioninto the open injection
well. The transport mechanisms into the matrix may account for the variation in the
breakthrough curve tails seen between the field and hagleésults (TW13 and TW1

4).

Transport of oxygen into the matrix can explain the breakthrough of oxygen at the field
observation point TW17 and to a lesser extent at TW1The observed and simulated
oxygenbreakthroughat these locationsust bea result ofa diffusive pulsewithin the
system

Once the oxygen ladeentered thgorous matrix anavasflushed from the fractas, the
concentration gradiesteverse and oxygenthen back diffuse into the fracturesThis
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was best seeat point 9 within the model where there was a sharp peak concentration
followed by a long diffusive tail. The concentrations decrease over 208 tday

background leveldue to the back diffusion of the oxygen from the matrix.

Observationgrom the sensitivity rungenerallyindicatal that with variations to the input
parameters such as apertuteydraulic gradient and hydraulic conductivitythe
distribution of oxygen within the system can be significantly different with varying

degrees oadvectivetransport within the fractures addfusion intothe rock matrix.

Resultswith the random fracture netwodwerlayshowed some limited differencdsom

the base case (and perhaps gave a more realistic visual perspbativegre not
significantly different from the original base case with the simple horizontal network. It is
clear that the observed system is dominated by a few distinct fracturésusman be
reasonably reproduced with planar discrete fracturehigh hydraulic conductivity
homogeneous equivalent porous nuedimodelling approach is not applicable in this

case.

6.1  Effectivenessof Oxygenlnjection

The degree of transport withihe fractures and the matrix and ultimately the distribution

of oxygen within the system is a function of the aquifer properties and was shown to vary
based on the fracture aperture (and fracture netwosfdraulic gradient, hydraulic
conductivity and miaix porosity. For effective bioremediatiptine delivery of the oxygen

into the rock matrix is the key factoLipson et al, 2005. In this investigationthe
controlling factors for the delivery of oxygen into the matrix were assessedhs
determinedhatunder this short (1.5 hour) injectiooxygen can be effectively delivered

into the matrixat concentrationsonduciveto aerobic biodegradatio(®» 3.0 mg GQ/L)

along the injection well (transverse distribution of 0.5 m) and into the matrix along the

fractures (106s of centimeters)
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The results can be transferred to other sftésel aquifer conditions are determined to be
similar. It should be noted that during this investigatina significant utilizationof the
oxygen wabservedn the fieldthusoxygenutilization was not taken into consideration
by the modé In addition, it should be noted that the field injection was for a limited
duration of about 80 minute§hese conditionghereforerepresentan idealzed and

simplified oxygen deliveryenvironment

Severalunanswered questiorremainwith respect tothe potential application of this
oxygen delivery method on enhanced aerobic bioremedjatiany of which were not
addressed as part of this investigation. Some questionsadgeessedin the
recommendation saons of this reportThoseissueghat can beddressetb help design
further applications of the methods ata determine the implicationgor enhanced
aerobic biodegradation include the persistence of oxygen within the matthx rfoi
utilization) and the zone of influence of the injections.pFovide more informatiomn
these issuegwo additional predictive simulationsvere conductedising the calibrated

basemodel.

6.2 Predictive Simulations

6.2.1 Simulation 17 Continuous Injection

For ths first predictive simulation a long termcontinuous injection waapplied The
injection conditions werédentical to the base case but the injectitme interval was
extended from 80 minutes #days (168 hourat 26.4 mg Q/L andat 11L/min). The
total mass injected was3kilograms of oxygen.

The continuous injection saw a rapid rise in concentration in the injection well (TW2)
and at the downgradient monitoring points TW3 and 4, consistent with the
breakthrough curves for the d®caseThe @ncentratios remained consistent at ~ 26
mg/L in TW2 and ~ 24 mg/L in TWB and 4 for thelurationof the injection (168 hours)
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(AppendixH). Once the injection was turned offie concentrations within the injection
well decreasedraduallybefore returning to background conditions after ~250 holrs.

the downgradient monitoring points TW2 and 4the concentrationsapidly returned to
background conditions (within several hours) after the injection was stopped. In the two
additiond monitoring points TW16 and 7 concentrations increased gradually until the
end of injection (168 hours) when the concentration wa$.0 mg Q/L. The
concentration in TW3% continued to increase over time and was ~12 pig &fter 200

days. Within TW17 a $milar trend was noted. Concentrations peaked after ~ 1400 hours
(58 days) and then gradually declined to ~ 10 mpity @fter 200 days.

Within the matrix the corentrations at the points located-giadient point8) and down
gradient points 10 and 11) b the injection well showed a rapid increase in
concentrations following the start of injectiamd remained above 20 mg.Q@ for the
full 200 days. Concentrations within the injection welbifit 9) also increased quickly
following the start of irgctionbut decreased quickly ondee injection was stopped (168
days). Concentratiathen declined gradually with time but remained above 16 pig O
for the full 200 days.

Monitoring points within the fracturepqgints13 -16) peaked at 26 mg Q within ~ 50
hours then decled rapidly to ~10 mg @L within 1000 hours (41.6 days) and then
gradually decliedto concentrationsf ~ 6.0 mg Q/L overthe 200 days.

The oygen distribution following injection (after 7 dayshows peak concentrations
consistent wth theinjectionfluid concentratiorwithin the injection well an@éxtendingl

m into he matrix surrounding the well (Figure28). The @ncentration within fracture 1

is ~ 24 mg OJ/L at the modeboundaryl0 m downgradientand 7 m dowsgradient in
fracture 2 Oxygen is flushed from the injection well into the fractures over time with
little remainingabove3.0 mg Q/L after 50 days. With time the oxygen continues to be
flushed from the fractures and concentrations within the matrix pefsi8t® mg Q/L)

for the full 200 days.
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Figure6-11 Continuous/-dayinjectionsimulation showingxygen distribution at 7, 50,
125 and 200 dayis thea) vertical(xz) and b) transverse (yggctionsatvertical profile
locationsA A6 and BBO
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