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Abstract

Best or beneficial management practic&MWP$ are often relied upon as a mitigation
strategyfor nitrate contamination tlroughout CanadaAt a regional scaleeducing the
quantity ofnutrients appliedto agricultural lands one BMP approach that has been
implemented internationallyWhilethese BMP strategidsavebeenprovento successfully
reduce the environmental impadf agriculture onwvater systems, the time interval
between BMP implementation andreoticeable improvement in groundwater quality can
be quiteextensive This lag time has been observed at #ggiculturally impacted hornton
Well Field irDxford County Despitesevenyears ofsignificant reductions in fertilizer
applicationwithin the capture zone of this municipal well field, declining nitrate
concentrations have yet to be observadthe production water welldn order to
accelerate nitrateeductionsat the Thornton Well Fieldgn integrated approacklgombining

BMPs witha stimulated in situ denitrificatiostrategy wasimplemented.

This research focuseon the useof a crosgnjection schemeo stimulate in situ
denitrificationwithin the producton aquifer unitsup-gradient of the Thornton Well Field.
Briefly, this strategy involwanjecting a carbon source and electron donor into a high flux
aquifer zoneusing & injection and extraction system positioned perpendicular to the
regional flowfield. Through altering the geochemical conditions, thgctionsstimulate
indigenous bacteria to reduce harmful nitrate to innocuous dinitrogen gas. The main
objectives of this research includecharacterizing thénydrogeologic and geochemical
properties d the target aquifer; pilot scale testing of the propos@usitudenitrification
system andsuggesting an approach for +ggaling to a fulscaletreatment schemecapable

of remediaing the elevated nitrate concentrations at the Thornton Well Field.

Cae logging, electrical resistivity studies, several methods of hydraulic characterization,
tracer testing, and threelimensional groundwater modellingere used taquantifythe
physicalpropertiesof the target aquifeland to develop a hydrogeologic cont¢eal model

of the site The aquifer unit wasfound to beunconfinedin the experiment vicinity
il



consistingof a complex system afix main hydrostratigraphic layeo$ sand and gravel
featuringvariablehydraulic conductivityK)values Despitethe hydrogeologic complexity,
the geochemical properties of the aquifer were relativetyform with depth Anion cation,
alkalinity, pH, dissolved oxygen, and nitrous oxide ddtaontributed to this conjectureOf
particular interest howeverwere theelevateddissolved oxygen concentrations, which
rivalledatmospheric saturatiothroughout the entire aquifer sequencéhe background
physical and chemical characterization identified two main challenges that would
potentially influence the performance of the @itu denitrification processstimulating
uniform denitrification in the fast flowing, complex aquifer system and overcoming the

elevated oxygen concentrations to achieve the necessary anaerobic conditions.

Following the initial site characterization g@be,severalpreliminarycrossinjection
experiments weralesignedand performed.These experiments featured an injection
extraction circulation cycle whicgpanned five metres andas operatechormalto
groundwater flow.Acetate was selected as the eleair donor and carbon substratélhe

first testinvolved a single acetate injection followed &yextensiveperiod ofgroundwater
sampling Unfortunately, thignitial testprovided no indication of stimulated in situ
denitrification. Allanion, cation, ad nitrous oxide concentration and isotope data collected

during and following this injection remainedthin the range of background estimates.

Followingthe first injectionexperiment a subsequent test involvingultiple, repetitive

acetate injectionsvas implemented to overcome the highdgrobic nature of the aquifer

and support thegrowth and reproduction of denitrifyingacterialpopulations.The second
injection phase included9 individual injectioathat were operated at intervals of every

day toevery other dayver a total period of 26 day3 hese injectionsuccessfullyowered

the dissolved oxygen concentrations within the target aquifer to an average range of 0 to 4
mg/L. The least conductive layers featured the lowest oxygen concentratidlg, the

higher K layersnaintainedelevated oxygen concentrationshe nitrite nitrate, and

enriched NGN and N@'®0 isotope datauggesed a high degree of stimulated
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denitrification in the least conductive layessd a limited degree in the higklayers The
lower-Kunits corresponding tonulti-level wellports ML72, ML7#5, and ML76 achieved a
46 percent reduction in nitrate, while the layer represented by Mlattained a 100
percent reduction in nitrate. Alternatively, due to the constantumfbf dissolved oxygen
and limited residence timewery little denitrification was observed in thiast flowing layers
corresponding to ports ML:3, ML74, and ML77. Overall, a percent reductiqin terms of
nitrate mass crossing thed wide treatmentlens,of onlyelevenpercentwas calculated
These results clearly demonstrate that theprofile hada significant impacbn stimulatng

in situ bioremediation.

Twomajor systenchallengesvere observed, includingninability to successfully stimulate
denitrification within the highly permeable layeasid the generation of harmful nitrite at
nearly all aquifer depths. Based on these significdnatlengesit wasconcludedthat
additionalexperimentationis required beforehis remediation techniqueanbe expanded
to a fullscalein situ treatment schemelhe most significant recommendation requested
the development and execution of a third injection phasensisting omultiple,
consecutive substrate injections designed to systematicallyasous plsing intervals,
injection concentrations, and electron donoBespite the current limitations, this approach
has great potential. It is believed that with additional research,ithgitu stimulation of
denitrification could be used to successfully reduhe elevated nitrate concentrations at
the Thornton Well Field.
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1. Introduction

1.1 Nitrate, Agriculture, and Groundwater

It is suggested that nitrate is the single sst@ommon groundwater contaminant worldwide
(Freeze and Cherry, 1979; Spalding and Exner, 1993;AapelPostma, 2005), emanating
from both point sources, such as septic tanks and agricultural waste lagoons, aipainon
sources, such as nutrients apgalito farm fields and geological sources (Canter, 1997).
Appelo and Postma (2005) suggest that the main cause of increasing nitrate levels in
shallow aquifers is the excessive agricultural application of fertilizers and manure since the
1960s. In rural séings where municipal and private wells tend to be surrounded by
agricultural land, this direct connection betweantrient application and groundwater

quality must be recognized.

1.2 Conventional Use of Land Management BMPs for Nitrate Mitigation
Theaccumulation of nitrate in the hydrologic cycksulting from agricultural operations
has drawn thanternationalattention of government regulators, researchers, and water
resources managers, who have established a collection of mandatory and voluntary
standards for agricultural practice (Bekeris, 2007). The prificenys of these standards is
limiting the loss of nutrients to the environment. In addition to meetatiget nutrient
managementegulations, such a®strictions on winter applications arst-back distances
from groundwater wdk and surface water bodiefarmers typically furthesoil and water
protection efforts by implementing other besbr beneficialmanagement practices (BMPs)
(Bekeris, 2007). These practices include any action thatiders the balance of nutrienta
agriculture with an overall goal of protecting environmental resources without sacrificing
successful crop production (Crop Nutrients Caly2009. Examples of BMPs inclutiee

use of a crop rotatiomeducing nitrogerapplication rates, synchronizing nitrogen supply
andplant demandthe use of buffer strips and riparian zon@sd the use of cover crops (Di
and Cameron, 2002Mckague et al., 2005



1.3 Coupling BMPs and Remediation Strategies for Enhanced Treatment

Land management BMPs are commonly relied upon as a mitigatrategyfor nitrate
contamination throughout Canada. While this technique has been shown to successfully
reduce the environmental impact of agriculture on groundwater systems, the time interval
between BMP implementation and a noticeable improvement in groundwater quality can
be quite extensive. For example, Meissner et al. (2002) observed a strong correlation
between a 50 percent reduction in fertilizer input and the amount of nutrient leaching
through the unsaturated zone; however, the positive outcome was not observed until 13
years following implementation. In addition, a second study suggests that nitrate
concentrationdgn the saturated zone of th@&bbotsfordSumas aquifer, which spans the
Western CanaddJnited States border, have not notably changed following ten years of
established agricultural BMPs (Wassenaar et al., 200f@)}-compliance issues revolving
around the fertilizer application requirements and temploymentof inorganic chemil
fertilizers, however, may hawafectedthese result{Wassenaar et al., 2006}ole (2008)
examinedthe longterm effects of a 46 percent reduction mutrient application on shallow
groundwater nitrate concentrations. An average reduction of 35 pereers observed,

with more significant improvements occurring near the water table. While the decrease in
nutrient loadingwas found tosignificantlyreducethe nitrate massexiting the farm
property,these positive resultarere not observed until 10 yeafsllowingimplementation.
Researclstudiesby Tomer andBurkart (2003) and Honisch et al. (2002) also support the
notion thatit may take several years to decades for changes in agricultural management
practices tohave anmpacton groundwater qualitydueto extensivetravel times through

the vadose zone

It is clear that a lengthy lag time exists betweaegional scal8MP implementation and a
decrease irgroundwater nitrate concentrationat certain sites. Therefore, the adoption of

an integrated appoach combining BMPs with various groundwater remediation strategies,
seemsdntuitive. While the BMPs provide a relatively low maintenance, longer term solution,

groundwater remediation strategies, such as permeable reactive barrieretad in situ
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treatment methods provide a morentense, shorter term solutiorintegratingthese two
approachesombinesthe benefits of both methodsind mayprovide a reliable, enduring
treatment systenmwith a significantly reducetag time The focused remedial approach
would be designed to function untihe effects ofthe regional scale BMPs are realized in the

production aquifer.

1.4 Field Application of the Integrated Approach: Woodstock, Ontario

The City of Woodstock, Ontario, located within the County of Oxfot@sren groundwater
from glacial sediments to meet all domestic and industrial water demands. The Thornton
Well Field, located in a rural setting southwest of the city, provides the majority of the
water supply. Over the last three dades, nitrate concenations atthis well field have

been progressively increasing, likely due to the influence of excess fertilizer application on
the surrounding agricultural land\s a resultin 2003the County purchasetll1 hectares of
agricultural land within the captureone of theThornton Well FieldThe land is how rented
back to farmers who must abide by strict nutrient application guidelareg various BMPs
Following this effort, it was assumed that nitrate concentrations would gradually decline in
the supply well. Severyears later, no decline has been observed and the County of Oxford
has shifted its focus to an integrated approawtiolving acombination of regional

reductions in nutrient application and focused in situ denitrificatidhis reearchproject

addressedhe supplementaryn situremediation strategy.

1.5 Hypothesis andDbjectives

In an effort to mitigate the nitrate problems at the Thornton Well Field, an in situ
bioremediation strategy was proposefriefly, this strategy involves injecting @rlson
source and electron donor into a high flaguiferzone, upgradient of the supply wells.
With these key ingredients andhder properreduction-oxidationconditions, naturally
occurring aquifer bacteriwill reducethe nitrateto innocuous dinitrogemas At full scale, it
isthoughtthat this type of system has the potential to lower nitrate concentrations in the

supply wells to below the MAChis project will provide the initial research required to
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determine whether or not the described systemIvaierform well at the Woodstocktsi.

The overall hypothesis of this research is: lasgale in situ denitrification can be initiated in

a heterogeneous, aerobic aquifer through the introduction of a carbon source and electron
donor using a controlled iagtion systemBased on this hypothesidé main objectives of

thiswork are to:

- Thoroughlycharacterize the chemical and physical properties of the subsurface in the
experiment vicinity

- Establishand evaluate the performance afmethod for stimuting in situ denitrification
in a highly aerobic, fagtowing aquifer

- Quggest an approackor up-scalingo a full in situ treatment scheme with the capacity to

remediate theelevatednitrate concentrations at the Thornton Well Field

1.6 Study Aproach

The overall approach of this research can be broken up intonham phases. In Phase 1
emphasis was placed on physical and chemical site characterization. This was done with a
series of field and lab techniques, including core logging, grain iségsss, geophysics,

tracer testing, groundwater sampling, and thrdenensional modiing. Phase 2 involved

the actualacetate injections. Several injections were executedr a period of about six
months. During the injectionsntensegroundwater samphgwasused to track the extent

of denitrificationand geochemical variability

Chapter 2 of this thesis provides background information related to the field site and in situ
remediation technologies. Chapter 3 describes the methodology used for various
experiments. Chapter 4 presents the results of all field and rtiodework, in addition to
discussion and interpretation. Finally, Chapter 5 contains the conclusidhi researclas

well as futurerecommendations.



2. Background

2.1 LiteratureReview

2.1.1 Nitrate andHumanHealth

Elevated nitrate concentrations in drinking water hawest commonlbeen associated

with methemoglobiremia, also known aéblue baby syndromg&(Johnson et al., 1987;

Gelberg et al., 1999; Knobeloch et al., 2p@ddvarious types ofjastrointestinaktances

(Ward et al., 1996; Yang et al., 1998kdical research also suggestp@entiallinkage

between maternal nitrate exposure and adverse reproductive and developmental outcomes

(Fan and Steinberg, 1996; Manassaratal., 2003.

The potentially fatal mettmoglobiremia, affecting bottlefed infants,is perhaps the most

well known condition associated with nitratsmntaminated drinking water. This illness

begins when large amounts of nitrate are consunbgdhe infant and reduced to nitrite in

the digestive system. The nitrite then oxidsZieemoglobin in the blood téorm

methemoglobin a compound which lacks the ability to transport oxygen. Gin&lup of
YSGKSY23ft20AY RSLINR OSofioxyged, SesultigigitlypoXiatatidhed 2 R (1 A a
development of an abnonal bluegrey skin colour. Metimoglobin levels greater tmeb0

percent can result in comar death of the infantKnobeloch et al., 2000)

While the connection between elevated nitrate levelglimking water and
methaemoglobinaemiappearso be a secure one, the relationship between nitrate and
cancer is a debated issue. Addiscott and Benjamin (2004) suggest that there are theoretical
reasons for proposing a connection between nitrate consuorpand stomach cancer.

Nitrite produced frommitrate reduction has the potential to react with protein digestion
products in the stomach to form carcinogenientroso compounds (Addiscott and

Benjamin, 2004).

It appears that further epidemiological sties are required to understand tHall impactof

elevated nitrate levels on human health. In the mean time, due to the potential of adverse
5



effects, a MAC of 10 mgN®I/L for nitrate in drinking water has been established by Health
Canada (Health Canadz)08).

2.1.2Regulatory Framework for Nutrient Managemeim Ontario
The potential health and environmental risks associated with agriculpueaiticehave
resulted in the development of legislation, regulations, and protocols designed to reduce
nutrient pollution. In Ontario, the management of agricultural nutrients is governed by the
Nutrient Management Actleveloped by the Ontario Ministry of the Environment and the
Ontario Ministry ofAgriculture,Food, and Rural Affairs apéssed on June 22002
(Ontario Ministry of the Environment, 20Q8)his Act provides a complete nutrient
management framework for the agricultural industaythe municipal scalancluding
comprehensiveenvironmental protection guideling®©ntario Ministry of the Environamt,
2008). It givesurrentBMPsthe force of law andlefinesenforceable, provincevide
standardswhichregulte the management of all nutriesrich materials applied to the land
(Ontario Ministry of the Environment, 200&)nder this act, the Nutrient lsihagement
Regulation (O. Reg. 267/03) was passed in September of 20G8raemtied in September
2005 (0. Reg. 511/05) (Ontario Ministry of Agriculture, Food, and Rural Affairs, 2009). This
regulation defines @etof specific protocols aimed at piecting the environment and
human health. Examples of these protocols include (Ontario Ministry of Agriculture, Food,
and Rural Affairs, 2009):

- Design and constructiostandards for manure holdings

- Nutrient application setbaks from wells and surface water bodies

- Restrictions on winter spreading oiutrient-rich materiak

- Requirements for vegetatedudfer zones along surface water bodie

The implementation of these protocols is the responsibility of the farm operatbo may
choose to supplement them with addmal BMPs Compliance and enforcement programs

are defined in the Nutrient Management Act and falbrased inspections can be planned or



performed in response to complaing®ntario Ministry of Agriculture, Food, and Rural

Affairs, 2009.

2.1.3 NutrientManagement Strategies in the Literature

Dinnes et al. (2002) examid¢he effectiveness of many strategies for improved nutrient
management. Thesgracticesare commonly used togethemdinclude the timng of
nutrient applications, diersified crop rotatns,cover cropsriparian buffes, and significant

reductions in the nutrient application rate

The timingand rateof nutrient application has been proven to play a dominant role in the
loss of nitrate togroundwaterand surface waterinnes et al., 202). As the time between
nutrient application and crop uptake increases, so does the risk of nitrogen losses due to
leaching, runoff, and volatilization (Dinnes et al., 2Q@2isinger and Delgado, 20P2n
certain areadNorth American farmers apply nugnts in the falls opposed to the spring

due to labour availability, fawmable weather and soil conditions, and lower fertilizer prices
(Dinnes et al., 2002). This practice concentrates nutrients in the soil well before it is
required by crops, greatlycreasing the leaching potentiah a study by Sanchez and
Blackmer (1988) it was shown that 49 to 64 percent ofdpplied nitrogen was lost from

the upper soil zone prior to plamptake in the spring-urthermore, a 36 percent reduction
in nitrate lessedrom tile drainage was observed BRandall and Mulla (20Q0ivhen the

application time was changed from fall to spring.

Diversified crop rotationsespecially changing from continuous corn to a esogbean
rotation, have als@roven to bean effective method for minimizing nutrient losses (Weed
and Kanwar, 1996lbus and Knighton, 1998; Dinnes et al., 200&ed and Kanwar (1996)
reported that the total N@N losses over a three year period wdi@4 kg/ha forcontinuous
corn, 77 kg/hdor rotation corn plots, 84 kg/ha for rotation soybedn addition to this,
addingperennialspecies to the crop rotatiohas also been shown teduce N@-N losses

in subsurfacadrainage(Randall et al., 1997Randall et al. (199 €ompared nitrate losses
7



from tile drainage betweeriields planted with continuous corn, a cesoybean rotation,
alfalfa, and an alfalfperennial grass mixture. The results indicatedt NG-N lossesrom

perennial crops ranged from03o 50 timedessthan fromrow crops (Radall et al., 1997).

A thirdcommonnutrient management strategy is these of a cover craf his strategy
targets the noncrop period, following the fall harvest and prior to crop development in the
spring. This critical time of year, whigkenerallyrunsfrom November to May, typically
features the highest N&N losses from subsurface draina@gambardella et al, 1999n a
three year study, Rury et al. (1996) demonstrated that 88 to 95 percent of total annual
NGs-N losses occurred during this time pati The cultivation of aver cropsduring the
non-crop interval hadeen proven to effectively reduce the potential for nitrateddhing

from agricultural field§Martinez and Guiraud, 1990)eisinger et al., 1991Dinnes et al.,
2002).Cover crops operathy accumulating inorganic soil nutrients and holding them in an
organic form, thus preventing leaching to groundwater systems (Dinnes et al., 2002). The
bound nutrients are then released to the next crop upon decomposition (Dinnes et al.,
2002).Martinezand Guiraud (1990) measur&tD;-N concentrations in drainage water

from afield with acornwheat rotationboth with and without a ryegrassover crop They
determined that duringthe intercrop period, theaverageNG;-N concentration in drainage
water was40 mdL when the field was barand0.25mg/Lwhen there was a cover crop
(Martinez and Guiraud, 1990In addition, over the course of the stud¢d.kgha was

leached under bare fallowyhile only40 kgha was leachedinder the catch crogMartinez

and Guiraud, 1990.

The preservation of uncultivated strips of land separating agricultural fields from streams,
also termed riparian buffers, is yet another method of nutrient management. These riparian
zones which feature natural trees, shrubs, agthsseshavefrequentlybeenproven to
decreasehe nitrate concentrationof shallow groundwatethat encountersthem (Addy et

al., 1999; Cey et al., 1999; Spruill et al., 2000; Young and Briggs,\20@B the

effectiveness of these buffers is widelgcapted, the mechanism of nutrient control is often
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debated or unclea(Dinnes et al., 2002There are several possible mechanisisluding
dilution resulting from increased recharge in the buffer zone, nutrient uptake by buffer zone
vegetation, and natrally enhanced denitrification resulting from an increase in organic
carbon(Dinnes et al., 2002These mechanisnmeay work individually or in combination to
reduce nitrate concentrationg:or example, Spruhill et al. (2000) observed a 95 percent
reduction in nitrate concentrationg buffer zones, with approximately 30 to 35 percent

being attributed to dilution and 65 to 70 percent being credited to plant assimilation and/or

denitrification.

Another common nutrient management strategy involves sigaiftly reducing theutrient
application rateover agricultural landThis strategy is of particular interest as it has been
employed at the Woodstock site since 2083. previously mentionedvieissner et al.
(2002)observed a strong correlation betweerb@ percent reduction in fertilizer input and
the amount of nutrient leaching through the unsaturated zare Cole (200&)oncluded
that a46 percent reduction in nutrient applicatioesulted in declininghallow

groundwater nitrate concentrationsn addtion to the previously discussed lengthy lag
times, a secongotential limitation of this technique is maintaining crop yields while
minimizing the amount of applied fertilizer. Thisawbackwas notobserved by Cole (2008),
who concluded that the considable nutrient application reduction did not significantly

alter crop yields.

In summary, multiple nutrient management strategies have been thoroughly explored in
the literature, with proof of success atnumber offield sites.Due to the diversit of
subsurface conditions, however, exceptions do exist. For these excepitarnative
mitigation options must be explored, with particular emphasis on integrating a variety of

strategies. This is explored in the following section.



2.1.4 he Integrated Use of Groundwater Remediation Strategies

Following regulatory guidelines and adopting a varietygyfcaltural nutrient management
strategies alone may not be enough to satisfactorily reduce groundwater nitrate
concentrations at certain @6 (Dinnes et al., 2002lso,as previously mentioned, the time
lag between the implementation of nutrient management strategies ambticeable
improvement in groundwater quality can be quite extendiMeissner et al., 2002;
Wassenaar et al., 20065t sites where this is the castegrating nutrient management
techniques with groundwater remediation strategies may provideasiblesolutionto

contamination

Groundwater remediation strategies for the treatment of inorganic groundwater
contamirantsgenerallyfall into two categories: in situ and ex sitx situ treatments

typically include exoaating the contaminant source arpimp and treat methods. These
approaches, however, amgsuallyexpensive and better suited for point source problems.

The nonpoint source nature of nitrate contamination affecting many agricultural sites,
including the Woodstock site, requires a more progressive, in situ, and passive approach to
treatment. In situ methods, such as permeable reactive barriers and injegtithdrawal
systems, rely on stimulating chemical or biological reactions directly within the
contaminated aquifer. The following sections describe the available in situ treatment

options for agricultural nitrate contamination.

2.1.5In SituDenitrification as a Treatment Option
Under proper conditions nitrate is readily transformedinnocuousnitrogen gas by wide
range offacultative anaerobic organisms (Foth, 1984)llowing the consumption of all
oxygen, these organisnmely onnitrate to geneite energy viacellularrespiration (Foth,
1984).The denitrification process involves the formation of several intermediate products
and can be summarized as (Soares, 2000):

NO; — NO;,— NO— 0—> N (2.1)
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As the final productitrogen gasimplyescapes to the atmosphere. For this process to
continue to completion the denitrifying bacteria require an electron dqrosource of

organic carbonand properenvironmentalconditions

Although nitrate $ readilyconvertedto nitrogen gas in the natural environment, it remains
a top groundwater contaminartiecause many aquifers lack the optimum reduction
oxidation conditions and steady source of carbon and electrdhs recognition has led to
the develgpment of many in situ denitrificédn technologiesevolving around the addition
of variouscarbonsources and electron donors. There are two maategoriesof in sity,
semipassivdreatment schemes: (1) permeable reactive barriers, and (2) injection

withdrawal systems.

2.1.5.1PermeableReactiveBarriers for Denitrification

The installation of permeable reactive barriers (PRBs) has proven to be an effective method
for treating inorganic groundwater contaminants, including nitréR®bertson and I&rry,

1995; Blowes et al., 2000; Robertson et al., 2000is technology involvgmsitioning

chemically or biologically reactive materials across the flow path of a contaminant plume.
As the plume migrates through the PRB, the constituents are transitm nontoxic or
immobile derivatives (Scherer et al., 200@)great deal of time and money are required for

the initial PRB design phase; following this, however, the system can operate passively on

the order of years to decades.

A main limitation othe reactive barrier methods achieving the minimumequired
residence time to ensure the reactions reach complefiGrerczak et al., 2007 his

problem is notypically encountered when natural gradients are controlling groundwater
flow. However, viaen municipal supply wells are operating in close proximity, which is the
case at the Woodstock site, this can be a major constraisecandlimitation involves
maintaining a sufficient hydraulic conductivity (Gierczak et al., 2007). If the hydraulic

conductvity of the PRB is less than that of the aquifer material, the contaminated
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groundwater may completely bypass the barrier. This may also occur on a smaller scale
within the actual barrier due to improper installatioim addition, constructing and instadb

a PRB deep below the water table is typically very difficult and experigieeeffectiveness
of a PRB at the Woodstock sitegisestionable, therefore, due tthe high hydraulic
conductivity of the target aquifer, thelose proximity to the Thornton ¥ Field and the

difficult and expensive nature of the approach

2.1.5.2Injection-Withdrawal Systems for Denitrification

There are three main categories of injectiathdrawal systems for denitrification: single
well injectionwithdrawal systems, duadell injectionwithdrawal systems, and daisyell
systems (Gierczak et al., 2007he simple singlvell systems operat®y injecting an
electron donor solutiordirectlyinto the plume, allowing denitrification to occur, dnhen
extracting the treated water from the same waell a later time (Gierczak et al., 200This
type of test may be utilized to evaluate the denitrifying potential of the aquifer before a

larger scale system is designed and built.

Dualwell injecticn-withdrawal systems involve injecting an electron donor and nutrient
substrate into one well while simultaneously pumping another nearby well. This
arrangement is typically used to establish an undergroénd f aftiRsblvednutrients

which migrates dowgradient while promoting the necessary reactioAgain, this

relatively simple system can be used to assess the feasibility of denitrification at a specific
site before upscaling to a multivell systemGierczak et al. (2007) notes that a single well

doublet is rarely sufficient for a fuficale denitrification project.

Daisywell injectionwithdrawal systems are characterized by a single, central extraction
well surrounded by several injection wells (Gierczak et al., 200ié) water table that
results fromthe daisywell pumping schemés thought to depict theetals of a daisy flower
(Khan and Spalding, 2003). Typically, this type of well arrangement is used fesdalge

remediation projects due to the relatively large zone of influence. Theatitee relays

12



several successful fiektale applications of the daisyell systentor stimulating in situ
denitrification (Hamon and Fustec, 199Kahn and Spalding, 2003; Kahn and Spalding,
2004).

It has continually been demonstrated that theseeittjon-withdrawal systems perform
optimally when the electron donor substrate is introduced in a series of discrete palses
opposed to a continuous injectigqibevlin and Barker, 1996; Peyton, 1986&an and
Spalding, 2003;he pulses help to reducedHormation of biofilms, which can lead to
aquifer and screen clogging typical problem associated with injectianthdrawal systems
(Devlin and Barker, 1994)ther possiblalisadvantagesf thes treatment systems include
gas formationthe accumulatio of harmful intermediate productsnd difficulty

distributing the substrate and promoting the reaction homogeneously throughout the
aquifer (Soares, 2000). In addition to this, the groundwater system at the site of interest
should be well characterizedth physically and chemically, whican be time consuming

and exp@sive (Soares, 2000)his aspect is discussed further in the following section.

2.1.5.3 Site Characterization Challenges Relating to In Biaatment

Site characterizatiors a cruciaaspect of all bioremediation projects. It is required to
determinethe extent of contamination, set feasible remediation goals, design an affordable
and effective remediation program, and predict the outcome of the remediation effort
(Mackay,1990). Several research studies have focused on the complex nature of the
subsurface and how it controlsostimulated reactions anthe fate of groundwater

contaminants (Freeze and Cherry, 1979; Mackay et al., 1985; Mackay and Cherry, 1989; Lee
et al., 2@O; Yang et al., 20Q0Englert et al., 2009 These publicationsuggest that a limited

initial understanding of the chemical and physical hydrogeology at a particular site will lead

to an inefficient, costly, and prolonged remediation program (MackayQ1L99

Despite the obvious need for a thorough understanding of subsurface conditions, the

various methods of site characterization are imperfect and sometimes unavailable (Mackay,
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1990). Typical characterization problems revolve around issues of scalkayvied Cherry
(1989) relate that slight, smadlcale variations in permeability can be of great detriment to
remediation strategies, especially when designed under impressions of homogeneity.
Classic techniques such as aquifer tests and geologic condgdemiss such smadlcale
variations and fine stratification (Mackay, 1990). In addition, monitoring wells with long

screened intervals tend to blur the chemical details (Mackay, 1990).

The greater Woodstock site has been well characterized on allscale; however, is

clear that much more detail vearequired in the direct vicinity of the study site to design a
successful in situ bioremediation program. To overcome the limitations discussed above, a
series of evidential lines at various scalesevelied upon for thorough characterization.

Data from core logging, grain size analysis, geophysical methods, tracer tests, three
dimensional modking, and several rounds of geochemical sampling were amalgamated to
produce acomprehensiveonceptual modeof subsurface conditions prior to the

remediation effort. In addition, several mulgvel wells with short screens were installed

for detailed chemical monitoring before, during, and after the remediation injections.

2.2 Study Site

2.2.1 Ste Descriptionand Topography

Thesite of interest is located appximately three kilometers soutbf Woodstock, Ontario

in Oxford CountyFigure 2.1)The eastern edge of the site is bordered by the Thornton Well
Field whichprovidesthe City of Woodstdc with approximately halbf its water supplyia

five major production wells (Wells 1, 3, 5, 8, and.secondprincipal well field the Tabor
Well Field (Wells 2 and 4), is located approximately three kilometers southeast of the
Thornton property (Figre 2.2).Agriculture, the dominant land use in the area, has resulted
in elevated nitrate levels in the municipal wells. Whitacentrations at théabor Well
Fieldhavegenerallyremainedbelow the MAC of 10m§l/L, water produced at the

Thornton Well F&ld has been surpassing this limihce the miel990s (Figure 2)3

(Haslauer, 2005)n orderto maintain concentration the production groundwater supply
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below the MAC, he current solution involves controlling pumping rates, alternating
between produwction wells, and blending the nitrate laden water witdw nitrate water
from the Tabor Well Fiel(Bekeris, 2007).

The ground surface in the area surrounding the study site can be described as gently rolling,
with two distinct hill features identiéd as drumlingFigure 2.4 The longitudinal axes of
theselandforms are oriented from souttvest to north-east (Haslauer, 2005). The study site

is located in a lowying area directly between these two features.

2.2.2 Previous Research

Since the l18-1990s a series of research projects have focused on characterizing the
physical and geochemical setting of the Thornton Well Field and the surrounding area.
Heagle (2000) was the first to provide a detailed assessment of the site geochemistry, with
anemphasis on nitrate contamination. To accompany this chemical piece, Padusenko
(2001) characterized the regional physical hydrogeology of the area. This research also
focused on evaluating and mitigating the impacts of agriculture on groundwater quality at

the regional scale.

Haslauer (2005Bekeris (2007)and Koch (200%ontinued research at the site following

GKS /2dzyieé 2F hEF2NRQAa wnno RSOA&AZY (2 LlzNX
Haslauer (2005) focused on refining the site conceptuadel through a series of field

investigations including geophysical testing, drilling, core logging, and water sampling. The

result of this research was a threkmensional digital model of the hydrostratigraphic units

at both the regional and local seal. Bekeris (2007) combined hydrologic, geologic, and
meteorological information to derive estimates of nitrate mass loading across the

purchased land parcel in an effort to evaluate the effectiveness ofgbaction inapplied

fertilizer. Koch (2009) cdimued to evaluate mass loading while also assessing aquifer

vulnerability and refining the geologic conceptual model.
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These previous projects have all focused on a very large area, which surrounds the compact
study site of this research endeavor. A®sult, the greater Woodstock site is well
characterized on a broad scale. Alternatively, this project requires a much deeper
understanding of the small scale variations in the chemical and physical properties of the

subsurface.

2.2.3Geology

The Rileozoic geology of the Woodstock area is characterized by Silurian dolostone and
shale overlain by Devonian limestone (Cowan, 19VB¢. bedrock surface is flat to gently
rolling and slopes to the south (Cowan, 19Fislauer (2005) encountered limestone
bedrock approximately 69 m below ground surface with the installation of a deep
monitoring well about one kilometer soutivest of the study siteThe fossilifeous nature

of the limestonehelped identify it ashie Detroit River Formatioaf Devonian age

(Haslauer, 2005).

The Quaternary geology of tlagea illustrated in Figure 2,5vas shaped by glacial outflows
from the OntaricErie, Huron, and Georgian Bay ice lobes during the Wisconsinan (Cowan,
1975).The alternating advances of thesides mixed the sedimentis the area forming a
complex interlobate zone composed of lithologically similar tills (Cowan, 19fé)ate
WisconsinamavistockTill, characterized by iiff, stony, and silty composition, dominates
the surficial Quaterney geology of the study sit€owan, 1975; Bekeris, 2007). Cowan
(1975) notes that this till unit typically occurs as ground moraine or in drumlins in the
Woodstock areaBekeris (2007) suggests that the Catfish Creek Tilpartthpsthe Port
Stanley Tilbccur deeper at the site. The Catfish Creek Till is dominated by stiff silt and is
frequently associated with glaciofluvial sand and gravel units (Cowan, 1975). The Port
Stanley Till is aelayey silt tillwhich occurs as ground moraine in the area (Cowl®75).

Over the broad area surrounding the site, these tills comprise what is best described as a
drumlinized ground moraine (Bekeris, 2007). Of particular interest are the glaciofluvial sand

and gravel deposits occurring directly in the site vicinibesehighly permeablenaterials
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were deposited ira significant glacial meltwater chanr(@owan, 1975Haslauer (2005)
identified this channel as a principal pathway for nitrate transport to the production wells of
the Thornton Well Field-urther information regarding tle site geology is provided by
Padusenko (2001), Haslauer (200Bgkeris (2007)and Koch{2009.

2.2.4Hydrogeology

The intense glacial history of the Woodstock area has prodacazmplex distribution of
aquifers and aquitards at thats. In the area surrounding the Thornton Well Field, these
units, as well as the groundwater flow system, have been thoroughly explored by
Padusenko (2001) and Haslauer (200Bhe existing conceptual moderoduced by
Haslauer (2005featuresan overbuden system of four aquifers interlayered amongst four
aguitards, all overlying a conductive bedrock aquifer. These aquifers and aquitards range
from zero to tens of metres in thickness across the site (Bekeris, Z8iQudye 26 is a cross
section along @ry Road displaying the generalized stratigrapgbf/particular interest are
Aquifers 2 and 3och (2009%uggests that these two aquifecenverge taform one large
unconfined aquifer in the area of interefrill logs, geophysical surveys, and a rgpid
responding water table support this conjecture (Bekeris, 200§ absence okquitards 1,

2, and 3in thisvicinity greatly increasgthe vulnerability of the aquifer to nitrate
contamination. This is of particular importance as therfiton Well Fiall supply wells are
locateddown-gradient of this locatiomn Aquifess3 and 4 Padusenko (2001), Hasler
(2005),Bekeris (2007)and Koch (2009rovide further information regarding the site
hydrogeology.

2.2.5 TheAverage Regional Groundwater Flaweld

Koch (2009) contoured hydraulic head measurements collected at wells screened in both
Aquifer 2 and Aquifer 3 in May of 20QBigure 2.7). The groundwater flow direction across
the greater Woodstock site in both Aquifer 2 and Aquifer 3 is predomipasatst to
southeastward (Koch, 2009). Aguifer 2,eastward flow dominates near the northern edge

of the greater site area, while southeastward fleswobservedlong the glacidé@vial
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outwash channel identified in Figure 2.5 (Koch, 2009). AlternativeAquifer 3,
southeastward groundwater flow dominates in the northwestern portionhef greater
Woodstock site, while eastward flow is observed in the southern portion of the figure
(Koch, 2009)Koch (2009) also noted the hydraulic head measuremersrded for

Aquifer 2 were slightly lower than thoseeasuredfor Aquifer 3, suggesting the presence of
an upward gradient. This gradiertowever, declined as the well field was approached. In
the direct vicinity of the study site, downwardvertical gradent wasnoted. A final
observation by Koch (2008)dicated thatthe direction of groundwatewas not largely

influenced by the seasons.

2.2.6History of Nutrient Managementat the Study Site

As previously mentioned, nitrate concentrations at the Ttion Well Field, directly

adjacent to the study site, have been progressively increasing over the past three decades
as a results oéxcess fertilizer applicatiof o deal with this issue, the County of Oxford
purchased two parcels of agricultural landtjasrth of the Thornton Well Field. Parcel A is

38 hectares in area and is bounded to the northwest by Curry Road, to the southwest by
Dodge Line, and to the southeast by another farming property (Koch, 2009). Parcel B is 73
hectares in area and is boundéaithe northwest by Curry Road and to the east by the
Thornton Well Field (Koch, 2009). Both parcels are located directly within the capture zone

of the productionwells,

There are seven individual agricultural fields comprising Parcel B, which agatburented

to farmers who must abide by strict nutrient application guidelines. This effort is part of a
nutrient management strategy aimed at significantly reducing the amount of nitrate loading
to the subsurface. The amount of fertilizemrrently appied toeach field is ditated by the

type of crop grown (Bekeris, 2007). Bekeris (2007) indicates that corn is given a starter
fertilizer which coincides with planting and a sideess in late spring. No nitrogen fertilizer

is applied to soybean crops dwely are capable of nitrogen fixation (Bekeris, 2007).
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Crop rotations were also altered as part of the nutrient management strateggr to

2003, most of the Parcel B fields featured a grass and wt@aksoybean rotation (Bekeris,
2007). This rotatiomas been maintained, however, the wheat has been changed from hard
red winter wheat to soft red winter wheat, which requires 50 percent less nitrogen (Bekeris,
2007).

To supplement this nutrient management strategy, continuous monitoring of groundwate
nitrate concentrations has been performathce 2003This effort hastarted to show some
reductions in nitrate across the greater Woodstock site. These reductions, however, have
been slow to appear and there has been no obvious decline in nitrate ntatens at the

Thornton Well Field.
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Figure 2.3: Trends in nitrate concentrations in Municipal Wells 1, 3, and 5 (Bekeris, 2007).
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Figure 2.7: Hydraulic head contour maps representing conditions syMf 2008 in (a)
Aquifer 2 and (b) Aquifer 3 (modified from Koch, 2009).
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3. Methods

3.1 Site Instrumentation

3.1.1 InjectiorExtractionWells

A total of four injectiorextractionwells, WO77, WO78, WO79, and WO8&@re installed in
the summer and falbf 2008(Figure 3.1)Theyeachfeature a50.8mm (2-inch) diameter
10-slot PVC screen andlt&dule 40 PVC riser pipe. The total depths of the wells and the
screen lengths vary due tocalelevationchanges of an underlyirgay layer. WO77,
WO78, and WED0 all haver.62-m (25-foot) long screens and reach a depth of about 17
metres below the ground surface. Alternatively, WO79 h&sl&m (20-foot) long screen
and reached a depth of about 15 metres below the ground surfdt¢e four wells were
installedto form a straight line perpendicular to the regional fléield, with a separation
distance of 5 metres.his orientation was selected to facilitate the creation of a uniform
dissolved nutrient cloud between the injectigxtraction wels. Following themjections
this substratecloudis permitted to migrate downgradientpromoting denitrification along
its path.The similar design of the four wefiermitted the comparison and assessment of
various well separation distances, including 5 metres, 10 metres 15 metresTable A.1
in Appendix A provid&further construction and location informatiopertaining tothese

four wells.

3.1.2 Multi-Level Monitoring Wells

Twelvebundletype multi-levelmonitoringwells, ML1 to ML12yere also installed in the
summer and fall of 2008These wells were principally used to monitor tracer distribution
during initial hydrogeologic testing, gather detailed background chemical data, and track
geochemical changes during the acetate injectidech multlevel well featires eight
individualscreens 10 centineters in length and placed a&ertical incremensof 1.7 metres
The bundles were constructed by securing sevem®binner diametepolyethylene tubes
arounda central 12.7fmm inner diameter PVC pipe. The scre@s tivere created from
slotted 9.5mm inner diameter polyethylene tubing wrapped in fine Nitézcreen. These

bundles were transported to the field in pieces and assembledimForall multi-level
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bundles the sampling ports are labeled one to eightearorresponding to the shallowest
port and eight corresponding to the deepest pofthie multilevel bundles were positioned
to form a tight gridsituated downgradient of the injecticaxtraction wells The orientation
of the grid allowdor detailed geochmical monitoring in both space and time during the
substrate injection experiments. Table An2Appendix A providedetailedconstruction and

location informationfor these monitoring wells.

All of the wells constructed in 2008, including thgedion-pumping wells andnulti-level
bundles were installed with a&5eoprobe® Model 7720DT direct push drill rig. Due to the
gravelly composition of the unsaturated zone, augers were used to drill to a depth of
approximately 4.6 metres (15 feet). The augeese then removed and 82-6im (3.25

inch) outer diameter probe rods were installed to the desired depth. The wells were then
lowered into the hole andecuredas the rig pulled the casirggctions to the surfacé& he
formation was assumed to collapse umifdy around the wells below the water table.
Above the saturated zone, the annulus was filled with the auger cuttings, followed by

bentonite chips near the ground surface.

3.1.3 Existing Monitoring Wells

Geochemical and water leveathsetsfrom the WO74 and WO75erieswells installed
during the course of previous research wanlere frequently relied upn. The close
proximity of these wells to the multevel network in addition to the abundance of existing
chemical and physical data made these monitg wells an asseflso, the various depths
of the WO74 and WO75 serigglls spanned the entire experiment zorpgrmitting a

direct comparisorof datasets collected at these wells and the network of injection

extraction and multdlevel wells.

The W4 well grouping is comprised of five individual wells, includiSglanst® CMT
Multi-level SystenfWO74ML)and four50.8mm (2inch) diameter wells screened over
variousaquiferdepths(WO74WT, WO74S, WO74M, and WO74D). The WO75eries
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consists of aly three wells, including a seco&linst® CMT Mulkevel SystenfWWO75ML)
and two50.8mm (Zinch) diameter well§WO75S and WO7B). The two CMT systems
featuresix 10mm diameter and one 9:Bhm diameter channels, all reaching various depths
within the aquifer The larger wells feature a 50m8m (2inch) diameter 16slot PVC screen
and Schedule 40 PVC riser pipe. All WO74 and \B&swells were installedvith a Boart
Longyear Rotosonic Mini Drill Riger a period spanning December of 2006 to daywf

2007. The wells were constructed with an artificial filter pack consisting of uniform sand.
Above the sand pack, bentonite chips wered to seal the annulus. The relative locations
of these wells, in addition to the new injectigpumping and multievel wells are displayed

in Figure 3.1.

In addition to these well groupingsther existingmonitoring welkincludingWO35and
WO02D-14 wererelied upon for water levednd qualitydata. WO35is located
approximately70 metresup-gradientfrom the multilevel gridandfeatures a 38.Amm (1.5
inch) diameter 16slot PVC screen and Schedule 40 PVC riser\M@®2D-14 is located
within the limits of the Thornton Well Field, approximately 130 mettes/n-gradient from
the multi-level well network This welhasa 34.9mm (1.375inch) diameter slotted PVC
screen and Schedule 40 PVC riser dgzeh WO35 and WOGR-14 are screened in Aquifer

2, with depths corresponding to the experiment zone at the study site.

Table A.3 and Table ArtAppendix A provide construction and location information for the
previously existingnulti-level wells andarger diameter, singlscreen wells, respectively.
These tables provide location-codinates and screen depths metres above sea level

(masl).

3.2Core Logging
A total of four geologic cores were collectaébeir locations redtive to the monitoring wells
aredisplayed in Figure 3.Zores 1, 2, and were collected in the summer and fall of 2008

with the Geoprobe® Model 7720DT direct push drilang sampling systenCore 3was
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collected in the spring of 2008 using a ViBhash® direct push rig equipped with an Enviro
Core® sampling systeifhe core collection was used to explore the stratigraphy in the area
directly surrounding the intended injéon-extractionsite. Grain size analyses were also
performed from coresub-samplesn an initial effort to define the hydraulic conductivity

profile.

The four cores were logged in the laboratory according to the Unified Soil Classification
System American Society for Testing Materials, 200B)e stony composition of the
subsurface resulted irelativelypoor core recoverypverall While logging, it was assumed
that the top of each core section was truly representative of the shallowest materiahland
missing material corresponded to the deepest material at the bottom of the core section.
This assumption is based on the idea that the core tube will collect material until it
encounters a rock which blocks its opening. Following this, the tube ptiseeeck deeper

through the sediment, preventing the material from entering the core barrel.

Additionalcore logging was performed the winter of 2007ollowing the method
described abovgproducing thorough geologic logs for wells WEFAVO74ANT, WO2-M,
WQO74D, WO75S, and WO7B.These core logs are displayed in Appendix B.

3.3 Electrical Resistivity Surveys

As the inverse of electrical conductivity, the resistivity of a medium is a measure of how well
the material impedes the flow of electricalirrent (Herman, 2001 Monitoring resistivity as

the distribution of an induced electrical current below ground surface with a series of
electrode pairs can provide information regarding the distribution of various soil types,
including the general extentof aquifers and aquitard& general, he resistivity of a

medium isdependent onits moisture contentclay content, andhe ion concentratiorof

the pore water(Haslauer, 2005Combining previously collected information regarding

these key factors \h resistivity surveys provides a reliable means of delineating

underground layers (Herman, 2001).
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Twoelectricalresistivity surveys were completed August and September of 2009 in an
effort to initially characterize the aquifer of interestith anon-destructive, nornvasive
approach A Syscal Junior Switch 48 resistivity imaging system from IRIS Instruments was
employed for the surveyd.he two resistivitysurveylines, including individual electrode
locations, are displayed irigure 3.3Both e Wenner and Dipot®ipole electrode arrays
were used to gain a thorough understanding of the subsurface resistivity distribéton.
electrode separation distance of 2.5 m was used and a maximum penetration depth of
approximately 20 m was achievethe ditaset wascorrected for topography using ground

surface elevations collected with a Sokkia SET 600 Total Station.

3.4 Hydraulic Testing

Several lines of evidence were relied upon to determine the subsurface distribution of
hydraulic conductivity. Tése methods include grain size analyses performed on core sub
samples, conventional slug tests, miétvel slug tests, and borehole flowmeter tests. The

following sections describe these techniques in detail.

3.4.1 Grain Size Analysis

102 individual grai size analyses were performed on core-salnples taken at an interval

of twenty to thirty centimeteran the winter of 2008 The procedure was based on a
standard method described in American Society for Testing Materials (2007). All samples
were air dred prior to sieving. Due to the coarse naturelod material,a method

developed byTerzagh{1925)was used for the analysis of sieve data. The hydraulic

conductivity K) of each sample was calculated as

2S5, 2 (n- o
K :aSSleO)Z Mg (3.1)
gV - 533" 9

where Sis an empirical constant, assumed to be 0.1048 for smooth graimd 0.0602 for

angular grainsVis the viscosity, assumed to be 0.0i@&m" s, corresponding to an
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average groundwater temperature of 10 degrees Celslugs the grain size diameter at

which ten percent of the particles are finer; ands the porosityassumed to be 0.3Due

to the uniform mixture of angular and smooth specimens in each sample, all final K
estimates were calculated by averaging the results produced by the Terzaghi (19253

for angular grains (S = 0.0602) and the Terzaghi (1925) method for smooth grains (0.1048).

3.4.2 Conventional Slug Tests

Conventional slug testing is a relatively quick and inexpensive method for determining the
hydraulic conductivity of an aquifen the direct vicinity of a well screefhis type of test
involves inducing a neanstantaneous head change in a well, followed by detailed

monitoring of the resultant recovery.

Several slugests were performed on the WO74 and WGs&sies wells intte winter of
2007.The initial head changes were generated by the introduction or removal of a
mechanical PVC slug, resulting in either a falling or rising head test, respectively. Before,
during, and following the induced head change, water level infoiomatvas collected with

a SolinsModel 3001 Levelogger LT pressure transdugeninimum of four rising and four
falling head tests were completed for each of the seven wells, with the initial displacement
being altered for each test. In addition, the veallere all thoroughly developed via

extended pumpingprior to the slug testingThe various initial displacements and ample

well development were required to deal with potential skin effects resulting from well
installation. Following thishie field dataand specific well parameters were entered into
AQTESOLVE Rr®for analysisThe water level displacement datasets were analyzed using
a mathematical solution developed IBpringer and Gelhar (199d¢signed exclusively for
unconfined aquifersThis soltion was able to accommodate thescillatorywater level
responsecurves obtained during testinyisual curve matching was performed to obtain

the best fit to the raw dataA hydraulic conductivity estimate was generated for each of the

rising and fallingests at the seven well locations.

32



3.4.3 Multi-level Slug Tests

The use of multlevel slug testing to characterize the vertical profile of hydraulic
conductivity has been successfully demonstrated by many researchers (Zlotnik and
McGuire, 1998; Svensncet al., 2005; Zemansky and McElwee, 2005; Ross and McElwee,
2007).While conventional slug tests only generate one bulk estimate of hydraulic
conductivity per well, nalti-level slug ésts have the ability to produce several estimates
with depth, generatig a comprehensive profile. These testé beperformedin individual
wells installed at different depths dny sealingff discrete intervals along a borehole or
continuouswell screenSvenson et al., 2005imilar to conventional slug testinipese
experiments involve inducing a nearstantaneous pressure changaed monitoring the

resultant response with a pressure transducer

Two rounds of multievel slug tests were performed on WO77 in May of 2008s well
features a 10.#netre long continuouscreen which was sealed off at various intervals to
achieve a detailed-drofile. The apparatus used for the testing is displayeBigure 3.4In
simplified terms, he system consigd of adouble packeunit, compressed air source, well
headmanifold, pressure transducer, and PVC riser gipeenson et al., 2005The double
packer assembly featudgwo 4.3-cm diameteN-Packers manufactured bRST

Instruments These packeraere connected by gerforated pipe acting aspermeable
spacer, creating aest interval of one metrén length A 1.25cminner diameteraccess pipe
running through the upper packer connectthe double packer system to the 2.5n
diameterPVC riser pipe, which housthe pressure transducer and exteadto ground
surface.To ersure a good seal, Teflon tape and silicon were used to seal the joints of the
PVC riser pipelhe wellhead maniold was constructed oPVC pipe, an atight fitting for

the transducer cable, and two ball valves, one for pressurizing the system androne fo
instantaneously releasing the pressure. A tank of compressed nitrogen was used to inflate
the packers while a portable air compressor was used for system pressuriZuigpmended

in the water column in the riser pipe, a nmented Level TROLL 300 prasduansducer

manufactured by I¥Situ Incwas employed to log pressure chang¥& a directread cable,
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the transducer was connected to a field laptop where #&ale water level data could be
observed.The entire system was suspended from a large alumitripod, with a boat

winch controlling the depth of the apparatus.

A total of tendepths were testedilong the well screen of WO&L an interval éone

metre. Three to four repetitive tests were performed at each of the ten depths, with the
initial displacement being induced by a pressurization of between 10 and 20 PSI. Similar to
the conventional slug tests, a minimum of two different initial displacements were used for
each depth. e tests began by assembling the field equipment and lowering tiokgra
system to the required depth. The packers were then inflated and the system was
permitted to return to equilibriumOnce the transducer had been initiatetie air

compressor was used to pressurize the test inkéand the water level in the riserge was
depressed. The system was then allowed to equilibrate. Following this, the pressure was
instantaneously released by opening the ball valve on the manifoldpfidssure was

logged by the transducer at an interval of 0.25 seconds before, duringpdading each

test. The tests were rendered complete when the water level returned to its static position.
Upon completion of testing at a specific depth, the packers were deflated, riser pipe was

added, and the system was lowered to the next depth ofriest.

Following the field work, the collected data and specific well parameters were entered into
AQTESOLVE R¥®.Once again, th&pringer and Gelhar (1994palytical solution was
selected for analysis based on characteristics of the wellathafer, and the water level
responseUsing visual curve matchinghgdraulic conductivity estimate was generated for
each ofthe three to four tests conducted dhe ten depths These values were then

averagedand plotted, producing a profile of hydraciiconductivity.

3.4.4 Borehole Flowmeter Testing
Borehole flowmeter testing has proven to be a convenient method for gaining insight into

vertical variations in horizontal hydraulic conductivig§d]tz et al., 1989)A series othese
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tests were peformed on wells WO77, WO78, WO79, and WO89amember of 2008 and
February of 2009%-or each test, &londa WH15XK1Qidgh-pressuregpump extracted water

at a nearconstant rate of about 230Q/minute from just above the well screen. Prior to the
testing, the wells required approximately one hour of pumping for proper development and
to achieve pseudsteadystate conditions (Moltz et al. 1989). For each test, the Mount
Sopris FLP2492 Impeller Flowmeter was lowered into the wells using a Mount Sopris 4MXA
1000 winch. The first measurement was always taken just above the bottom of the
screened interval. The device was then liftedtty winch system and flow measurements
were taken every ten centimeters over the entire screen lengtgure 3.5lisplays several

pictures illustrating the general setup of the experiment.

The conversion of theaw flowmeter output in rotations per second to hydraulic
conductivity followed a method developed by Moltz et al. (1989). This method is based on a
fluid flow study by Jaandel and Witherspoon (1969yhich states that in simple, layered
aquifers, flow towards a pumping well becomes horizontal and flow into the well from layer
I is proportional to the transmissivity of layerWith this information, Moltz et al. (1989)
developed an equation relating hydraulic conductivity to flowmeter output:
K, _DQ /Dz
K QB

whereK is the horizontal hydraulic conductivity of layieKis the average hydraulic

3.9

conductivity of the aquifemnQ is the flow into the pumping well from layemz is the

thickness of layer, Q, is the pumping rate, anBis the screen length (Moltz et al. 1989).

A Imitation of this profiling techniquésthe threshold velocity, which the flowmeter must
overcome before spinning will occur. Tigsuemay result in inaccurate data when
examiningthe hydraulic conductivity at the bottom of a deep well otow permeability
units (Moltz et al., 1989). This information was kept in mind while performing theds tes

and processing the data.
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3.5 Determining the Regional Hydraulic Gradient

The spatial distribution of hydraulic head is the driving force behind groundwater flow
(Haslauer, 2005). Due to seasonal fluctuations in temperature and precipitation, this
digtribution is constantly changingVater level measurements taken at individual wells can
be used to track hydraulic head at discrete poiftsalgamating tis information across a
site providesinformation regarding the magnitude and direction of horizdrgeoundwater
flow (Haslauer, 2005). In addition to this, mudével wells can be relied upon for

information concerning vertical groundwater flow (Haslauer, 2005).

The regionahorizontalhydraulic gradienat the study sitewas measured using weit levels
taken atmultiple wells, including the WO74 and WO75 series wéN©35 and WO02D-14.

The dataset consisted ofanual water levelsollectedover the entire year of 2008t an

interval of approximately one month, excluding March and NovemBbse.2008 water level
dataset was selected as it was the most recent, complete dataset available at the time of
analysisThesewater levelswere cortoured using Surfer 8 (versiéO01), a contouring

program created by Golden Software Incorporated. Fromcbtoured surface, a gradient
was calculated as the change in hydraulic head over the distance between measurements.
This procedure was performedn times, corresponding to the ten montiisat had
availablewater level dataln a similar procedureht vatical hydraulic gradientvas

estimated using manual water levels collected at the twelve rhelel wells.

3.6 Tracer Tests

3.6.1 Predictive Analytical Modelling

Before each tracer test was performed, the scenario was simulated with an @aalyt
solution for onedimensional solute transport, ONED The solution, derived by the
application of integral transform methods, relates to a system with a constant influent
concentration and an initial concentration of zero (Neville, 20B%)imates bthe darcy
flux, porosity travel distancedispersion and diffusion values, retardation and decay

properties, and concentration informaticare specified in the model inpullhe output
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consistk of aseries oftoncentration breakthrough curgerepresentig tracer arrival at the
extraction well and a series of downgradient wellhis modelling was used to predict the
required durations of the tracer tests and the breakthrough times for the dgvadient

multi-level wells.

3.6.2 Forced Gradient Testing
A total of two forced gradient tracer tests were performed prior to tubstrate additions.

Both tests involved injecting a tracer into one well while pumping another nearby Tind.

system was operated perpendicular to groundwater flow in an effo®@tNBS F G S | a g f € ¢

tracer in the aquifer between the two wells. Bromide, in the form of potassium bromide,
was used as a groundwater tracer in both cases. It was selected due to its relatively
harmless nature and high solubility in water. These tracdstesre required to gain a
thorough understanding of solute movement in the subsurfpder to the addition of

acetate

The first tracer test was performed in November of 20B68undwater was extracted from
WO77(screen depth: 283.90 to 294.56 maat)an average ra of approximately 200 litres
per minute amended with a concentrated bromide solution at the surface, ardjszted
into WO78(screen depth: 283.70 to 294.37 madlhe 250000 mg/Lbromide solution wa
mixed with the groundwater #ine at a rate of 0.19.20litres per minutefor a period of
four hours. This translates into an injection concentratiorapproximately242 mg/L
Following the four hour injection, the circulation cycle operated for an additional 11 hours.
The3.8-cm diamete pump intaketubingwas positioned in the centre of the scregn
WQO77.The circulation cycle was driven by a high pressure centrifugal water pump, the
HondaWH15XK1C1Trhe flow rate was measured-ime with an F1L000 DigiMeter
Paddlewheel Flowmeter marfactured by BluéNVhite Industries LimitedBromide injection
was facilitated via a-€onnector and a much small&eopump Series Il peristaltic pump
The bromideamended groundwier was reinjected into a 2.5cm diameter PV@ser and

screen centered witim the larger 5.2cm diameterriser and screen of WO78imilar to the
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screen of WO78 e smaller diameter injection screevas a 16slot well screen; however,
the insert screen was taped at regular intervals to mimic &to8screen. This was done
create a slight back pressure within the weliring injection ensuring a even distribution
of tracerwith depth. Throughout this test, ML12 was samplied anions, including
bromide, nitrate, nitrite, sulfate, and chloridat approximately 0.5 hour inteals.Real time

bromide concentrationsvere obtained in the field usingn electricalconductivity probe.

The second tracer test was performed in April of 2009. This time groundwater was
extracted from WO78&screen depth: 283.70 to 294.37 maat)anaverage rate of
approximately 190 litres per minute, amended with a concentrated bromide solution at the
surface, and renjected into WO74screen depth: 285.32 to 294.47 mag\pain, he

250000 mg/Lbromide solution was mixed with the groundwaterline at a rate of 0.20

litres per minute for a period of just under four hours. This yields an injection concentration
of approximately 263ng/L. Following the injection period, the circulation cycle operated

for an additional 2.5 hours. This time, the puimpake tubing in WO78 was positioned

within the casing, just abovéné screened interval. All other design aspectdracer Test 1,
including the pumps and screen insert, were maintained for this festir multilevel

bundles, ML5, ML6, ML7, and ML8, w@nonitored and sampled for Tracer TesGamples
were collected both during and following the injection for a total period of 17 hdAgain,
anion samples were taken for bromide, nitrate, nitrite, sulfate, and chloride. Due to the
poor performance oftie electricalconductivity probe, real time bromide concentrations
were obtainedin the field using a bromide ieselective electrodenanufactured by Cote

Parmer

3.6.3 Natural Gradient Testing

WO80 was used to inject the tracer solution fbetnatural gradient, reactive tracer test,
performed in April of 2009. Groundwater was pumped from W@&ctreen depth: 283.90 to
294.56 maglat an average rate of 186 L/min, amended with both a potassium bromide and

sodium acetate solution, and Hiejected into WO8(0(screen depth: 284.00 to 294.66 masl)
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fifteen metres away. It was assumed that the pumping at WO77 would not directly impact
the test in the vicinity of WO80 due tbe large separation distance and brief pumping
schedule The 104,000 mg/hromide and 35,000 md/acetate solutions were mixed with

the groundwater inline at a rate of about 0.20'in for a period of one hour. This yields an
injectionconcentration of about 112 mg/f bromide and37 mg/Lof acetate. All pumping
and injection eqipment were turned off following one hou©nce again,ite pump intake

in WO77 was positionedithin the casing, just above theereened intervalAll other design
aspects of Tracer Test 1 and Tracer Test 2 were maintained for this testléaltbundle
ML10 was sampled at 0.5 hour increments for approximately 7.5 hours, during and
following the injection. Samples were collected for analysisromide, acetate, nitrate,

nitrite, sulfate,nitrous oxide, and carbon dioxide

It was recognized that thiglatively small addition of acetate was likely to be inadequate
for stimulating in situ denitrification. The carbon would most definitely be consumed by
aerobes and denitrifiers for growth and reproduction (Gierczak et al., 208039tate was
included forthe solepurposeof examining its subsurface behaviour. In particudar,
comparison of bromide and acetateansportwas performed, with emphasis being placed
on the peak arrival time This test washerefore considered to be a tracer test instead of

anacetate injection

3.6.4 Analysis of the Breakthrough Data

For each tracer teststimates of the average linear groundwater velocity and subsurface
dispersivity at the multlevel points were determined by fitting the bromide breakthrough
data with onedimensional solutions of the advectiatispersion equation (Gierczak et al.,
2006).Assuming a pulsed injection and a finite source width, the first solution, PULSEPE,

uses the following equations (Devlin and Barker, 1996; Gierczak et al., 2006):

€ _ax- w/(2)- vtd a X+w/(2)- vt @@
o0 =5 £ 3o+ 8 “Biog - wif

(3.3)
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D=va+D* (3.4)

where G isthe injection oncentration (mg/l; xis thedistance from the source (my is
the source width(m); Dis thedispersion coefficientni® s);t istime (s)} is thedispersivity
(m); D* is theeffective diffusioncoefficient m?s); andv is theaverage linear groundwater
velocity (m/s). For a given breakthrough curvesing this solutiont was possible to

optimizeestimates ofw, h, andv simultaneously (Gierczak et al., 2006)

The bromide breakthrougburvesfrom the downgradient multilevelwellswere also fit
with CLOUDPI, secondsolution. This codeassumes a point injection and finite mass, and

relies onthe following equationDevlin and Bker, 1996; Gierczak et al., 2006):

_ M/n e (x-vt)’o

whereM is the tracer mass injected (mg)js theporosity (dimensionless); and all other
parameters correspond to thodeund in Equations 3.3 and 3.Hlote that a porositywalue

of 0.33 was assumed for all calculatiof$is value ibased orprevious researchy Bekeris
(2007), who reported a porosity range of 0.® 0.36 for aquifetype soils Using CLOUDPE
a given breakthrough cunie matchedby optimizingM, n, andv concurrently (Gierczak et

al., 2006)

3.7 ThreeDimensional Groundwater Modelling

If calibrated properly, groundwater modéng provides a powerful tool for predicting
subsurface behaviour and planning an in sémediation scheme. Therefora finite
difference analysis approactelying onrModHow and MT3Dwas adopted talemonstrate
the effects of substrate injection and circulation and to tést various design parameters

of the Woodstockinjection experimentMore specifically, the original goaf the modelling

40



was to determine the pumping rate and duration required to draw the solute perpendicular
to the ambient flow direction between the injectiegxtraction well pair. It was then used to
comment on the most efficient injection configurationith particular attention being paid

to the separation distance between thjection-extractionwells. ModHow was used to
compute the physical system, solving for a steathte, ®nstant density, saturated flow

field, while MT3D was used to compute tbleemical system by modeltirsolute transport

by advection and dispersioifhe two codes were operated by the Visual Miogv software
suite.Note thatthe author of thisresearch set up all simulation scenarios, provided raw
field data, andsupervisedhe modellingwork, which was performed and summarized by
Gale (2009).

3.7.1 FiniteDifference Groundwater ModellingA\pproach

As previously mentioned, the modelling of subsurface solute transport requires two
individual codesthe first used to modelhe physical flow fieldVariations in the flow field
with respect tospace and time are computed by a particular version of the three
dimensional groundwater flow equation using spegquiiy/sical properties of thaquifer. In
this case, isnplifying assumtions ofuniform water density,uniform saturation and steady

state flowwere established

Once the physical flow field has been successfully modeleeision of the three
dimensional solute transport equation is usedsimulatethe movement of thesolute in
the subsurfaceThe physical flow field output provides the\aectionterm used for solute
transport A fourth simplifying assumption of reaction having a negligible effete
transport of acetatavas madeTherefore, only advection, dispeosi, and diffusion were

considered for solute transport modelling of the Woodstock injection system

Both ModFlow, used to generate the flow field, and MT3D, used to simulate solute
transport, rely on a blockentred, finite difference sation method Thefinite difference

solutionmethod usestruncated Taylor series to numericallystimatethe spatial derivatives

41



of the governing flow and solute transport equations (Rawtcdl., 2005). These derivatives

are computedbetween discretenodes, arranged todirm a grid within the model domain

(Logan, 2001 Blockcentred indicates that each node is centnehin the cells of the

domain Average groundwaterelocity and concentration values can onlydetermined at

these discrete nodedt is important to noe that other strategies exist for modelling

advective solute transport. Of particular interest is the method of characteristics (MFOC).

this project, @vection wassimulatedusingboth the finite difference method and the MOC

The MOC solves the advaatiterm with a conventional particle tracking method (Zheng

and Wang, 1999). This method relies on tracking particles of Rrmowcentration as they

move through the domain due to advection alone over several time steps (Zheng and Wang,

1999).

3.7.2Model Input Parameters

The determination oproperhydrogeologic parameteris extremely important to the
successful development of an accurate groundwater flow and solute transport model.
Therefore,a variety of laboratory and field techniques wersdied upon for estimates of the
average gradient and hydraulic conductivity. Information was amalgamatedtfrem
previously discusse2008 water level data, core logs, grain size analyses, conventional slug
tests, and the initial forced gradient tracer test to devithe preliminary homogeneous

model. This information was later refined based on trends in the hydraulic conductivity

datasets to develop a fiviayer representabn.

3.7.3The Preliminary Homogeneous Model

The preliminary homogeneous modeas ceated assuming a homogeneous and isotropic
distribution of hydraulic conalctivity throughout the domainDispersivity and porosity were
also assumed to be uniform crosssection of the conceptual model for the homogeneous
case is illustrated in FigureG3In accordance with core logs from Cores 1 to 4 and the
WO74 and WO7Series wells, the model depicts ainconfinedsand and gravel aquifer

underlain by a clay aquitard at a depth of 19 nestbelow ground surface (mbg#n
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average hydraulic conducttyifor this unitwas generated based on conventional slug test
data and grain size analysis resulike calculated gradient reflects the average annual
gradient based on manual water level measurements taken at WO35, Vix1d2 and the
WO74 andNVO75series wells.Consistent witlthe tracer test breakthrough curve analyses,
aporosity value of 0.33 was chosen based on work by Bekeris (2007). ,Malaigs of
longitudinal and transverse dispersivity were generated from the tracer test breakthrough
curves.This conceptual model was discretized and superimposed on a finite difference grid
in Visual Modflowto begin the simulationsinjection and extraction wells were added to

the domain to simulate therossinjection scheme.

3.7.4Stratified Model Developnent and Calibration

The development of enore accurate stratified model involved a progressive process of
adding layers, altering hydraulic conductivity estimates, and continually comparing the
modelling results to the ML12 breakthrough curves from thst firacer test. Each model

run was set up to reproduce the tracer test, including matching of pumping rates, bromide
concentration, and test duration. In addition, an observation well was incorporated into
each model run at the same relative location asli®llallowing for direct comparison of the
modelling results to the observed curvé&everal layered scenarios were investigated to

generate the most appropriate representation of the hydrostratigraphic model.

Calibration methods were used tefinethe fit of the observed data to curves generated by
the multi-layer model The process involved altering the conductivity and dispersivity values
of the five layers iteratively. A total of 42 individual iterations were performedtHer
calibration In addtion, two solute transport modelling approaches were examined,

including arupstream finite difference methodndthe method of characteristics (MOC).

3.8 Groundwater Sampling and Analysis
A multitude of sample types were required timoroughlycharacerize the background

geochemistry at the site and track changes resulting ftberacetate additionsPrior to
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sampling, at least three well volumes were purged to ensure the collection of formation
water. Depending on the sample type, this purging wasquared with either aGeopump
Series Iperistaltic pump, a ‘€hannel constructed manifd, or a Waterra inertial pumpthe

following sectionglescribe the various procedures for collecting each sample type.

3.8.1Anion Samples

Anion sampling played vital role in trackinggeochemical changes resulting frahe

acetate injections. The majority of these samples were analyzed for nitrate, nitrite, acetate,
bromide, sulfate, and chloride. Adhion samples were collected in 25scintillation vials.

To prevent biological activity, these samples were frozen shortly after being collected.
Sample analysis was performed oD@nex ICS 30006n chromatograpHeaturing a Dionex
lonPac A38 analytical columnPrior tothe analysisthe samples were thawed pwpletely

in the refrigerator and agitated to prevent the effects of stratification due to freezing.

Duplicate samples were collected and analyzed approximately every ten samples.

3.8.2Cation Samples

Numerous rounds ofationsamples were collecteduring each acetate injection. These
sampleswvere analyzed forcalcium,aluminum, silicon, iron, and mangane&ach sample
was fieldfiltered with a 0.4% m filter and directed into a 60 krhigh density polyethylene
bottle. The bottles were pracidified with 1.2nL of concentrated nitric acidThe reduced

pH is required to prevent the precipitation of the ions in solution. Duplicate samples were
collectedapproximatly every eight samples. All samples were sent toRlasma Analytical
Laboratory (KWPAL at the University of Kansas where they were analyzed ustgiively
coupled plasma atomic emission spectrometry (ICPAES), a meé¢vetbpedfor the

detection of traceionsin solution

3.8.3Alkalinity
Alkalinity was measured a few times throughout this project, both prior to and during the

acetate injections. The procedure for measuring alkalinity involves a field titration using a
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HACHVIodel ALDT Akalinity Kit Briefly, 100 rhof sample isneasured andhoroughly
mixed with an indicatorBromcresol Greeiethyl Redn this case. The solution is then
titrated with concentrated sulfuric acid until there is a colour changhkich indicateshe
endpointhas beerreached.The results are expressed as mgh CaC¢the range othe

test kit is 10 to 4000 mg/L, and the accuracy is £1 percent

3.8.4Dissolved Oxygen

Dissolved oxygen is a very important aspect of this research as denitrification is an
anaeobic reactionthat will only proceed following the consumption of all available oxygen.
For this reason, the concentration of dissolved oxygen was carefully monitored before,
during, and after all injections. It was often used as a surrogate parametitéosmine the
effectiveness of the injections before nitrate values became availdbdasuring dissolved
oxygenin groundwater is a procedure thédkes place in the field, immediately following
sample collectionThe process involves2d nmLgroundwatersample,CHEMetrics dissolved
oxygen vacwials, and a CHEMetriddodel \A\2000 PhotometerThe vacwvial tip is

snapped off in the sample and fills with water. This vial is then placed iphibmeter,
where it is processed for two minuteghe system réson the indigo carmine method

Each vacwial contains theeduced form of indigo carminavhich reacts with the dissolved
oxygen in the sample to form a bright blue prod(Gilbert et al., 1982 The photometer
measures the intensity of the blue produand relates it to the amount of dissolved oxygen,
generating aneasurement in milligrams per liti@s Q. The indigo carmine method is quite
reliable as it is not affected by temperature, salinity, or thegamce of other dissolved
gaseqGilbert et al, 1982).

3.8.5Nitrous Oxide Sampling

Nitrous oxide sampling was also used to track geochemical changes resulting from the
acetate additions. Nitrous oxide is an intermediate product that forms along the
denitrification pathway. Although there areany mechanisms for its creation, during

enhanced in situ bioremediation it is typically created by the incomplete reduction of
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nitrate (Anderson and Levine, 1986). Therefore, it was anticipated that fluctuations in
nitrous oxide concentrations from the beground level could provide insight into the
reductionoxidation conditions of the aquifer and the progress along the denitrification
chain. For example, nitrous oxide concentrations which increase or remain unchanged
might indicate that dissolved oxygesstill present in the aquifer and either no
denitrification or partial denitrification is occurring. Alternatively, a decrease in nitrous
oxidemayindicate that reducing conditions have been achieved and all nitrogen

compounds are being converted to ratgen gas.

Nitrous oxide concentration samples were collected in 60 mL glass serum bottles. When
collecting these samples, it was very important to ensure that no head space or bubbles
were created. The samples were preserved with 0.2 mL of saturateld &fgOrefrigerated

until analysis. Duplicates were collected approximately every ten saniesnalysis, the
samples were submitted to the Environmental Geochemistry Laboratory at the University of
Waterloo shortly after collection. The analysis methwdolves equilibrating the JDin a 5

mL headspace and manually injecting it onto a VariaB&® gas chromatograph with an

ECD detector (Rempel, 2008).

3.9 Isotope Sampling and Analysis

Stable nitrogen and oxygen isotope compositiottSN and 80) can provide unique
information regarding denitrification andJ® production in the subsurface (Barford et al.,
1999).While a great deal is known about tisotopic effect denitrification has ohiN and
80in nitrate, less isinderstoodabout the influence of denitrification on the isotopic
composition of NO Barford et al., 1999 Despite this, both °N andt 0 in NO andt *°N
and+ *®0 in nitrate were analyzed for this research. In addittaitium (*H) and heliurs

(*He) isotope concerations were measured to gain insight into groundwater age.
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3.9.1"N and*®0 in Nitrate

It has been well established thaticrobial denitrification results in the enrichment of both

1N andt *®0 in residual nitrate (Bottcher et al., 1990; Aravena aobeRson, 1998; Lund

et al., 2000; Cole, 2008). As nitrate concentrations decrease from in situ denitrification,
isotopic fractionation of nitrogen and oxygen molecules osciue to the preferential

reduction of the lighte*N and®0 isotopes in nitratéy the denitrifying bacteria (Aravena

and Robertson, 1998). The result is linear isotopic enrichment of the heavier isotopes in the
residual nitrate typicallyby a factor of 2.1:1 on a plot 6f°N andt *®0 in nitrate (Bottcher

et al., 1990; Aravena and Robertson, 1998).

Samples were collected in eith800 mLor 1.5 L plastic bottles for the analysis'tf and

80 in nitrate. The amount of sample collected was dependant on the anticipatedenit
concentration of the groundwateMore water was required for samples with lower nitrate
concentrations and less water was needed for samples with higher nitrate concentrations.
Therefore, prior to the addition of acetate, most background samples weltected in 500

mL bottles. Following the acetate injections, largeb Lbottles were required due to the
anticipated drop in nitrate. All samples were frozen as soon as possible following collection.
Once the nitrate concentrations of the samples wdetermined,they were submitted to

the Environmental Geochemistry Lédr processing and then to thénvironmental Isotope

Laboratoryfor analysis, both at the University of Waterloo

3.9.2"N and*®0 in Nitrous Oxide

Samples fot°N and'®0in nitrous oxide were collected in 160Lrglass serum bottle. Similar
to the NbO concentration samples, it was very important to ensure that no head space or
bubbles were created. The samples were preserved with QLdfreaturated HgGland
refrigerated & soon as possible following collection. Again, duplicates were collected
approximately every ten sample®nce the NO concentrations of the samples were

determined, they weresubmitted to theEnvironmental Geochemistry Lidr processing

a7



and then to theEnvironmental Isotope Laboratofgr analysis, both at the University of

Waterloo.

3.9.3 TritiumHelium Age Dating

Measuring the ratio of tritium>H) to helium3 He) in water samples can produce
estimatesof groundwater age (Sebol, 2004). The decayoigerned by a 12.34 year hdifie
and can be used to generatelatively precise (1 yeaage value¢Sebol, 2004). The
H/°He groundwater agean be calculated witthe following equation(Solomon and
Sudicky, 1991)

., a%He* 0
tz/llnégsH +18 (3.6)

wheret is the®H/°*He age of the groundwateris the®H decay constanfHe* s the

concentration of tritogeniéHe; and®H s the measured concentration &ifl.

To gain insight into the age of groundwater at the Woodstock site, several tifigiam
samples were collecteiom wells WO12, WO35nal WO40 in August of 200Bigure 3.7

(a) presents a map of the greater Woodstock site, illustrating the locations of these wells.
Thein situdiffusion sampler techniqueras used fogascollection (Figure 3.7 (b)Rriefly,

the samplersare filled with ar using a simple hand pump, deployed in the well at a depth of
interest,andallowed to equilibrate with dissolved gaseslat depth (Hendry et al., 2005).
Followinga 24hour equilibrationperiod, the device is retrieved and thgample tip is
isolatedusing pinckoff clamps.Prior to sample collection, thiéaree wells were purged with

a Waterra inertial pumpAll samples were analyzeing mass spectrometat the

Dissolvedand NobleGas Laboratory at the University of Utah in Salt Lake City, Utah.

3.10 Lateral Nitrate Flux through the Treatment Zone
Prior to the substrate additions, the lateral mass flux of nitrate through the laogde

treatment zone was calculated. This zone is comprised of a section of aquifer approximately
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53.6 metres wide ath14.6metres deep, spanning the distance between the W@id
WO75series wells. Based on core logs and previous research at the site, this portion of the
aquiferhas been identified asxtremelyconductive It can be pictured asfast-flowing

conduit, ©ntinuously transporting a great deal of nitrate masgtie supply wells of the
Thornton Well FieldThe mass flux calculation was performed to generate a percentage of

the nitrate mass produced at the supply wells coming directly from this zone.

To beyin the calculationthe treatment zone was divided into six distinct layers based on
the hydrogeologic conceptual moddlhe average annual regional hydraulic gradient
computed using manual water level data, hydraulic conductiatyesoutlined in the
conceptual modeland an assumed porosity of 0.33 were used to generate estsudtie
average linear groundwater velocityr each of these sixones. These values were then
combined witharea estimates andn average nitrate concentration of 13 ANJL to
producesixlateralmass fluwalues, which were summed to produce a total flux in metric

tons of nitrogen per year.

Comparing the nitrate mass passing through the proposed treatment zone to the nitrate
mass produced at the supply wells providedghs into the relative impacthis zonehason
the wells.For this comparisarestimates of nass fluxat ThorntonWells 01, 03, 05, 08, and
11 werecomputedusing aerage aqueous nitrate concentratioagordsfrom 1999 to 2006
and average 2008 flow ratesrfeach supply well. These individual fluxes were sumtaed
produce a total flux value representing the entire well field, which could be compared to

the total mass flux of the treatment zone.

3.11 Substrate Additions

3.11.1 Selection of the Crodsjection Scheme

Gierczak et al. (2007) pioneered the cragection scheme (CIS) for a pistale study in
Baden, Ontario, approximately 45 kilometers northeast of the Woodstock site. The method

is an adaptation of the nutrient injection wall (NIW) deked by Devlin and Barker (1994).
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The NIW method is characterized by a highly permeable wall installed across the path of a
contaminant plume (Devlin and Barker, 1994). Injection and pumping wells operate within
the NIW, circulating the required nutrienperpendicular to groundwater flow. Following

the injection phase, the wells are turned off and the nutrient pulse migrates into the aquifer
under natural gradient conditions (Devlin and Barker, 1994). This gquaissive pattern is
repeated throughout thereatment, with dispersion being relied upon to mix the

contaminated groundwater with the injected pulse dowradient.

The high cost associated with the excavation and installation of a physical wall, as well as
the naturally high hydraulic conductiyibf the target aquifer, has led to the selection of the
CIS for bioremediation at the Woodstock site. The CIS follows the same procedure as the
NIW method; however, there is no wall to facilitate nutrient delivery (Gierczak et al., 2007).
Alternatively, he injectionextractionsystem operates directly within the aquifer. The CIS
combines the design flexibility of a daissll system with the predominantly passive
operation of a PRB (Gierczak et al., 2007). In addition, previous studies have clearly
demondrated the success of this technology for stimulating in situ denitrification (Dybas et
al., 2002; Gierczak et al., 2007). These advantages have led to the selection of the CIS for

stimulating denitrification at the Woodstock site.

3.11.2 Electron DonoSelection

For stimulated in situ denitrification to proceed to completion, a source of electrons must
be supplied. There are several electron donor choices to consider, including both organic
compounds, such as simple organic acid anions, and inorgamipounds, such as ferrous
iron, hydrogen, and reduced sulfur (Gierczak et al., 2007). Selecting a soluble organic
substrate as an electron donor is beneficial as it supplies both the electrons and carbon
required to drive the denitrification reaction. Canon examples of these substrates include
glucose, sucrose, formate, methanol, ethanol, and acetate. Several studies have identified
acetate as the preferred carbon source and electron donor based on reports that it

produces less biomass than other carbosirates leading to fewer instances of clogging
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(Mateju et al., 1992; Constantin and Fick, 1997; Devlin et al., 2000) and due to its proven
success at stimulating complete denitrification (Kahn and Spalding, 2003; Kahn and
Spalding, 2004; Gierczak et 2007).For these reasonsn addition to therelatively
innocuousand accessibleature of acetate, it was selected as the carbon source and

electron donor for this research.

3.11.3 The C:N Ratio

The ratio of available carbon consumed to the amount tbgen reduced, also known as
the C:N ratio, has been identified as one of the key fagowerning theefficiency ofin situ
denitrification (Sobieszuk and Szewczyk, 2006).n&afficient amount of carbooan result
in partial denitrification, potentially leading to an accumulation of nitrite in the subsurface
(Hamon and Fustec, 1991).

The biologicalhmediateddenitrification reaction with acetatas the electron donois

summarized as follows (Devlin et al., 2000):

5CHO00(ag)+ 8NQ (aq)* 3H(@g) > 10HCGaq) + 4Nyg) + 4HOy (3.7)

This equation, which assumes comgletenitrification, states that fnoles ofacetateare
required to reduce 8 moles of nitrat8ackground nitrate concentrains at the Woodstock
site are typically very close to 13.0 gL or 57.6 mgNGs/L, which is equivalent to
approximately 0.93 mmoles/lIApplying the stoichiometric balance of the above equation
generates a required acetate concentration of approximate8dnmoles/L 084.3 mg/L.
This required concentration is the absolute minimum as it assumes ideal, anaerobic
conditions. It was hypothesized that a much greater acetate concentration would be
required to achieve complete denitrification at Woodstock daelte highly aerobioature

of the aquifer.Before any nitrate consumption could occur, excess carbon would be
required to achieve reducing conditions via stimulated bacterial consumption of oxygen.

Further, it was also thought that additional carbon woblklrequiredto foster and develop
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a subsurfacecommunityof denitrifiers.Due to these consideration€;:N ratios ranging from
1.9 to 2.8, approximately 3 to 4 times the theoretical requirement, were employed for the
injections These high ratios also tett the close proximity ahis experiment to the

Thornton Well Fieldwhere highnitrite concentrationscouldbe problematic.

3.11.4Injection Procedure

Over the course of this research project, two main substratectiga efforts were carried
out. The two injection phases followed a similar procedure and relied upon W&a7@&en
depth: 283.70 to 294.37 mad} the pumping well and WOTScreen depth: 285.32 to
294.47 maslas the injection well. Similar to the forced gradient tracer tests, ttstesy
was operated perpendicular to groundwater flpareating ax ¢ | f Suldstrageif the
aquifer betweenWO78 and WO7.A concentrated solution of sodium acetate and
potassium bromidevas injected during the two phase&cetate was used to stimulate the
denitrification reaction while bromide was used as a conservative tracer to track the

distribution of the injected solution.

Thepilot acetate experiment involved a single day injection on July 14, ZB@@indwater
was extracted fronWO78at an averge rae of approximately 174tres per minute,
amended withthe concentratedacetatebromide solution at the surface, and-ngjected
into WO™®. The83,657 mg/Lacetate and236,796 mg/L bromide solution was mixed with
groundwater inline at an average ratof0.214 litres per minute for a period of
approximately six hours. This translates imj@ction concentratios of approximatelyl03
mg/L and 29Ing/Lfor acetate and bromide, respectiveljhe acetate injection
concentration reflects a C:N ratio of qoximately 1.9, on a molper-mole basisFollowing
the nearlysixhour injection, the circulation cy& operated for an additional hour to ensure
the solution was well distributed between the injection and extraction poiftse 3.8&cm
diameter pump int&e tubing was positioneth the casing of WO78, just above the
screered interval.The circulation cycle was driven by a high pressure centrifugal water

pump, the HondaVH15XK1CGAhndthe flow ratebeingwasin-line viawith an 1000 Digi
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Meter PaddlewheeFlowmeter manufactured by Blé&/hite Industries LimitedThe
injectionof the concentrated acetatdromide solutiorwas facilitated via a-€onnector and
Geopump Series Il peristaltic pumphesubstrateamended groundwater was +i@jected

into a 2.5cm dameter PVC riser and screen centered within the largecBidiameter

riser and screen dVO79 Similar to the screen of WO7the smaller diameter injection
screen was a 16lot well screen; however, the insert screen was taped at regular intervals
to mimic an 8slot screen. This was done to create a slight back pressure within the well

during injection, ensuring an even distributionaafetatewith depth.

A second injection phase was planned and executédwing the realization that a single
injection day could not possibly provide enough carbon to facilitate the consumption of all
dissolved oxygen within the aquiferile supporting the growth and reproduction of
denitrifying populationsThis phase featuretivelve consecutivanjectionswhich tookplace
every day from September 14, 2009 to September 25, 2009, directly followed by seven
injections performed on an every other day basis spanning September 27, 2009 to October
9, 2009 .Nearly all design aspects of the first injection phase, includingtmeps and the
screen insert, were maintained for this round of injections. Each individual injection was
intended to run for approximately six hours, followed by an additional hour of circulation.
The target injection and pumping rates were 0.2 L/min 208 L/min, respectivelyith

these pumping rates, the intended average acetate injection concentration was planned to
be approximately 135 mg/L for each injection, leading to an ave@alyeatio of 2.5, on a
mole-per-mole basis. Table Bfeatures a sumrary of all acetate ijections, including the

single Rase 1 injection anthe 19 Pase 2 injections. It is clear from this table that the
targetvalues forpumping and injections ratefje acetate injection concentration, arttie

C:N ratio were not alwayschieved. This can be attributed tioe unpredictable nature of

the large centrifugal pump, which gradually generated lower and lower pumping rates over
the 19Phase 2 injections. The injection rate, controlled b@eopump Series Il peristaltic

pump, wasalso relatively difficult to set and maintain for the duration of an injection.
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Table 3.@lso indicates that potassium bromide was injected as a conservative tracer for
two of the second phase injections. On September 15, 2009 the bromideseaiso
determine the ideahfternoonsampling time for the injections to folloand an September
25, 2009 the bromide was used to track complete breakthroaghkisting with the
organization of a detailed samplinggimen Real time bromide concentrations were
obtained in the field using a bromide ieselective electrode manufactured by Cétarmer

and an electrical conductivity probe.

3.115 Groundwater Sampling Routine
Before beginning this section it is important to note that all samples collected dureng t
acetate injections followed the procedures outlined in the previous sections dedicated to

sampling protocol.

During the first acetate injection phase, four md#tvel bundles, ML5, ML6, ML7, and MLS,
were closely monitored and sampled. Samples weltected before, during, and following
the injection for a total period of almost 28 hours. Anion samples were collestidd

analyzed for acetatdgromide, nitrate, nitrite, sulfate, and chlorid&@hese samples were
collected at an interval of approximateB0 minutes for the first 9 hours of the experiment.
Following this, the sampling rate gradually decreased overnight and into the following
morning to one, two, and then three hours. Groundwater samples were also collected for
analysis of°N and*®0 in ritrate and*®N and*®0 in nitrous oxideA total of 48 samples

were obtained for each of these parameters, corresponding to four of the ports, at each of
the multi-level bundles, at three time periods. The idea behind this sampling routine was to
track theprogress and extent of the denitrification reaction in space at the three distinct
times. Nitrous oxide concentration samples, corresponding to the isotope samples, were
also collected accordg to this regimen. In additigmlissolved oxygen, pH, and dikdty

measurements were taken arghmples were collected faationanalysisCa, Al, Si, Mn,

Fo.
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The sampling program for the secoadetate injection phase involvesimple daily

sampling with more intense collectionsn September 25, 200&8nd October 9, 2009. The

daily samplingentailedcollecting anion samples from the ports of ML7 in the morning, just
as the injection was beginning, and in the afternoon, following the cessation of all pumping.
These samples were analyzed for acetate nicke, nitrate, nitrite, sulfate, and chloride. In
addition, daily dissolved oxygen measurements were taken at the ports of ML7. These
numbers were typically collected once a day, following the injection termination and before
the collection ofanion sample.On a few occasions dissolved oxygen was also measured in

the morning as the injection was beginning.

September 25, 2009 marked the twelfth and final daily injection. The four teuwk

bundles, ML5, ML6, ML7, and ML8, were closely monitored and|sdrfqr a total period

of over 27 hours. Anion samples were collected from the four ateN&l bundles at an

interval of approximately one hour for the first 10 hours of the experiment. Following this,
the sampling rate gradually decreased to two and thi@ee hours overnight and into the
following morningand afternoon Once again, the anion samples were analyzed for acetate,
bromide, nitrate, nitrite, sulfate, and chloride. Similar to the experiment in the first injection
phase, groundwater samples weaso collected fomnalysis of>N and*®0 in nitrate and in
nitrous oxide. A total of 32 samples were obtained for each of these parameters,
corresponding to four of the ports, at each of the muéivel bundles, at two time periods.
Nitrous oxide conceamnation samples, corresponding to the isotope samples, were also
required.Finally,28 samples were collected for cation analysis (Ca, Al, Si, ManBe)

series ofdissolved oxygen, pH, and alkalinity measurements were taken

The second injection phaseas completed with the nineteenth injection, taking place on
October 9, 2009. The ports of ML5, ML6, ML7, and ML8 were sampled for anions three
times. The first round was collected in the morning before the start of the final injection,

the second round was collectednid-day, and the third sampling round was performed
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following the cessation of all pumping. Dissolved oxygen measurements were taken at ML7

in the afternoon.

Postexperiment sampling was performed on October 13, 2009 and October 19, 2008. On
again, he ports of ML5, ML6, ML7, and ML8 were sampled for anions and analyzed for
acetate, bromide, nitrate, nitrite, sulfate, and chloride. In addition, dissolved oxygen

measurements were taken at ML7 on both days.

3.11.6Evaluating the Effectivenss of the In Situ Treatment System

The effectiveness of each acetate injection phase was evaluated basexveral
geochemical parametergscludingmanganese, irorsulphate nitrous oxide dissolved
oxygen nitrate, nitrite, andNO;->N and NOs-*0 isdopes Concentration data collected
during and following the acetate injections were compared to background information to
track significant geochemical changes. While changesimganese, ironsulphate nitrous
oxideand dissolved oxygenere used to tackthe establishment of new reductien
oxidation conditionsnitrate and nitrite concentrations were required to confirm the
formation of a denitrifyingenvironment For this reason, emphasis was placed on nitrate
and nitrite monitoring and concentratiomalysis. A significant decrease in nitrate with little
to no nitrite production was determined to be the optimal outcome of initial testing,

indicating a very effective treatment system

3.11.7Developing an Approach for Upcaling Treatment

Oneof the main objective of this researchievolves around developing an approach for up
scaling treatment to a largscale system capable of remediating the elevated nitrate
concentrations at the Thornton Well Field. Several key fastenr® considered dung this
development includingthe injection and extraction durationghe pulsing interval, the
injection concentrationand the injectiorextraction well spacingn addition, thelateral
extent of the treatment areavasexamined These parameters wer@gsidered throughout

this research in an effort toharacterizehe optimum treatment systenfor the study site.
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Woodstock Resistivity Surveys
August to September 2009

Ground Surface Contours (masl)
+  Electrode Locations (Line 1)
+  Electrode Locations (Line 2)
A Multi-Level Grid

Figure 3.3: Location map of resistivity survey lines 1 and 2.
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Figure 34: Multi-level slug testing apparatus (modified from Zlotnik and McGuire, 1998).
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Figure 3.5(a) The impeller flowmeter used for borehole loggin@p) The Mount Sopris
4MXA-1000 winch used to control the measurement depth(s) The surface
instrumentation, induding the tri-pod and pulley systenused to suspend the instrument
and the Honda WH15XK1C1 highessure pump.
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] Recharge Station (from previous research)
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Figure 3.7: (a) Map indicatingitium -helium samplinglocations and (b) photogralp of
one of thein situ diffusion samplers.
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4. Results and Discussion

4.1 Hydrogeologic Conceptual Model

The development of the hydrogeologic conceptual model for the study site required input
from several lab and field experiments performed at variowdes: Results from core

logging, resistivity surveys, grain size analyses, conventional slug testdenrllslug tests,
borehole flowmeter teststracer tests,and threedimensional numerical simulations were
amalgamated for this effort. The resultstbiese experiments are presented, discussed,
compared combined, and subsequently used to establish the physical conceptual model in

this section

4.1.1 Core Logging

A complete set of all geologic logs used for this research is presented in Appendes®&. T
logs includeNO74S, WO74ANT, WO74M, WO74D, WO75S, WO7HD, andCores 1 to 4

All geologic logs appear to be dominated by variably sorted sands and gravels. A few small,
discontinuous silt and clay layers can also be found in most of the logs@ivaepths.
Overall, the logs suggest the presence of a heterogeneous unconfined aquifer unit. The
cores representing WO7B and WO75 provide insight into the depth of this conductive

unit at the study site From these logs, it is clear that a prominelaty aquitard exists below

a depth of approximately 18.9 mbgs (281.9 masl) at WD&hd 21.6 mbgs (281.2 masl) at
WO75D. Koch (2009) refers to this aquitard unit as Aquitgrd/idich has a variable depth
throughout the greater Woodstock site (Figure 2 8ithin the experiment vicinitythe

depth of Aquitard 4emains unknown due to the relatively shallow logs that exist for the
area. In summary, based on core logging alonejnitgl hydrogeologic conceptual model

for the immediate study site featuresfairly complex unconfined aquifer systemth an
average thickness of 20 metrasnderlain by a clay aquitard abh@average elevation of

281.5 masl. An average water table elevation of 297.6 masl (approximately 3.2 mbgs) was
calculated for the unconfinkeaquifer system using monthly manual water level

measurements taken at well WOTAT over the year of 2008.
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4.1.2 Electrical Resistivity Surveys

The electrical resistivity monitoring was usedprovide a relatively simple, initial picturé o
the subsurface via noninvasive approachlhe August and September resistivity results for
Lines 1 and 2 are displayed as contour plots in Figures 4.1 and 4.2, respelstitelthat

the locatiors of these linesvere presented in Figure 3.3 heresuls correspond to the
Wenner electrode arraywhichrelies on groups diour electrodes equidistant from each
other (Herman, 200} This array is known for its sensitivity to vertical changes in resistivity,
allowing it to resolve horizontal structures suas the aquiferaquitard units at the study

site (Loke, 1999 Unfortunately, the DipoleDipole electrode arraywhich does not feature
equidistant spacingproduceda low signal to noise ratjgenerating obscure resultghich

have not been presented fatiscussionForboth Lines 1 and 2, the resistivity contour plots
generated in August clearly match those produced in September, suggesting consistency
over time.Before examining Figures 4.1 and 4.2, it is important to merthah in this case,
the higher resistivity valuegorrespond to units ofuspectedower hydraulicconductivity,

while the lowerresistivity values represestuspectechightKlayers.This is despite the

surface conduction of the clay within the lowKiaquitardzones.n fully-saturaed aquifers
featuring typical total dissolved solids (TDS) valaks;trolytic conduction of the

groundwater tends to dominate over the clay effegsoducing the relationship observed

in the figuregBunn, 2010Endres, 2010Also note the peculiar stpe of the crossectional

plots, which results from an inability to maintain horizontal coverage with depth.

The contour plots for Line 1, which runs directly along the line of Aew&l bundles ML5,

ML6, ML7, and MLS, illustratet@o-layer ystem. This is consistent with the plots

generated for Line 2, which intersects Line 1 directly between ML7 and ML8. The elevated
resistivity values at depth represeatpotential aquitard unitwhile the lower resistivity

zone in the middle of the profileorresponds to the aquifer of interesihe high resistivity
values near ground surface were generated by the dry surface conditions, a phenomenon
referred to as contact resistance, and do not represeisecondaquitardunit (Bunn, 201Q)

Based on obseations corresponding to a depth range of 285 to 255 masllioar plots,
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the low resistivity target aquifer appears to be underlain by a significant aquitard unit at an
elevation of approximately 280 masl. This is consistent with the core loggings;eshith
place this aquifequitard boundary aapproximately 281.6 masl.Also similar to the core
logs,which depict dairly complexaquifer, the resistivity results suggestedatively
heterogeneousquifer system with depth. Overall, the resistivsiyrveyswvere useful as an
initial step towards physical characterizatigieldinga general profile with depth. A much
greater degree of detail, however, is requireithin the aquifer unitin preparation of the in
situ remediation effort. Severahethods of hydraulicharacterization, described in the

following sections, will be employed to achieve this.

4.1.3 Hydraulic Characterization

As previously mentioned, several lines of evidence were relied upon to determine the
subsurface distribution of hydrdic conductivityof the aquifer Results from this effort,
including grain size analysis, conventional slug tests, +ewk slug tests, and borehole

flowmeter tests, are presented in detail.

4.1.3.1 Grain Size Analysis

The grain size analysis resudtg presented in Figure 4.3 amsbpendix C. Figure 4.3

graphically displays the resultshile Tables C.1, C.2, C.3, and C.4 in Appendix C provide raw
hydraulic conductivity estimates relative to depth for Cores 1, 2, 3, and 4, respectively.
Refer to Figre 3.2 for a map illustrating the locations of Cores 1 to 4 relative to the grid of

multi-level wells.

The hydraulic conductivity values derived from Cores 1, 2, dravdnearly identical
arithmetic means, ranging from 1.3xi@n/s to 1.5x10° m/s. Dueto the relatively short
length and position of Core, & produced an arithmetic mean value 25x10* m/s. Figure
4.3 displays jaggedconductivity profile withhydraulic conductivity values ranging from
6.5x10° m/s (Core 3) to 1.4x10m/s (Core 4). fie overlap of profiles from Cores 1, 2, and 4

suggessthe potential presence of two main high conductivity zones, spanning 292 to 295
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masl and 288 to 290 masllthough f@irther testingis required to confirm thigeneral
observation Several additional pks exist for thendividual core locations; however, these
are thought to be the result of smaller, localizexits. Overall, the grain size analysis results
appear to suggest fairly complex and conductive unconfined aquifer system, supporting
the prevously mentioned hydrogeologic conceptual model for the immediate study site

(Section 4.1.1).

4.1.3.2 Conventional Slug Tests

The conventional slug tests performed on WeEANVO7M, WO74D, WO75S, and
WO75D produced both underdamped and critically dardpesponse curves. The
oscillatory nature of the recovery data can be attributed to the high permeability of the

aquifer of interest. All tests were rendered complete in a matter of seconds.

As previously mentionedhe water level displacement dataset®re analyzed using a
mathematical solution developed I8pringer and Gelhar (199The hydraulic conductivity
results generated bthis solution aredisplayed in Table 4.1. These values range from
3.6x10% m/s (WO75D) to 2.0x10 m/s (WO74M). The hydralic conductivities produced by
the conventional slug tes{@verage of 8.5xIdm/s) are relatively similar to those
determined from the grain size analys@serage of 1.3xI®m/s), with the average values
differing by less than a factor of tw®iscrepncies between these two datasets can be
attributed to issues of scale. Also, despite being located within the study site boundaries,
the cores used for grain size analysis and the wells used for slug testing were all in different
locations. Unfortunatelygonventional slugesting provides only a single hydraulic
conductivity estimate per well and, therefore, a profile with depth could not be created for
direct comparisonAlsonote that the slug test results corresponding to W&gé4nd WO74

D appear to dpend on whether a rising or falling head test was performed. This may
indicate the presence of an evolving well skin resulting from insufficient development

(Butler et al., 1996).
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4.1.3.3 MultHlevel Slug Tests

Similar to the results of the conventiongllig testing, the multievel slug tests performed

on WO77 produced oscillatory response curves. Once again, the high permeability of the
aquifer was credited with producing thissponseand the $ringer and Gelhar (1991)
solution wasselected to fit thewater level displacement datdhe slug testing was

performed with a packer system thegolated discrete intervals within the continuous well
screen of WO77The hydraulic conductivity values generated each test depttare

displayed in Table 4.2Vhilethree to four slug tests were performed averytest depth

using various pressures, only the mean conductivity value for each depth is presented. The
conductivity values have a very narrow range of 2.3%h0s to 3.2x10' m/s. In addition,

they are reatively low compared to the conductivities generated by the conventishaj

tests and grain size analysis. The narrow range and relatively low values sartjfestl
constraints on the estimated hydraulic conductiviti#svas hypothesized that the ater

level response within the multevel packer system was controlled by flow through the
1.25cminner diameter acceggipe running through the upper packeather thanflow

through the aquifer. Due to the questionable accuracy of the meltel slug ésting results,
these hydraulic conductivity values were not taken into consideration during development

of the final K profile.

4.1.3.4 Borehole Flowmeter Testing

The November 2008 and February 2009 borehole flowmeter test results corresponding to
wells WO77, WO78, WO79, and WOS8O0 are displayed in Figure 4.4. Unfortunately, only
relative hydraulic conductivity estimates, presented dK Kare generated by the borehole
flowmeter tests. This limits the comparison of the flowmeter results to those prediny

the grain size analyses and slug tests to a relative one.

Figure 4.4 displays another jagged profile of relative hydraulic conductivity, featuftihg K
values ranging from undetectable to 12.8. In general, the profile seems to suggest the

presence of a relatively high permeability zone above 292 masl and a relatively low
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permeability zone below this depth. This is inconsistent with the grain size analysis profile
presented in Figure 4.3, which identifies a second high conductivity zoneisga288 to

290 masl. The flowmeter plots display very little activity at this depth. Also, an extensive no
flow zone is seen below a depth of approximately 290 masl on all plots in Figure 4.4. The
apparent presence of this zone may be the result of flonensensitivity. It appears the
threshold velocity of the flowmeter was too high to reliably measure relative conductivity
with depth. In addition, a small amount of fine material in the water column continually
clogged the flowmeter during testing. Whenighoccurred, the flowmeter was extracted

from the well, disassembled, and thoroughly cleangd.a second hypothesis, perhaps the
high conductivity zone at depth is a discontinuous lens, which cannot support groundwater

flow.

In addition to the discrpancy between the flowmeter and grain size analysis results, the
November 2008 and February 2009 flowmeter results for each of the wells do not match up
particularly well. This disagreement may be the result of well development. Prior to the
November 200&esting,the wells were extensively pumped to remove fines. In January,
however, further development was performday injectingcompressed air. The more

thorough January well development, performed between the two tests, may heolslized

the fine formaton materialin the direct vicinity of the well screen, ultimately resulting in
inconsistent flowmeter resultue to the rapid groundwater flow and montbng interval
betweenair injection and flowmeter testingt is thought that he injecedair did na

directly influence the February results. support of this statement, the February flowmeter

tests suggested-Kstimates similar to or higher than the November tests.

4.1.4 The Regional Hydraulic Gradient

Monthly estimates of the regional hydraulicaglient across the study site are displayed in
Table 4.3The manual water level dateom wells WO35, WO74, WO75, and WdB24
used to compute these gradient estimates are displayed in Table D.1 in AppemtbieD.

that no manual water level measuremenire taken during March and November of 2008
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and, therefore, gradient estimates do not exist for these months. The gradients range from
2.4x10%in October to 4.3x18in September and feature a mean value of 3.3%10was
intuitively assumed that thaighest gradient would be observed in the spring and the

lowest gradient would occur in late summer or over the frozen winter months. This was not
the case, however, and the maximum and minimum values were found to correspond to
adjacent months in the fallThe narrow range ajradientvalues may suggest that

continuous pumping at the Thornton Well Field is the dominant force behind groundwater

flow at thestudy site, as opposed to seasonal effects.

The water level data suggeste direction of groundwateflow resulting from the hydraulic
gradient is from northwest to southeast across the study site for all months of 2008.
Figure 4.5, displaying contours of hydraulic head and the resultant direction of ambient
groundwater flow for the April 2008 datases presented to demonstrate this. Note that
appearsghe flow direction is not quite perpendicular to the muliével well grid as was
intended. It was assumed that the injection and extraction efforts would not be negatively

impacted by this.

It isimportant to acknowledgehe uncertainty surrounding thenonthly hydraulic gradient
estimatesand direction of groundwater flow d@he study site. There were very few wells in
close proximity to thesite with consistent, comprehensive datasets availdio@enerate
monthly full flow field plos and regional gradient estimate¥he water level data collected
at the multilevel bundles did not correlate with the WO35, WO74, WO75, and \ABBD2
data in terms of measurement timing throughout the year and, #iere, were not

included in the flow field plots and gradient calculatiolmsaddition the high density of

data points in the multlevel grid resulted in contouring issues. Leading to additional
uncertainly, he head differences across the study sitere very small, making it difficult to

conclusively determine the exact orientation of groundwater flow.
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In addition to the horizontal gradient, the vertical hydraulic gradient was also examined
using water level data. Levels were taken throughout thelgtsite at the multievel

bundles on multiple occasions in an effort to quantify the vertical gradient. The water level
measurementshowever,do not support the existence afrtical flow.This may be due to

the relatively shallow nature of the mulievel bundles. A mukievel wellthat penetrates

the underlying aquitard may be required to detect the presence of a vertical gradient
between the layersln addition, it has been demonstrated that detecting vertical gradients
based on water levaelataaloneis difficult due to measurement error and local variations in
vertical flow related to heterogeneitgr transient phenomena such as pumping or recharge
events(Silliman and Mantz, 20000 his is especially true when measurement occurs over

short distancesind where gradients are small.

4.1.5 Tracer Testing Results

4.1.5.1 Forced Gradient Tracer Test 1

The bromide concentration breakthrough curves representing the results of the first forced
gradient tracer test are displayed in Figure 4.6. Thesees were produced using data
collected at multilevel bundle ML12, situated between the injectiertraction well pair
(Figure 3.1)Clearly, the vast majority of the bromide mass wassportedthrough a

highly permeable zone spanning ports M2, 2MLP-3, and ML124 (289.68to 293.08

masl) All other ML12 sampling ports reported only trace bromide concentrations. The
bromide concentrations measured at ML-42eaked after only four hours afionitoring

and nearly reached the injection concentration opapximately 242 mg/L. ML12 and
ML123 featured lower bromide concentrations and a slower peak arrival time of
approximately 6 hoursThis peak concentration and arrival time discrepancy within the
zone of high permeability, in addition to the unrespomsnature of the other ML12 ports,
suggests an aquifer with a great deal of heterogené&ihile this observatiof general
aquifer heterogeneity correlates well with results of the core logging, grain size analysis,
flowmeter tests and slug teststhe rapid peak arrival timeand extremely fast flowing

groundwaterobserved aportsML122, ML123, and ML124 were not anticipated based
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on previous researcihis discrepancy may result from several factors, incluttiag
influence of the injectiorextraction procedure on groundwater flom the experiment

vicinity andthe various scales used for investigation.

The breakthrough curves for ML:22 ML123, and ML124 were fit with both CLOUDPE and
PULSEPE. The results of thedatems are displayed in TabE.1 in Appendix. Ehe table
includes best fit estimates of groundwater velocity, dispersivity, source width, and total
mass, in addition to the approximate 95 percent confidence intervals for these parameters.
A comparison of the generated curves sudgdshat PULSEPE provided the best fit to all
three curves. This solution yielded an average groundwater velocity of 2*3m/K)

equivalent to approximately 20 m/dagnd an average dispersivity of Grbfor the zone of

high permeability. An average hyaric conductivitywas not calculated based ahis

velocity estimate due to thambiguoushature of thegradient between the injection and

extraction wells duringirculation

4.1.5.2 Forced Gradient Tracer Test 2

The results of the second forced grant tracer test are displayed as several bromide
concentration breakthrough curves in Figure 4.7. These curves were produced using data
collected at multilevel bundles ML5, ML6, ML7, and ML8, located along a line bisecting the
injection-extraction planeat downgradient distances of 1 metre, 3 metres, 5 metres, and 7
metres, respectively. Note that the ML5 and ML6 breakthrough curves are much more
complete than the ML7 and ML8 curves. In particulaere is insufficienearly time data

from ML8 toproperly define the curvesThis is also the case with ports 6 and 7 of Mit7.

the interpretation stagehis was kept in mind and emphasis was placed on the complete
breakthrough curves corresponding to ML5 and MAIBo, while the ports of ML6 and ML7

all lineup below ground surface, the ports of ML5 and ML8 are approximately 2 metres
shallower and 0.7 metres deeper, respectivalye to installation issuesrhis meanthat all
comparisons should be performed using exact depths as opposed to port nuriioesssist

with data comparison, all relevant port depth information is summarized irtabées
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corresponding to the tracer tesesults. Foradditionalport depth information please refer

to Appendix A.

Once again, the tracer test results indic#ite presence of preferential pathways through
the aquifer. Examining only the complete breakthrough curves recorded at ML5 and ML6
reveals a high permeability zone spanning ports 3 to 5 on (298.44 to 293.81 masl)and
ports 2 to 4 on ML§290.05to 29345 masl) which correspond to nearly identical
elevations. This is consistent with the results of the first forced gradient tracer test, which
also identified a highk zone spanning these depths. Unlike the first tracer test results,
however, most of the ther ports of ML5 and ML6 measured elevated bromide
concentrations. Overall, the ML5 and ML6 peak concentrations and arrival times seem to
suggest a profile featuring four layers. These units include a linmmne near the surface,
underlain by a zone ofery high permeability, underlain again by another lowezone, and
bounded on the bottom by a second relatively higlzoneln general, these observations
agree with the hydraulic characterization results and initial conceptual model, however, a

greaterdegree of detail has been established with the tracer testing.

The breakthrough curves for ML5, ML6, ML7, and ML8 were fit with both CLOUDPE and
PULSEPE. Note that only complete breakthrough curves were analyzed with these solutions.
If there was anyniclinationthat the peak was misseao curvefit was thought to be

reliable The results of these ftions are displayed in Table E.2 in AppendiXHe table
includes best fit estimates of groundwater velocity, dispersivity, source width, and total
mass in addition to the approximate 95 percent confidence intervals for these parameters.
The PULSEP&hd CLOUDPgenerated curves were compared for each port to determine
the best fit. In some instances, the solution curves were identical and the two ets o
parameters were averaged to determine the best fit valdes. this tracer test,He best fit
velocity estimates were converted to relative numbers and calibrated with the results of the
natural gradient tracer test tracked at ML10. This calibration pexformed to generate

approximate velocity values representative of natural groundwater flow conditioms. A
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overall averaggroundwater velocity of 538L0° m/s and an average dispersivity of OB
were calculatedWhile the first forced gradient tracer $& measured breakthrough at a
multi-level bundlealigned withthe injectionextraction plane, the second tracer test
featured breakthrough monitoring at downgradiemulti-level ports, allowindnydraulic
conductivity valusto be calculatedisingthe average ambient gradient at the sitgSection
4.1.4) Based orthe calibratel velocities hydraulic conductivities werabulatedfor each
complete breakthrough curvesing gradient and porosity value§3.3x10° and0.33,
respectively(results presented in Tée E.2) The Kestimates ranged frors.8x10* m/s
(ML52) to 5.x10% m/s (ML74) and generated araveragevalueof 5.310° m/s. This
averageconductivityfalls wellwithin the range of acceptable values for coarse aquifer
materials. Further discussioegarding this value and the other tracer test results is

presented in Section 4.1.5.4.

4.1.5.3 Natural Gradient Tracer Test

The bromide and acetate concentration breakthrough curves representing the results of the
natural gradient tracer test are displag in Figure 4.8. These curves were produced using
data collected at multlevel bundle ML10, situated three metres directly downgradient of

the injection well. Once again, a high permeability zone can be identified at a depth
corresponding to ML1@ (28949 masl) Ths port of interest featured thehortest peak

arrival times andhighest peak concentratiorfsr both acetate and bromidePortsML10-3
(291.19masl)and ML107 (28439 masl)also produced bromide and acetate breakthrough
curves with relativelyapid peak arrival times. The other ports display delayed arrival times
and relatively small peakSimilar to the results of théorced gradient tracer tegtg, the

peak concentrations and arrival times corresponding ML10 suggest a heterogeneous profile.
It is thought that this profile features a low4t zone near the surface, underlain by a zone

of very high permeability, underlain again by another lowezone, and bordered on the

bottom by a second relatively higk zone.
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Thecompletebromide breakthrough curves for MLA3) ML104, and ML167,

corresponding to the higher permeability layers, were fit with both CLOUDPE and PULSEPE.
The results of these ftions are displayed in Table E.3 in AppendikHe table includes

best fit estimates of groundwater velocity, dispersivity, source width, and total mass, in
addition to the approximate 95 percent confidence intervals for these parameters. Based on
a comparison of the generated curves, it was determined that CLOUDPE provided the best
fit to all three curves. This solution yielded an average groundwater velocity of 3.8x%0

and an average dispersivity 0.68m for the three higher permeability layergdydraulic
conductivity values weralso tabulated for theséhree zones using gradi¢mnd porosity

values of 3.3xI®and 0.33, respectivelfresults presented in Table E.3n average Kalue

of 3.3x10° m/s was generatedFurther discussion regardirthe tracer test results is

presented in Section 4.1.5.4.

A secondary objective of ¢hnatural gradient tracer test was to compare the subsurface
transport of acetate and bromide, with emphasis being placed on the peak arrival times.
Figure 4.8 clearly demonstrates that bromide is a good surrogate for gauging the transport
of acetate withn the aquifer of interest. The peak arrival times for the two compounds

were very similar. Alternatively, the peak arrival concentrations were quite different. This
can be attributed to the consumption of acetate by indigenous microorganisms. Overall, the
two solutes migrate in a similar fashion and, therefore, bromide can be used during the
acetate injections to track the migration of the injected plume. This tracking will provide

insight regarding where and when to collect groundwater samples.

4.15.4 Comparison ofracer TesResults

Table 4.4 provides a summary of the tracer test results, including best fit dispersivity,
velocity, and hydraulic conductivity estimates for all ports that produced complete
breakthrough curves. The dispersivity valuasge from 0.23 to 23.2 metres, however, the
accuracy of this maximum value is questionatrethe basis of magnitudd he velocity and

hydraulic condativity estimates range from 6x80°to 5.1x10* m/s and 6.&10* to 5.1x10
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2mls, respectively. On avage, these hydraulic conductivity valua very similar tahe
estimates prodiced by the grain size analyses ahag tests differing by less than an order

of magnitude in many caseAny discrepancy that is apparent cigtely be attributed tothe
variety of scales used for analydisis well established that the hydraulic conductivity of a
given hydrogeologic unit appears to increase as the scale of measurement increases
(Bradbury and Muldoon, 1990; Schulgiakuch et al., 1999). Bradbury and Muldo@d®90)
suggest hydraulic conductivity values estimated from laboratory methods can be one to two

orders of magnituddower than those generated from field tests on the same materials.

The tracer test resultare graphicallsummarizedn Fgure 4.9. Thd plot features four

vertical conductivity profiles correspordj to wells ML5, ML6, ML7, and ML Nbte that

two different horizontal scalewere requiredto properly display the datall plots display a
lower-K unit near the top of the aquifer. Belowighthe graphical peaks suggest the
presence of an extremely conductive layer at a depth of approximately 290 masl. The curves
suggest the hydraulic conductivity decreases once again below a depth of 290 masl,
eventually reaching a conductivity value sanilo that of the first layer. Beyond this, the

ML5 and ML6 plots suggest the hydraulic conductivity increases once again. In summary,
the tracer test results depict a fodayer aquifer with alternating lowand highK layers.
Additional layers may exigtowever, if these larger units are not completely uniform with
respect to hydraulic conductivity or if the scale of examination is decre&sadion 4.1.7
providesfurther discussion regarding all hydraulic conductivity estimgeserated during

the physicalcharacterization phase

The tracer test results also provided information regarding the direction of ambient
groundwater flow at the site. The discussion ggated in Section 4.1guggested that the
groundwater flow direction in the experiemt vicinity is not quite perpendicular to the well
network. It was then assumed that thjection and extraction efforts would not be
negatively impacted bthis. The resul of the tracer testingalidate this assumption by

portraying successful tracéreakthrough at the downgradient mulkevel bundlesThis is
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especially apparent in the results of the second forced gradient tracer test, which depict
bromide breakthrough at four muHevel wells representing downgradient distances of 1 m,

3m,5m,ad 7 m.

4.1.6 ThreeDimensional Groundwater Modelling Results
Before discussing the modelling results it is important to note once agairtbatuthor of
this research set up all simulation scenarios, provided raw field datas@melvisedhe

modellng work, which was performed and summarized by Gale (2009).

4.1.6.1 Results from the Preliminary Homogeneous Model

To test the validity of the preliminary homogeneous modedcanario reproducing the first
tracer test wasimulatedand the output was ampared to the actual test results. This
comparison igllustrated in Figurel.10(a). The observed and simulated results were
extremely different, making it clear that a homogeneous medium was not representative of

the field conditions and further work wad be required.

4.1.6.2 Stratified Model Development

Further analysis dhe core logying and grain size analysis resws the first step in
delineding hydrostratigraphic layerd he presence of three potential layers became
apparent on dogarithmicplot of point hydraulic conductivity measurements with depth.
The uppermost unit, ranging from ground surface to 294rtetres above sea level (masl),
displayed a wide range of hydraudonductivity values;He middle unit, which spanned
289.9to 294.9) masl, displayed a much narrowalevatedrange of hydraulic aoductivity
values; and finally hie lower unit, ranging from 28906masl to the top of the clay aquitard,
was quite sinilar to the uppermost unit in terms dfeterogeneity. The geomsat averages
of hydraulic conductivity for these three units were determined and apphbettheir
corresponding layersTable4.5provides a summary of the hydrogeologic parameters used

for the threelayer model. The breakthrough curves generated by tiitsl stratified
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model, displayed in Figure 4.1B), were a better match to the observed curves than the

homogeneous model; however, further development was clearly required.

Comparing the simulated versus observed peak arrival times provided insighhe

required next phase of model development. It was clear that the middle unit needed to be
subdivided into three unique layers, producing a model with five distinct layers. Once again,
the geometric averages of hydraulic conductivity valuesvaéelfrom the grain size analysi

were used to estimate the conductiyiof the five layers. Table 4@ovides a summary of

the hydrogeologic parameters used for the initial flager model. The longitudinal

dispersivity values for layers 2, 3, and 4 wereaitéd diretly from the tracer test result

The average longitudinal dispersivity value of @.%as retained for layers 1 and 5 which

had no available dispersivity data. As anticipated, the generated breakthrough curves more
closely resembled the observedrves than the thredayer model (Figurd.10(c)). The

peak arrival times greatly improved for ports 2 and 4, while port 3 reqsioene additional
attention. In addition, the fivdayer model is relatively consistent withe core logsin

general, thehigher conductivity layers correspond to core sections with greater amounts of
gravel and sand, while the lower conductivity layers correspond to poorly sorted core
sections, with a mixture ofrgin sizes from clay to gravétor these reasons, the filayer

representation was selected for further development.

4.1.6.3 Calibration of the Fivkayer Model

Calibration methodsinvolvingaltering the conductivity and dispersivity values of the five
layers iterativelywere used taefine the fit of the curves generated by the fivayer model

to the observedtracer test data Following this process, the observed and simulated peak
breakthrough times matched quite well and the relative calculated concentrations between
the multi-level ports were reasonable. &hotal solute mass passing ML12 in the simulation,
however, was much lower than in reality. It was hypothesized that this mass deficit may
have resulted fronunrealistically high dispersiantroduced by thesolute transport

modelling approachLogan et & (2001 )confirmsthat the finite difference method has a
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tendency toexaggerateadispersion processe3o0 resolve this problenthe modelling

approach was changed from an upstream finite difference method to the method of
characteristics (MOC). The MO®@stantially reduced the mass deficit, producing simulated
breakthrough curves that were very similar to the observed breakthrough curves. Following
this discovery, further calibration of conductivity and dispersion parameters was performed
and a final fivdayer conceptual mmdel was established. Figure 4.@) displays the

calculated and observed breakthrough curves for the calibratedliéiyer case. This

scenario appears to have generated the best possible fit usangalified,horizontally

stratified five-layer model A superior fit may have been possible with a more complex
conceptual model; however, additional information was not available at this stage t
support increased complexityfables 4. /And4.8 summarize the layespecific and universal
hydrogeologic parameters of the calibrated filsyer model, respectively. In addition, a
crosssection of the conceptual model for the calibrated fiager @se is illustrated in

Figure 4.11lt is also important to note that the ambient flow field is oried perpendicular

to the injectionextraction plane in the calibrated model. This assumption is based on the

tracer test results discussed in Section 4.1.5.4.

4.1.6.4 Application of the Calibrated ModeThe Six Cases of Interest

Flow and solute transpbmodelling using the calibratechulti-layer representation wa
principally used to compare varioasetate injection scenar®Thesescenarie werebased
onthe arrangement of the injection and extraction wells, including the separation distance
and numter of operating wellsTheoretically, e idealinjection-extractioncase produces a
uniform horizontal and vertical distribution of substrate within the target aquifer. Due to
heterogeneity, however, this ideal scenario may not be possible in reality, Als
concentrations in the direct vicinity of the injection and extraction well screens should
remain as low as possible prevent biological cloggindt was also determined that the
ideal case features the widest possible span between injection and értmagells which
minimizes the costs and resource consumption associated with well installation and

monitoring. These criteria were kept in mind when assestiagnodelling results
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A total ofsix casesfeaturinga varietyof well arrangements, weravestigated with the
calibrated 5layer model (Figure 4.12). The simulations were performed avitirculating
pumping rate of 200 L/min and a totsiibstrateinjection time of 4 hour$240 minutes) An
injection concentration of 100 mg/L was selectedtggovides a convenient means of
as®ssing relative concentrationghe simulations were run for a total period of 24 hours
(1440 minutes), witlihe injectionextraction circulation cycle operatirfgr the entire
duration. This extended duration was chogerexamine and quantify a shomtesufficient
pumping interval Also, it was assumed that operating the circulation cycle for more than 24
hours would be impracticallhe injection-extractioncycleconsists otlean waterfor the 20
hour circulation intevalfollowing the 4hour substrate injection in the simulations.
Alternatively, in reality, thesystem would be circulating the acetatieh water captured by
the extraction well following the initial substrate injection interval. This discrepancy is
espedcally noteworthy for the cases with small well separation distances since greater
acetate concentrations reach the extraction wélbte thatthe modelling was never
intended to completely replicate the field tests. Rat, the main goals wer®

demonstrde the effects of injection and flushing abaldevelop a set of reasonable

simulation scenarios for comparison purposes.

The resultof the six caseare presented as a series of cressctional maps along the
injection-extraction well plane, each repsentinga specific time during the simulation (50
minutes, 240 minutes, 720 minutes, and 1440 minut&és)examine solute movement in
the third dimension, several plan view maps have also been provideske maps
correspond to the third aquifer layer, wdh was selected based on its mehgeK value of
1.2x10" cm/s (Figure 4.11)Note that only plan view diagrams illustrating the most uniform
distribution of acetate between the injection and extraction wells have been displd&ygad.
all crosssectional ad plan viewmaps, acetate concentrations have been contoured using
an identical colour pallet that emphasizéne lower concentration rangelhe maps also

feature dark blue contour lines, representing hydratiéad, and whiteand burgundy
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arrows, indicaing thedirection of groundwater flowThe well spacing is indicated in the
following section titles and the injection and pumping wells are labeled as IW and PW in the
first crosssection of every figureAlso notethere are three vertical white lines aach
crosssectional diagram corresponding to concentration observation ports. These, ports
whichdo not affect the simulationsimply provide a secondary means of examining the

acetate concentration distribution in space and time.

4.1.6.5Case 1 Resudt(5 m separation distance, single extraction well)

The results for the first scenia are presented in Figure 8hnd Figure 4.14 (aYhis case
features a single injection well paired with a single extraction well, separated by a distance
of 5 metres. e acetate plume is most uniformly distributed between the injection and
pumping wells following 240 mirtes of circulation (Figuset.13(b) and 4.14 (g) Thecross
sectionsindicate that heterogeneity hastrongly influencd the substrate distribution wh
depth. Following 240 minutes, theubstrateinjection was suspended whitbe injection
extraction circulation cycleontinued for a total duratn of 1440 minutes. Figures 48.{c)
and (d) indicatethe extracirculationresulted in theinjection of alarge quantity ofacetate
free groundwaterbetween the wells. At these later times, the acetate pluméhe top four
model layersvas centred around the pumping well instead of forming a nutrect wall
between the wells. For this relatively small segtéon distance, it is clear that the pumping
duration following injection should be kept short, providing just enough time to flush the

substrate away from the injection screen to prevent clogging.

4.1.6.6Case 2 Results (5 m separation distance, twtrastion wells)

The results for the second case are displayed in Figgdre (b) and Figuré.15. This case
features a single injection well centred between two extraction wells, with a well spacing of
5 metres. The substrate distributions illustrated Iretcrosssectional maps are quite similar

to those presented in Figure 4.18specially early in time. The main difference is the
symmetry of the acetate plae in Figure 415, resulting from the incorporation of a second

pumping well.This difference is @&cially apparent in the plan view maps corresponding to
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Cases 1 and 2 (Figures 4.14 (a) and Ifl@ppears as though greater overall substrate

spread was achieved with the second pumping well. Once again, the acetate plume is most
uniformly distributedbetween the injection and pumping wells following 240 otegs of
circulation (Figure 4.14 (b) and.15(b)). In addition, the powerful effects of heterogeneity

and the emplacement of acetatieee groundwater between the injection and extraction

wells carnbe observed for this case (Figures34(d) and (d)).

4.1.6.7Case 3 Results (10 m separation distance, single extraction well)

Theplan view anccrosssectional maps for the thirdase are presented in Figwed.14 (c),
4.14 (d), andt.16. This casesfatures a single injection well and single extraction well,
separated by a distance of 10 metréisappears as thougte acetate plume is most
uniformly distributed between the injection and pumping wedtsmetime between 720
minutesand 1440 minutes afirculation (Figure4.14 (c), 4,14 (d%.16(c), and4.16(d)).
These two spans of timénclude 240 minutes adubstrate injectiorfollowed by480 minutes
and 1200 minutes of additional pumpingespectively Unlike the first two cases, the
injection perod alone was not sufficient to distribute the acetate evenly between the
injection-extraction wel pair for Case 3 (Figures 8.(a) and (b)). For this extended
separation distance, it is clear that extended pumping is required to establish a nuigbnt

wall. Once again, the effects of heterogeneity dominate the substrate distribution.

4.1.6.8Case 4 Results (10 m separation distance, two extraction wells)

The results for the fourth case are displayedrigure 4.14 (e), 4.14 (f), amd17. This case
features a single injection well centred between two pumping wells, with a well spacing of
10 metres. The acetate contours presented in thessigectional maps of Figure 4.&are

quite similar tothose illustrated in Figure 461 Once again, the symmaetal distribution of
acetate and greater overall spread in the Case 4 results are the main differences. Similar to
Case 3, the acetate plume is most uniformly distributed between the injection and pumping
wellssometime between 72@ninutes and 1440 minutesf circulation(Figures4.14 (e),

4.14 (f),4.17(c), and4.17(d)).
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4.1.6.9Case 5 Results (15 m separation distance, single extraction well)

The crosssectional maps for the fifthase are presented iRigure 4.14 (g) anéigure 4.8.
This case features single injectiorextraction well pair, separated by a distance of 15
metres. Within the 1448ninute time domain, the acetate does not become uniformly
distributed between the two wells. It appears as thoubk extraction well will likely never
capturethe injected acetate, even in the most conductive layers. It is hypothesizedhbat t

ambient gradient is too great to overcome with a circulation distance of 15 meters.

4.1.610Case 6 Results (15 m separation distance, two extraction wells)

The resuls for the sixth ase are displayed in Figu4el4 (h) and Figuré.19. Case 6

features an injection well centred between two extraction wells, with a spacing of 15
metres. The substrate distributions illustrated in thian view andcrosssectional maps fo

this case are identicabtthose presented in Figuset.14 (g) and.18. There is no difference

in symmetry or the degree of spread. Once again, the acetate does not become uniformly
distributed between the two wells within the 144@inute time domaindue to the

powerful ambient gradientit is clear that a circulating distance of 15 metres is too large for

the site.

4.1.6.11 Substrate Dilution

The simulationglso provide an indication of how the concentration of the injected acetate
changes ovethe course of the injectiomxtraction cycle. Figures 4.13 to @4ll display a
correlation between extended circulatidime andincreasedsubstrate dilution. This
observation is of critical importance to the creisgection scheme, which requires acetat
concentrations to be maximized in order to stimulate the required reacti@ases 1 and 2,
which feature a well separation distance of 5 metres, require less circulating time to evenly
distribute the acetate plume between the injectigxtraction well @ir, thereby minimizing

the effects of dilution. Alternatively, the cases corresponding to larger separation distances
require extended circulation to uniformly distribute the acetate between the injection and

extraction wells. This leads to increased tidn, possibly lowering acetate concentrations
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to below an effective range for stimulated in situ denitrificatitina larger well separation
distance is selected for future work, increasing the acetate injection concentratidn

durationshould be conslered.

4.1.6.12Comments orthe Injection Durationand Concentration

The modelling results suggest that the required injection duration and concentration are
dependent on the well spacing. To negate the effects of dilution, larger well depara
distances require extended substrate injection periods at elevated concentrations.
Alternatively,shorterinjection periods and lower substrate concentrations appear to be
sufficient forsmaller well separation distances, such as the 5 metre spacmgaged in
Cases 1 and. n addition to this, the injection concentration and duration are also
dependent on the biology and geochemistry of the subsurface. In particular, the dissolved
oxygen concentration and capabilities of the existing biologicalnconities will affect the
amount of substrate required. Based on this dependence, commenting on the ideal
injection duration and concentration, based on the modelling results alone, is challenging.
However, combining these results with information from iterature provides insight into
suitableestimates Of particular interest is the research of Gierczak et al. (2007), which
involved using the crossjection scheme to stimulaten situdenitrification in a
heterogeneous aquifer with nitrate concentratisrivalingthose observed at the
Woodstock site. Gierczak et al. (2007) performed se\arelateinjections with
concentrations ranging from 34 mg/L (C:N of 0.7) to 82 mg/L (C:N oRES&)lts indicated
that complete denitrification did not occur uhelevated acetate concentrations, equivalent
to 2.3 times the stoichiometric requirement, were employdgiased on this, it is
hypothesized thatin acetate injection concentrationf 100 mg/l,. consistent with the
concentrationused in the modellingwill be sufficient to stimulatelenitrification at the
Woodstock site.This concentration corresponds to approximately three times the
stoichiometric requirement.tlis concludedtherefore,that the acetate concentration and

duration used in the modelling araost likely sufficient to create the desired input pulse
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especially when the injectieaxtraction well separation distance is small (5 ngwver,

preliminary field testing isequiredto test this conjecture.

4.1.6.13Theldeal Well Configuration

Despite the effects of dilutionit is hypothesized thathe scenario described by Case 4
represents the ideal injectiopxtraction well configurationThis case was selected as it
produced a high degree of substrate spreading on either side of the injeggtinas
opposed to the unsymmetrical distribution created by Case 3. Also, the 10 metre well
spacing idess expensive to implemettitan the 5 metrewell spacing. When considering a
full-scale treatment systeng well spacing of@ metres will require h#f the number of
wells required by a 5 metre intervalpnservinga great deal of resource3 he modelling
results also suggest thatld metre well separation distanagould not be advantageous

due to the extreme substrate dilution and inability to ovemo® the ambient gradient.

4.1.6.14 Sources of Uncertainty

An analysis of model sensitivity was performed to identify which flow and solute transport
parameters had a high degree of control over the modépat. The concentration data
collected dumg the first tracer test at ports ML12, ML123, and ML124 were used for

this analysis. These ports were selected as they had sufficient concentration data to
generate complete breakthrough curves. The sensitivity analysis was performed by varying
the vdue of a specific parameter in the model input and determining the outcome of this
change in the model output, with particular attention being paid to peak concentrations

and arrival times. As part of the analysis, normalized sensitivityficeefts (NSGlere

quantified

NSC= % « Yo
X DY

(0]

(4.1)

The NSC computes tlsensitivity ofx with respect to changes i It is the product of the
proportional change ix and the proportional change i For this casesis the output

parameter (peak concentration and arrival time) anig the irput parameter that was
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changed The results of this amgsis are displayed in Table 4Many parameters were
examined, including hydraulic conductivity, désgivity, pumping rate, and effective
porosity. For each parameter, the simulation was rumggshe value listed in Table 4.9

while all other parameters were set according betcalibrated fivdayer model

The grey cells in Table h#yhlight NSC Vaes greater than 0.1 and less thahl, indcating
significant sensitivityNegative NSC values represent an inverse relationship between the
input parameer change and resulting outpuThe results of the sensitivity analysis suggest
that solute transpeot was particularly sensitive to changes in hydraulic conductivity and
porosity, and fairly robust to changes in dispersivity. When the hydraulic conductivity of a
particular layer was varied, the breakthrough curves produfce all layers were affected
Alternatively, changing the dispersivity of a particular layer only affected the results
produced for thatmdividual layer The simulation was also quite sensitive to the pumping

rate, a very importantaspect of thecrossinjection scheme

A qualitativeapproach was adopted for examining the sensitivity of the model to changes in
the ambient hydraulic gradient. The model was run with gradients of 0.001, 0.003, and
0.006. The migration of acetate between the injectiextraction well pair did not

substantally change when the gradient was changed from 0.003 to 0.001. Alternatively, the
elevated gradient resulted in the transport of mass away from the well pair. Despite this,
however, the model output still met the criteria of a successful injeecégtracion scheme
(Sectiond.1.6.9. This is because an arcadévated acetate concentration still spanned the
injection-extraction well pair to form a nutrientich wall, located justiowngradient of the

well alignment

4.1.6.15 Model-Based Recommendationsff the Treatment System
The modelling concluded that the well configuration represented by Casevided the
most positive resultsThis configuration, whicncludesa single injection weltwo

extraction wells anda separation distance of 10 metresshieves an ideal balance between
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cost effectiveness and an ability to generateccessful solute transport between the
injection-extraction well pair Based on the modelling, it is recommended that the-$allle
treatment system mimic this configuratiofor preliminary testing, however, a smaller well
spacing may prove useful. The smaller separation distance means that shorter injection and
extraction durationsare required to evenly distribute the substrate between the wells,

which ultimately means thtdess mass iseededfor the injection. Therefore, a smaller scale
system with a well spacing of 5 metres is recommended for preliminary testing of the

bioremediation potential of the aquifer.

In addition, a further recommendation involves the use giagker system to promote even
vertical mixing of the injected acetate. It is clear from Figure8 th}.19that the acetate

has a much wider spread in the top half of the aquifer than in the bottom half. Using a
packer system to isolate these two sectsoinom each other may hold the solution to this
problem. Once the packer system is deployed, lower injection and extraction rates could be
employed in the upper portion of the aquifer, slowing the horizontal spread of acetate. At
the same time, higher inggion and extraction rates used in the lower portion of the aquifer
could stimulate faster horizontal spreading. The overall effect wbkiddly be amore

uniform distribution of acetate with depth.

4.1.7 Estimating the Hydraulic Conductivity Profile

The average hydraulic conductivity estimates generated from the grain size analysis,
borehole flowmeter tests, conventional slug tests, tracer tests, and the calibratage®
model are summarized in Table 4.Nbte that a comparison of the individuzlues is
inappropriate due to inconsistent averaging. While the avesagmerated from the grain
size analysis, borehole flowmeter tests, conventional slug tests, and calibrddgers

model take the entire aquifer profile into account, the tracer taserages only reflect the
highestK layers that dominated tracer movement. Therefore, Table 4.10 provides only a
summary of the data and should not be used for comparison purpdsespresented K

values featurea rangespanningtiwo orders of magnitudewhich can beaccounted for by
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the various scales of investigation, the different testing locations throughout the study site,
and the variety of individual subsurface units that were examined within the aqéifier.
estimates presented in Tableldfall within the expected conductivity range for aquifer

materials (sands and gravels) and correlate well with the core logs.

Figure 4.2(rovides a visual representation of the hydraulic conductivity profiles generated
with data from the grain size analysis,rbbole flowmeter testing, tracer testing, and the
calibrated 5layer model. Note that instead of plotting absolute conductivity values,
normalized values ()KK) were employedwhere Kis an individual hydraulic conductivity
estimate in a particular datas@and K is the average hydraulic conductivity of that dataset
This plotting method revolves around ideas presented by Moltz et al. (1989), which suggest
that many of the errors related to various methods of data analysis are multiplicative in
nature andtherefore, cancel out upon normalization. The profiles generated by the various
methods do not appear to match up particularly well. One source of discrepancy may be the
degree of detail used for each method. The grain size analysespedmmed on coresub
samples taken at an interval of twenty to thirty centimeters, flowmeter testing was
performed at an interval of only 10 centimeters, and the tracer test results were collected

at multi-level sampling ports with a vertical spacing of 1.7 metres. Fumbeg, the vertical
profiles represent many different locations throughout the study site, and therefore, cannot

be expected to correlate perfectly.

Based on the core logs, electrical resistivity surveys, and all available hydraulic conductivit
data, it appears athough the aquifelconsists of a variably conductive mtltiered

system, with Kvalues ranging over nearly four orders of magnitu@ensidering the
applicationsof this study, he relative profile isikelybest described using thieacer test

results, whichdescribeactual solute transport through the subsurface, and are therefore
most relevant to the acetate in@ions. Depnding o the degree of detaikxamined, these
results reveal a-o 6-layer system, featuring a lowdt zore near the surface, underlain by

a zone of very high permeability, underlain again by another lekveone, and bounded on
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the bottom by a second relatively higt zone. Also important to consider is the calibrated
model, which depicts a-Byer aquifer sgtem. The model layers feature a realistic range of
hydraulic conductivity and dispersivity values. In addition, the model output displays a

strong resemblance to field data collected during the first trace test.

In summary, the relative hydraulic condivity profile appears tde composed of a
complex 4to 6-layer aquifer system with alternating levand highK layers. Of particular
interest is the highest hydraulic conductivity layer, which straddles a depth of
approximately 290 masl. This layer whe main conduit for tracer transport and is
therefore anticipated to play a major role in the distribution of the injected acetstee

that the tracer tests may have missed an importadayer at an elevation of approximately
294 masl. The borehole flaneter tests and grain size analyses corresponding to Cores 1

and 2 support this.

4.1.7.1 The Hydrogeologic Conceptual Model

Datacollected from thecore logs, electrical resistivity survegsain size analysis, borehole
flowmeter tests, conventionalug tests, tracer tests, and the calibratetb§er nodelwere
used to develop the hydrogeologic conceptual model for the study Bitgi(e 4.2). While
these sources of information were all examined, emphasis was placed on the core logs,
grain size angkis, tracer testing, and calibrateddyer model during conceptual model

development.

Initially, the vertical limits of the model were defined. The water table delineates the upper
limit and was calculated to 29757 maslbased ormonthly manual watelevel
measurements taken at well WOTAT over the year of 200& lower limit of 281.9,
marking the top of the underlying clay aquitard, was originally suggested based on the
WQO74D and WO75 core logsThis estimate, however, waater refinedto 28300 masl|

due to the unresponsive nature of the deeper nidtvel sampling ports, thought to be

screened in the aquitardzollowing this, the domain was broken into six distinct layers
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based on the tracer test and thresimensional modelling results. Parlar emphasis was
placed on the ML5 and ML6 breakthrough curves observed during the second forced
gradient tracer test. The complete nature of these curves made it possible to track changes
in solute transport behaviour with depth. The final step involesdigning hydraulic
conductivity values to these six aquifer laydfer this step, all available grain size analysis,

modelling, and tracer test data were amalgamated for each layer.

The resulting hydrogeologic conceptual nebé illustrated in Fige 4.21 The first layer,
spanning 297 .@masl to 294.8 masl, is dominated by sand and feagsra hydralic
conductivity of 4.810% m/s. The second layer,dated between 294 ®masl| and 2926
masl, is also composed mostly of samdi exhibits a #stimate of 1.&10° m/s. Spanning
29250 masl to 29.50 masl, the third layer features an eleeat hydraulicconductivity of
5.9x10° m/s and is composed of sand and gravel. The fourth |dgeated between 29005
masl and 289.@masl,boasts thehighest hydaulic conductivitywalueof 1.%10° m/s and
appears to be composed of clean gravel. As previously mentioned, this |ayeicipated

to play a major role in the distribution of injected acetatehe next phase of this research
From 289.0 masl to 28500 mas] the fifth layer mimics the second layer, featuring-a K
estimate of1.2x10° m/s and an abundance of sand. Finally, the sand and gravel dominated
sixth layer, spanning 285Mmasl to 283.0 masl, features incresed flow and a f€stimate

of 4.%10° m/s.

Note that this representation of the model only spans wells ML5, ML6, ML7, and ML8
covering a section of aquifer thatas thoroughly examined during the second forced
gradient tracer test. The layers of the conceptual model are assumed podsent
throughout the study sitehowever,although natural spatial variability clearly exists across
the coring and testing points. This variability is bisstratedby the core logdlt is

important to emphasize that ugcaling the injectiorextraction scheme to support well
separation distances of 10 to 15 meters may be critically influenced by this spatial

variability. To accommodate this, the conceptual model may require future refinement.
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4.1.7 2 Implications of the K Profile on StimulatgqIn Situ Denitrification

The aquifer properties, especially the vertical distribution of horizontal hydraulic
conductivity, control the subsurface migration and dispersal of injected solutes. It is well
established that a heterogeneous conductivity pivill yield a heterogeneous solute
distribution. At the Woodstock site, this phenomenon was clearly demonstrated by the
uneven nature of the tracer test breakthrough curves and the tkdteeensional modelling
results. In terms of the acetate injectionfjs means that not all aquifer areas will receive
an equal dose of acetate. The high€tayers will have a greater capacity to transport
acetate mass than the lowd( layers, leading to an anticipated uneven distribution of
stimulated denitrification withdepth. Based on this, it is hypothesized that the Higlayers
will exhibit greater denitrification rates than the lel layers. If this is the case, the use of
packer system may be required to even out the acetate distribution. This technique was

previously discussed in Section 4.1.%.

A secondary consideration that may challenge the previous hypothesis tiatigport of
dissolved oxygen through the aquifer of interest. In the same way theKilglyers

dominate themovementof acetate, dissolvedxygen is also preferentialtyansported

through these layers. As previously mentioned, denitrification is an anaerobic reaction that
will only occur in the absence of oxygen. Therefore, the excess flow of dissolved oxygen

throughthe highK zones may coteract the effects of increased acetate concentrations.

In summary, the hydraulic conductivity profile is one of the most important factors
controlling the spread of acetate in the aquifer. For this reason, multiple lines of evidence,
including grain s analyses, borehole flowmeter tests, conventional slug tests, tracer tests,
and modelling, were relied upon for its estimation. Followartgorough geochemical
characterization, the clear next step is a piaiale acetate injection. This is the only

concrete way to qualitatively and quantitatively determine how the hydraulic conductivity

profile will affect the stimulation of in situ denitrification.
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4.2 Geochemical Characterization

4.2.1 Quality Assurance and Quality Control (QA/QC)

Several QA/QC predures were employed to ensure accurate geochemical dettéhe

field level,a minimum of three well volumes were purged prior to sampling, ensuring the
collection of formation water.Alsg as mentioned throughout Section 3any diplicate

field samples were collectedor each parameter to ensure measurement precision. This
involved collecting two groundwater samples simultaneously from the same sampling
location and under identical conditiondsing deionized water, field and laboratory blanks
were abo collectecand analyzed. In addition, several standards were incorporated into
each analysito monitor accuracyThese standards spanned the sample concentrations and
were run multiple times throughout analysidnfortunately, a charge balance could i
performed as a completmn analysis was not performed at a single specific tiGeerall,

all duplicate samples were found to be within 10 percent of each other, all standards were
determined to be within a maximum of 15 percent of target concentragicand all field

and lab blanks had concentrations below the detection limit for each analysis method.

4.2.2 Anion Samples

Background nitrate, nitrite, sulphate, chloride, bromide, and acetate concentration results
from ion samples collected between thngnters of 2007 and 2009 are summarized i
chronological order in Table F.1 (AppendixThe arithmetic mean for all nitrate samples is
13.0 mgN/L, with a standard deviation of 2.6 ANJL. In addition, the arithmetic means for
all sulphate and chloridesamples are 32.9 m8Q/L and 38.1 mgCl/L, with standard
deviations of 5.2 m@Q/L and 10.5 mgCl/L, respectively. All nitrite, bromide, and acetate

samples yielded concentrations below the detection limit of 0.5 mg/L.

Overall, the concentration proék produced from the muHievel well data are fairly
uniform with depth for all ion species. The typical profile features a nearly straggtical
line hovering around the ion concentration average, suggesting a fairly homogeneous

geochemical system. @wadicting this conjecture, however, are two clear exceptions. The
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ion concentration profiles produced by the WONFK. and ML5 data feature much lower ion
concentrations closer to ground surfattean at depth The shallow installation of both
WO74ML andML5 allowed for the detection of this phenomenon. All other midtiel

wells were installed approximately one to two metres deeper and, as a result, missed this
occurrence. A comparison of ion concentration profiles corresponding to \WQ7ML5,

and ML10s dispayed in Figure 4.22Z'he plot relating to ML10 was included to represent
the typical profile. It is clear that nitrate, sulphate, and chloride concentrations above an
elevation of approximately 295 maale much lower than those below this eleati
Perhapghis uniquegeochemical signaturs the first indication of BMP success within the
saturated zone. Natural in situ denitrification has been ruled out due to elevated dissolved
oxygen concentrationswvhich are dicussed further in Section 4.2 summarythe

aquifer of interest appears to be fairly uniform with respect to geochemistry below an
elevation of 295 masl. Above this point, however, ion concentrations are much lower,

indicating the presence of cleaner water.

4.2.3Cation Sanples

Background calcium, aluminum, silicon, manganese, and iron concentration results from
samples collected in the winteif @009 are summarized in Table F.2 in AppendbhE
arithmetic means for the calcium and silicon samples are 104.0 mg/L andgA.9 with
standard deviations of 3.5 mg/L and 0.3 mg/L, respectively. The manganese results
produced only one measurable concentration of 0.1 mg/L corresponding te8VIAB other
manganese samples yielded concentrations below the lowest quantifiableentration of
0.01 mg/L. In addition, all aluminum and iron samples yielded concentrations below their

corresponding lowest quantifiable concentrations of 0.02 mg/L and 0.1 mg/L, respectively.

Similar to the anion profiles, the ML5 and ML8 calcium sihdon concentrations are fairly
uniform with depth. The main deviation corresponds to shallow calcium concentrations
recorded at ML5. ML-A and ML52 features calcium values of 112.0 mg/L and 96.3 mg/L,

respectively. These concentrations differ from tinean value by approximately 8 mg/L. All
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other calcium concentrations differ from the mean by less than 5 mg/L. This trend is faintly
present in the silicon data, where the Mil5&concentration features the largest deviation
from the mean of 0.9 mg/L. Oveltahowever, all calcium and silicon concentrations are

quite similar, suggesting a uniform geochemical profile with respect to the cation species.

4.2.4Alkalinity, Dissolved Oxygen, and Other Field Parameters

A series of alkalinity, dissolved oxygermo#iical conductivity, and pH measurements were
taken at multilevel bundles ML5, ML6, ML7, and ML8 over the winter, spring, and summer
of 2009. This information is grhally displayed in Figure 842nd summarizechi

chronological order in Table F.3 @gndix F. Note that the electrical conductivity values

have been corrected for temperature. The alkalinity measurements feature a mean value of
267.2 mg/L, with a standard deviation of 10.6 mg/L; the dissolved oxygen values revolve
around a mean value &.7 mg/L, with a standard deviation of 1.4 mg/L; and the electrical
conductivity and pH measuremertgavemean values of 550.7 uS and 7.3, with standard

deviations of 36.3 uS and 0.1, respectively.

The alkalinity and pH values are quite uniformtwitepth. The pH values form almost a
perfect vertical line, whil¢he alkalinity measurements are more scattered around the

mean value. Both profiles indicateeargeochemical homogeneity. Alternatively, the

electrical conductivity measurements increaséhadepth and the dissolved oxygen profile

is quite irregularDissolved oxygen is extremely hard to accurately measure due to
atmospheric exposurand, & a result, consistent oxygen values cannot always be expected.
The oxygen range of 6.4 to 12.5 pressshhere is thought to be reasonable, especially
consideringhe number of different depths and locations represented. Despite the increase
in conductivity with depth and the irregularity of the oxygen profile, a generally uniform

profile is once again suggted bythesedata.

The elevated dissolved oxygen values are of particular importance to the in situ

bioremediation experiment as denitrification is an anaerobic process. The background
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estimates are close to atmospheric saturation andtgyr a highly aerobic aquifer. For
denitrification to be successfully stimulated, nearly all of this oxygen must be consumed by
indigenous bacteria. Eliminating the oxygen will be one of the most challenging aspects of

this experiment.

4.2.5Nitrous Oxide

Background nitrous oxide concentration samples were collected from ML8 in July of 2009.
The results from this sapling are summarized in Table F.4 in Append8e¥en samples

were collected and analyzed for nitrs oxide. A mean value of 378-N/L and standard
RSOALI A ML vk calcdawedor this dataset. fie nitrous oxide values seem to be
fairly uniform with depth. Data from additional mulevel wells, however, are required to

confirm this general observation.

Nitrous oxde isotope samples were collected from the ports of ML8 for background analysis
on July 13, 2009 as wdHor the purposed of this worlonly one of these samples was
analyzed fod™N andd™®0 in nitrous oxide. This sample corresponded to Mlshd

producedd™N andd™®0O estimates 0f14.9a and 34.0a , respectively.

4.2.6"N and®0 in Nitrate

Water samples collected in August and September of 2007 and in March of 2009 were
analyzed for background valuesdfN andd'®0 in nitrate. This imfrmation & displayed in
Table 5 in AppendiE. The 2007 values were collected and reported by Koch (2009) and
feature data from multiple wells, all within an approximate 500 m radius of the study site.
Alternatively, the 2009 values were generated from sampldiected at ML5, directly

within the study site limits. The meaft°™N andd"®0 values are 6.8 and 1.33 , with
standard deviations of 0.& and 1.1a , respectively. Overall, the 2007 and 2009 datasets
are very similar for botl®N andd'®0 in nitrate, suggesting a uniform isotopic signature in

both space and time.
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Thebackground 2007 and 20@8°N andd'®O valuesare plotted in Figure 4.24which also
displays the limits of various nitrate source categories. *PReand*®0 isotope fractionation
associated with the 2007 and 2009 samples is consistent with théfsitlizer source

range. This is with the exception of one data point corresponding to-MO%e N

fertilizer range suggests that the nitrate contamination at the Woodstock site stems mainly
from a commercial fertilizer. Note, however, that the dgiaints form a cluster towards the
enriched section of this range, perhaps suggesting a small degree of mixing between

commercial fertilizer and manure nitrate sources (Koch, 2009).

4.2.7 Titium-Helium Age Dating

The tritiumhelium analysis ylded groundwater ages of 5.88 + 0.56 years for WO40, 5.95 +
0.59 years for WO35, and 11.47 + 0.73 years for W@/2aling relatively young
groundwater. It appears thatie youngest groundwater corresponds to the wells located
further upgradient, potentifly closer to a main recharge area. Alternatively, the older water
corresponds to WO12 which is located much further dosadgent, away from the recharge
area. These ages are consistent with the findings of Sebol (2004), who also studied tritium
helium age across the Woodstock site. She indicated the presence of young groundwater,

with all samples producing ages of less than ten years.

4.3 Implications of the Lateral Nitrate Flux through the Treatment Zone

The calculation behind the nitrate maflsx estimates for Thornton Wells 01, 03, 05, 08,

and 11 is presented in Table 4.1t accordance with the table headings, these values were
computed using average aqueous nitrate concentration records from 1999 to 2006 and
average 2008 flow rates for el supply well. Combining the five individual supply well
estimates produced a total mass flux of 16.2 metric tons of nitrate (as nitrogen) per year.
This value was then compared to the lateral nitrate mass flux values associated with the six
aquifer layes of the hydrogeologic conceptual moddhe mass flux calculations and
comparisons for the individualyars are summarized in Table 4.The total mass flux

through the window of interest and across all six layef16 metric tons of nitrate (as
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nitrogen) per year. Thitranslates to approximately8dercent of the total flux produced by
the supply wells. In the context oframediation strategy, this percentage is substantial. The
nitrate mass flux calculations suggest that if ald4vide section ofhe aquifer is targeted
with a successful in sifoioremediationstrategy, the total nitrate mass produced by the
supply wells should theoretically declibg up to 23 percent. At the Woodstock site¢his 23
percent would likely be the difference betweenmping groundwater with nitrate
concentrations above the MAC and pumpuugter with acceptable concentrationklote

that this percentage seems quite high when you consider the small size of thevéide
window in comparison to the entire capture zone bétwell field. The elevated percentage
may be the result of the hydraulic conductivity valiresluded in thiscalculation. These
valueswere determined from the tracer tests, grain size analysis, and tdmeeensional
modelling, which focused directly dhe grid of multilevel wells. Perhaps this section of the
aquifer is a great deal more conductive than other sections included in the Bdde

window. Further research and the installation of additional wells spanning the entire
window would be requiredo confirm this hypothesis. Despite this seemingly elevated
percentagethe calculationconfirms that a fuliscale in situ bioremediation strategy has the

potential to effectively address the persistent nitrate problems of the Thornton Well Field.

4.4 Crosdnjection Experiments

4.4.1 Results from Injection Phase 1

The first injection phase featured a singkbaéur injection effort driven by wells WO78 and
WO79. A number of groundwater samples were collected from ML5, ML6, ML7, and ML8
for analysis of anions, cations;®lconcentration, D isotopes, and N{sotopes. Upon
examining the first round of anion data from ML7, it became clear that the injection effort
failed to stimulate in situ denitrification. As a result, sample analyssslargely halted to
conserve both time and money. For this reason, only partial datasets correspdoding
anion analysis, cation analysigNconcentration analysis, ang®lisotope analysis are

available to present and discuss.
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The ML7 bromide, acetataitrate, and nitrite concentrations are plotted relative to
experiment time in ure 4.5 and listed in Table G.1 (Appendix Ghe bromide and

acetate breakthrough curves display very similar shapes and peak arrival times for the seven
ports. Alternatively, the peak arrival concentrations are quite different. This is consistent
with the results of the natural gradient tracer test and can be attributed to the consumption
of acetate by subsurface microorganisms. Also consistent with the tracer testyestiie
irregular assortment of peak concentrations and arrival times for the seven ports. The
curves corresponding to ME3, ML#4, ML%5, and ML77 all reach peak breakthrough
following approximately 7 hours of testing. Despite this similarity, howeterpeak
concentrations for these ports vary substantially for both acetate and bromide. The curves
representing ML73 and ML74 reach the highest bromide G/@alues of 0.9 to 1.0, while

the curves corresponding to Miand ML77 only reach bromide C{@alues of
approximately 0.6 and 0.3, respectively. The peak arrival times at2\nd ML76 are

delayed relative to these four ports, while no visible peak is present at all fordM&imilar

to the results of the three tracer tests, the peak concentras and arrival times
corresponding to the ML7 bromidend acetate data suggest a heterogeneous aquifer
profile, composed of four tgixdistinct layersThe bromide and acetate breakthrough

curves also reveal that the greatest acetate consumption iscgai®al with the most
permeable layersThis is most apparent from the curves representing Mlahd ML74,

which display a large difference between peak bromide and acetate concentrations.

The nitrate and nitri¢ plots displayed in Figure 4.2&%mic thoseproduced by background

data. The nitrate values feature a mean of 14ngN/L and standard deviation of 1.1 mg

N/L. This mean value is higher than the background estimate of 13M/mdowever, it

still falls well within the background range of valuesaddition, all ML7 nitrite samples
yielded concentrations below the detection limit of 0.5 mg/L, as was observed for the
background samples. The nitrate and nitrite data collected during the pilot acetate injection

provideabsolutely no evidence of intgidenitrification.
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Calcium, aluminum, silicon, manganese, and iron concentration results from samples
collected during the pilot acetate injection are summarized in Tébkin Appendix Q' he
postinjectionarithmetic mears for thecalciumand silicorsamples ared.15.4 mg/Land5.7

mg/L, respectivelyThese estimates anmeearly identical to background values. This
consistency is also observed in the aluminum, manganese, and iron datasets, which feature
estimates below the detection limit fdroth the background and injection experiment
concentrations. The similarity between the peind postinjection cation data suppostthe

notion that no in situ denitrification was stimulated by the pilot acetate injection.

Table G.3 in Appendix|iSts the nitous oxide concentration data collected during the initial
acetate injection. Th& Sy @I £ dzS 2 F { A avithRiIstdndaddIiéviatiorda o p @
2 ¥ H-Wkh These estimates are very close to the background mean and standard

RSOAI GA2Y @ibkdzSa yRIL webpedtiyel >rBaddition, no significant

change was nad in the nitrous oxidésotope data, listed in Table G.4 in AppendiXIGis

table compares the single background sample collected at3hNv@h three samples

collected from ML54 at experiment times of 4.3, 8.5, and 15.4 hours. Consistent with all

data ollected during this initial injection phase, all nitrous oxi}&\ andd'®0 values are

nearly identical.

In summary, the anion, cation, and nitrous oxide concentration and isotope data collected
during and following the first acetate injection phase provide no indication of stimulated in
situ denitrification. Neasl all values remained within the range of background estimates.
Following this effort, it was clearsecond injection phase, featuring multiple, repetitive
acetateinjectionsat higher concentrationsvould be required tanore completelyconsume

the dissdved oxygen within the aquifer and support the growth of denitrifying populations.

4.4.2 Results from Injection Phase 2
The second injection phasecluded 19 injections over 26 days atwhsisted of three main
stages, including: (1) daily injections®12, (II) comprehensive injection 13, and (l11)
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injections 14 to 20, taking place every other day (refer to Table 3.5 for summary of all
injections). The first stage was requirexpromote microbial consumption of skolved
oxygendirectly within the exgriment vicinityand to supporthe growth and development

of denitrifying populations. Theecond stage, consisting of th@rteenth injection,

included detailed groundwater sampling for a period of approximately 25 hours, providing
shapshots of aquifegeochemistry relative to space and time. Finally, the third stage was
utilized to determine whether a-8ay injection intervatould sustairstimulated in situ
denitrification following the establishment of denitrifying populations. The results of these
three stages are discussed below in sections dedicated to specific parameters. Throughout
the discussion, particular emphasis is placanpaction 13, whictproducedthe greatest

amount of chemical data and insight into subsurface processes.

4.4.21 Oxygen Monitoring Throughout Injection Phase 2

Dissolved oxygen is one of the most important parameters controlling subsurface chemical
reactions, especially anaerobic denitrification. As previously discussed, nearly all dissolved
oxygen within the higlyl aerobic target aquifer must be consumed before stimulated
denitrification can occur. The dissolved oxygen concentrations collected before, during, and
following the second injectiophase are tabulated in Table H.1 (Appendiairt] plotted in
Figure 4.26These numbers represent point concentration measurementsesponding to

the ports of ML7. Multievel bundle ML7 was selected fdetailedmonitoringbased on its
location, 5 metres downgradient of thejectionextraction planelt was hypothesized tit,

if oxygen monitoring was performed too close to the injectexiraction wells, there would

not be sufficientspaceor time available for the required mixing and reactions to occur. It
was also thought thabackground chemistry would overwhelm the&onitoring if it was
performedtoo far from the injectiorextractionplane. With this in mind, a downgradient
distance of 5 meters was selected for oxygen monitoritripr to evaluatinghe data, it is
important to note the oxygen concentrations were measudaactly following each

injection. Therefore, the results may be elevated due to the relatively high oxygen

concentration of the injectate.
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Figure 4.26ndicates the oxygen concentrations began to decline in the first injection stage,
between Septembetl6 (injection 4) and September 1i@jéction 6). This confirms the
hypothesis thaseveral consecutive injectionsearequired to facilitate oxygen consumption
and bacterial acclimatiarin general, the dissolved oxygen concentrations remained quite
low, ranging between 0 and 4 mg/L, until the injection on September 25 (injet8dn

During this injection, the concentrations partially rebounded, reaching values between 4
and 6 mg/L. This phenomenon is also observed on September 15 (injection 3), when
concentrations reached peak values ranging from 9 to 12 mg/L. Coincidentally, these two
dates represent the only injections of both acetate and bromide. It was originally
hypothesized that the increased mixing required to dissolve both éeetad bromide in

the injectate may have resulted in elevated dissolved oxygen valuesxihanationis
questionable, howeverdue to the relative injection rates of the mixed solution (0.2 L/min)
and the circulating water (200 L/min)sAsecondary hypothesjperhapshe elevatedon
concentrationgesulting from the injection of both potassium bromide and sodium acetate
negativelyaffected the bacterial populations responsible fdrssolved oxygenonsumption.
The high ion concentrations may have creagexhore saline mvironment which the

bacteria were not accustomed tglowing or arresting cellular respiratidvhatever the
mechanism, mechanical or biochemical, it is clear the injections corresponding to both

bromide and acetate resulted in elevated oxygen concerdrei

The third stage of acetat@jections (injections 14 to 20) feature diminished oxygen levels,
once again ranging from approximately O to 4 mg/L. These values mimic those produced in
the first injection stage, providing evidence that an injectinterval of every other day is
sufficient following the establishment of proper bacterial populatidhss also possible that
denitrifying conditions could have been initially established with a pulsing interval of every
other day, although another iagtion phase would be required to test this hypothesis.
Followingthe final injection on October 9, the dissolved oxygen concentrations incdease

towards background levels. Thebound was slower than anticipated, however, with
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oxygen concentrations reaatg a maximum of only 6.6 mg/L following ten days of recavery
This suggests the reducing capacity of the aquifer sediment may have increased during the

26-day injection period.

Figure 4.8 also indicates that the oxygen concentrations correspondingorbsgVIL 73,

ML7-4, and ML77 were higher than those representing the other ports throughout the

entire duration of Injection Phase 2. The average dissolved oxygen concentrations for these
three ports, over a period spanning September 10 to October 19, etkgeen 4.2 and 4.8
mg/L. Alternatively, the averages corresponding to ports ML VIL72, ML75, and ML76

over the same time period ranged from 2.2 to 3.4 mg/L. Based on tracer test data and other
hydraulic testing results, it is thought that ports MB/ML74, and ML77 represent the

high-K zones, while portsIL7-1, ML#2, ML#5, and ML76 represent lowefK units within

the aquifer The dissolved oxygen concentrations appear to have been affected by the K

profile.

4.4.2.2 Injection 13: Subsurfad@istribution of Acetate and Bromide

Injection 13 involved the addition of both acetate and bromide and featured-ba2f
sampling period to track their migration within the aquifer. The results from thigtedie
displayed in Figures 27 and 4.28Figire 4.2 features crosssectional bromide and acetate
concentration contour plots along the line of mdiéivel wells at an experiment time of
approximately 7.%ours. In addition, Figures 82a) and (b) feature bromide and acetate
breakthrough curves fothe ports of ML7, respectively. All raw concentration miation is

summarized in Table H.2 (Appendix H

Figure 4.7 clearly displays a plunging acetate and bromide plume within principleKigh
layer. At a lateral distance of one metre, the highestcentrations are located at an
elevation of approximately 294 masl. Alternatively, at a lateral distance of seven metres,
these concentrations correspond to an elevation of approximately 290 masl, a vertical

difference of four metres. It is hypothesiz#tht density effects may explain this migration
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pattern within the fast flowing unit. The elevated solute concentrations in this layer likely
produced a highdensity plume, which descended under the force of gravity as it travelled
with the natural gradien If this is the case, lower bromide concentrations should be
considered for future testingAs alternate hypotheses, perhaps the hydrostratigraphic units
within the aquifer are dipping or the deep municipal wells are introducing an element of
vertical fow. Additional work is needetb evaluate these possibilities more thoroughly
however,before firm conclusions can be made.addition to the plunging plume, Figure
4.27 also illustrates aquifer heterogeneity. The concentration contours depict a layered
system with alternating higheand lowerK units. Further discussion regarding this

heterogeneity is presented in reference to the breakthrough curves displayed in Fig8re 4.2

The ML7 bromide and acetate breakthrough curves illustrated in FiguBadis@lay very
similar shapes and peak arrival times, whiégak concentrations are quite different. Once
again, this can be attributed to the consumption of acetate by subsurface microorganisms.
Also consistent with the tracer test results is the irregulacasnent of peak

concentrations and arrival times for the seven ports. Of particular interest are the peaks
corresponding to ML-B, ML7#4, and ML77, which feature very rapid peak arrival times and
high concentrations. While ports Miand ML74 were alsdighly active during the first
injection phase, ML=7 did not display this behaviour. Perhaps the initial 11 injections of
Phase 2 altered the subsurface system by further developing the immediate area
surrounding injection well WO79. Regardless of thesmn,ML7-3, ML74, and ML77

clearly correspond to extremely fast flowing layer$is observation correlates well with the
hydrogeologic concepal model presented in Figure 4.2hterestingly, @spite

transporting the largest amount of acetate massedkunits maintainedelevatedoxygen
concentrationghroughout the second injection phassuggesting continual oxygen

replenishment vidghe rapid groundwater flow

The breakthrough curves corresponding to ports MLAnd ML76 are nearly identical with

respect to both peak concentration and arrival time. This observatgriirmsthat
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consecutive ports ML-B3 and ML76 represent the same hydrogeologic yras indicated in
the site conceptual modellhe ML72 breakthrough curves are similar to those pradd by
ML7-5 and ML76 in terms of peak concentration; however the peak arrival time is
approximately five hours delayed. The final port, ML, Teatures consistent bromide and
acetate concentrationghroughout the sampling period, hovering around gy¥@lues of 0.1
to 0.2. This amount of acetate mass is very small, especially in comparison to the levels
observed at the other ports. Despite this, MLTeatured the lowest dissolved oxygen
concentrations throupout the second injection phaswijth many meastements being less

than 1.0 mg/Lsuggesting the successkatablishment of reducing conditions

In summary, the crossectional contour plots and ML7 bromide and acetateakthrough

curves produced by injection 13 support thgdrogeologiaconceptal modelof a
heterogeneousmulti-layeredaquifersystem In addition, a comparison of the

breakthrough curves and dissolved oxygen data suggests that a high acetate mass flux does
not necessarily translate tine successfuéstablishment of reducing condsnsin a highly

aerobic aquifer.

4.4.2.3 Injection 13: The Fate of Nitrous Oxide

Nitrous oxide concentrations were monitored during the comprehensive sampling effort
which took place during and directly following injection 13. Samples were coll&cied
ML5, ML6, ML7, and ML8 at four depths of interest. These depths were selected to
represent a wide range of aquiferdalues. Depth 1 corresponds to ports M2SMLG1,
ML7-1, and ML8L and represents a known lei¢ unit; Depth 2 corresponds to M35 ML6-

2, ML7%2, and ML& and represents a mithngeK layer; Depth 3 corresponds to Mb5
ML6-4, ML7#4, and ML& and represents a known higbunit; and finally, Depth 4
corresponds to MLY, ML66, ML#6, and ML& and represents a second midngeK

layer. Two samples were collected at each of these ports, representing experiment times of
approximately 5.5 and 9.5 hours. The nitrous oxide concentration results are graphically

displayed in fgure 4.8 and listed in Table H.3 (Appendix Note that the mea value of
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nitrous oxidevalues imply thatnjection Phase @as able taalter theredox conditionof
the target aquifer However, due to the presence of dissolved oxygetoncentrations

greater than 1 mg/L, the achievement aillfreducing condibns remainsincertain

Overall, Figure 29 suggests the PO concentrations decreased significantly in theddw

and midrangeK layersThis is consistent with the oxygen dataset, which portrays lower
oxygen levels in the slower moving layerstiihis in mind, it is thought that these low¢
units achieved reducing conditions during Injection Phase 2, resulting in the conversion of
all available BD to nitrogen gas. Alternatively, it appears as though the-Kidgayer

depicted inFigure 4.2&hasmaintained NO concentrations similar to background values.
The oxygen values measured at this depth also reflect background concentrations. It is
hypothesized thathe injection scheme was unable to generate reducing conditions in this
layer and theredre, NO reduction was not possible. Notegife are a few clear exceptions

to the NoO concentration observations, perhaps suggesting a higher degree of

heterogeneity than originally anticipated.

4.4.2.4 Injection 13: The Fate of Manganese, Iron, antpBate

During the stimulation of in situ denitrificatioit is possible to provide subsurface
microorganisms with excess substrate, resulting in the development of various redox zones.
Once oxygen and nitrate become depleted, the microbes rely on masgaiié), iron (llI),
sulphate, and finally carbon dioxide as terminal electron acceptors (Appelo and Postma,
2005). These processes can releasmmganeséll),iron (I1), HS and CHlinto solution,
potentiallydegrading water qualityDue to the close pramity of this research to municipal
production wellsmanganese, iron, and sulphate concentratiovere closely monitored

during and following the acetate injections. The manganese, iron, and other cation

concentration dataaccompanying the second injeati phase are displayed in Table H.4
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(Appendix H). In addition, sulphate numbers are presented in Table H.2 (Appendix H). All
manganese, iron, and sulphate numbers remained gérylarto background values
throughout the duration of Injection Phase i2dicatingthe redoxenvironment was never

pushed past denitrifying conditions by the addition of acetate.

4.4.2.5 Injection 13: The Fate of Nitrate and Nitrite

Figue 4.30graphically displaythe nitrate and nitrite concentration data collected fmo

ML7 over the 28hour sampling period accompanying injection 13. In additiongalllts are
summarized in Table H.2 (Appendix This information confirms varying degrees of
denitrification were stimulated within the aquifer. In general, the concentnas collected
from the highK units indicate limited denitrification, while the information gathered from
the lower-K units suggestsearly completedenitrification. This observation is consistent
with the dissolved oxygen and nitrous oxide results. Nb& all nitrate concentration
reductions are assumed to be the result of stimulated in situ denitrification as opposed to
the effects of dilution since the injectieextraction circulation cycle was driven by high

nitrate aquifer water.

Consistent withexpectations based on the dissolved oxygen data, the astrification
occurred at depths corresponding to ports MB/ML7#4, and ML77. The nitrate
concentrations at these ports over the -Pour sampling period ranged from approximately
11.2 to 14.0mg-N/L, fallingwithin the span of background values. Despite thige elevated
nitrite concentrationsestablish that some denification did occur. These values, collected
over the same 2fperiod, ranged from 0.9 to 2.1 mid/L. Prior to this experiment
absolutely no nitrite was observed at the study site, confirming that this limited range is a
definite change. It is clear the layers correspondmg@orts ML%3, ML74, and ML77

feature very high hydraulic conductivity estimates. Although there isfpobsome limited

in situ bioremediation, it appears the rapid groundwatkew through these units

prevented the establishment of anaerobic conditiahse to theconstant influx of dissolved

oxygenand brief acetate residence timgsSor the in situ treanent system to be effective,
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these fast flowing units, which transport the majority of the nitrate mass, mushbee

aggressively stimulated his issue is further addressed in Section 4.5.

The results collected at ports MiZf ML%5, and ML76 are moe positive in terms of nitrate
reduction. The N@concentrations at these ports over the -B®ur sampling period ranged
from 2.9 to 9.4 mgN/L and featured an average value of 7.0-Nv¥. This average
concentration is 46 percent lower than the mean backgrd concentration of 13.0 miy/L,
indicating denitrification was successfully stimulated at these depths. Despite this
achievement, however, a great deal of nitrite was generated, suggesting denitrification did
not proceed to completion. The nitrite valagenerated at these three ports ranged from
1.1 to 5.6 mgN/L and produced an average value of 3.3Nig. It is important to stress
that all nitrite samples collected at MiZ ML%5, and ML76 during the 25hour sampling
effort featured concentrationslaove the MAC for nitrite of 1.0 mi§y/L. Fortunately, due to
the relatively small Bn wide target zone, these concentrations will not affect the nitrite
mass produced by the supply wells of the Thornton Well Field. However, if this project
proceeds to the axt phase, a fulécale system capable of treating the-Bdwide window of
interest, nitrite concentrations of this magnitud®uld potentially impact drinking water
quality at the production wellsposing risk to the communityrurther discussion of this

issue is presented in Section 4.5.

The results collected at the final port, MiL7 provide encouragement for future efforts. All
ML7-1 samples collected over the 2Bur sampling period feature nitrate concentrations
below the detection limit of 0.5 grN/L, suggesting a 100 percent reductidn addition,

very little nitrite was produced, with concentrations ranging from 0.5 to 1.5N#figand
averaging 0.9 m@yl/L. It is clear that, despite transporting the lowest acetate
concentrations, port ML-A produced the most positive results. The relatively low hydraulic
conductivity of this layer appears to have prevented fresh oxygen treemwhelmingthe

system, leading to its denitrification success.
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The information presented here isimmarized further irFigure 4.31which displays four
crosssectional contour plots representing concentrations of nitrate and nitrite at
experiment times of approximately 0.5 and 7.5 holste that these crossections
illustrate horizontal layers and, therefore, do not st the theoryof dipping
hydrostratigraphic aquifer layepresented in Sectiod.4.2.2.Consistent with the
breakthroughcurves presented in Figue30, the plots indicate the presence of multiple
units. A second observation is the correlation betweaetnite and nitrate distribution.
Wherever nitrate concentrations are at their maximum (13 to 14Mdlg) or minimum (0
mg-N/L), nitrite concentrations are low. Alternatively, wherever maghge nitrate
concentrations exist, elevated nitrite concentratioalso appearwhich is consistenwith
the observed partial denitrificatioat ports ML#2, ML#5, and ML76. This phenomenon is
also illustrated in Figure 4.3%hich displays plots of nitrate concentration versus nitrite
concentration at experiment timesf approximately 0.5 and 7.5 hours. Figure24 &hich
includes data from mukievel bundles ML5, ML6, ML7, and Mtkarly demonstrates that

maximum nitrite concentrations are associated with mgshge nitrate values.

To supplement the visuaépresentations, two nitrate mass flux calculations were carried
out for the 5m wide treatment area (Table 4.13). The first calculation represents the
subsurface conditions prior to the addition of any acetate, while the second calculation is
based on nitate concentrations measured at the ports of Miring and directly following
injection 13. The calculations combine nitrate concentrations withflow properties of

the hydrogeologic conceptual model to produce estimates of the total nitragess flux
between injectionextraction wells WO78 and WO79. Prior to the acetate injectidres, t
total mass flux across all six laystsnmed to 0.8 metric tons of nitrate (as nitrogen) per
year.Directly followingmjection 13, however, this value fell to3L metric tons of nitrate

(as nitrogen) per year, yidihg a percent difference of 11pkrcent.Note that this percent
difference is based on the mean background nitrate concentration of 13-BlfagThe
calculation was also performed using background conceiotmatof 10.4 and 15.6 mg/L,

representing one standard deviation from the mean value (calculations not shown). These
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concentrations generatechinimum and maximunpercent differences of Z.and 11.9
percent, respectivelyFor the in situ bioremediation edirt to be deemed aviabletreatment
option for the Thornton Well Fieldt is clear thathigher removal percentages will have to
be achieved. Nevertheless, the presence of denitrifying bacteria in this aquifer has been
demonstrated, and what remains is agemingthe hydrogeological problem of acetate

delivery.

In summary, varying degrees of denitrification were observed at the ports of ML7. These
results clearly demonstrate the impact of thepkofile on stimulating in situ

bioremediation. While the highk layers were able to transport the greatest amount of
acetate, little denitrification was observed in these units. Alternatively, theKolayers,

which transported a much smaller quantity of acetate mass, yielded lower nitrate
concentrations. The resisl of this initial testing provide encouragement for future work at

the site, while outlining several challenges that must be overcome.

4.4.2.6Injection 13:Trendsin Groundwater Isotope Compaosition

TheNO:-*N and NG@*®0isotopedatacollectedfrom ML5, ML6, and ML@uring Injection
Phase 2in addition to one point representing the average background conditenes,
illustrated in Figure 43and listed in Table H.5 (Appendix Npte that, due to time and
cost constraints, no nitrous oxide isotopergales were analyzedrigure 4.3 (a) clearly
displays a relationship betweenN enrichment and decreasing nitrate concentratipns
which is indicative oficrobial denitrification(Aravena and Robertson, 1998omparing
the injection phasalata presentedn Table H.5 with the mean background values'of
(6.3a ) andd'®O (1.34 ), it appears as thougharying degrees afenitrificationwere
stimulated in albquiferlayers The minimund™N andd"0 values collected during
Injection Phase ,Z2orrespondingo a highly permeable zone arath average nitrate
concentration of 12.9 md\/L, are 9.8a and 5.7a , respectivelyAs is consistent with the
elevated nitrite concentrations observed at this depth and despite the stable nitrate values,
the enriched isotop@umberssuggest a small degree of denitrification was stimulated
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this area of the aquiferAlso, he highly enriched isotope numbers pertaining to the lower
permeability layers indicate substantial denitrificati@upporting the nitrate concentration

data.

UsingFigure 4.3 (a), the isotopic enrichment factor for denitrificatiot)(was computed for
>N in nitrateusing a simplified Rayleigh equatifvariotti et al.,1981 Aravena and

Robertson, 1998
d™N, = d"N, + Onf (4.2)

whered™N; andd**N, respectively represent the isotopic composition of the residual and
initial nitrate, andf is a ratio of the initial nitrate concentration to the final nitrate
concentration(Aravena and Robertson, 1998he resultant erichment factor was
estimated to be9.77a . This valudallswithin the range oenrichment factors presented

in the literature(Table 4.13 The wide range of enrichmentlueslisted in Table 4.14 can
be attributed tothe variety of processes and cotidns affecting each field site, such as the
substrate concentration, temperature, denitrification rate, and type of microorganisms

involved (Bottcher et al., 1990; Lund et al., 2000).

Thed"®0 values collected during the secaingection phase also confirm the occurrenole
denitrification. Figure 4.3%) displays a clear linear relationship betweffO values and
d™N valuesjndicative ofdenitrification. The slope of the line denotes®l:*¥0
fractionation ratio of approximatelf.1:1. This ratio i€onsistent withthose presented in

the literature (Bottcher et al., 1990; Aravena and Robertson, 1998).

In summarythe clearly enriched®N and*®0 isotope measurements collected during
Injection Phase 2 providadditionalevidence confirminghe succesl stimulaton ofin
situ denitrificationin all aquifer layersThe highK layers demonstrated limited enrichment,
while the lowK layers experienced elevated enrichment, suggestingn@oegrees of

denitrification.
111



4.4.2.7 Additional Anion Monitoring Throughout Injection Phase 2

Anion samples were collected fromulti-level bundleML-7 on eaclof the 19injection dag

of Injection Phase 2Only samples collected from MiI7and M_.7-2 were analyzed for

nitrate and nitrite concentrationdort ML7-1 was selected as it yielded the lowest oxygen
concentrations throughout the second injection phase in addition to a 100 percent
reduction in nitrate following injectio 13. Port ML72 waschosenas italsogenerated

results indicative of denitrificatiorFurthermore the geochemical changes observed at
ML7-2 were very similar to those observed at Mhband ML76, suggestinghe ML7%2

results could be used to predict behaviour at these dhaptSamples collected at ports ML7
3, ML#4, and ML77 were not analyzed due to the seemingly unresponsive nature of these
ports throughout Injection Phase 2. All nitrate and nitrite results discussed in this section

were generated by a commercial lab (Al&®oratory Group).

Results of the additional anion monitoring effort are graphically displaydedare 4.34nd
summarized in Table H.6 (Appendix Hyure 4.3 indicates nitrate concentrations began

to decline in the first injection stage, betweeaember 18 (injection 6) and September 20
(injection 8). This decline is consistent with the oxygen dat&ipusly presented in Figure
4.26, although a tweday lag time is observed between minimum oxygen concentrations
and minimum nitrate concentrationg.his lag time can be attributed to the acclimation of
denitrifying microbial populationgOnce again, thisonfirms the hypothesis thateveral
consecutivanjectionswere required to facilitate oxygen consumpti@nd subsequent

denitrification.

As is casistent with the nitrate and nitrite dataollected during and followingpjection 13,
the depth corresponding tML7-1 achieved a higher degree of denitrification ththe unit
represented byML7-2. Port ML71 reached a minimum nitrate concentration ek than
the detection limit of 0.5 mg\/L (September 2]} while ML72 reached a minimum value of
only4.2 mgN/L (September 21). The nitrite concentrations are also consistent with the

injection 13 results, suggesting a higher level of nitrite produciibML72 than ML71. For
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port ML7-2, the maximum nitrite value of 7.2 m/L corresponds to the minimum nitrate

value of 4.2 md\/L, suggesting partial denitrification.

Injections14 to 2Q performedat an interval of every other day followgrdaily injections 2
to 13, feature a rebound in nitrate concentratiora both well ports.This rebound is more
pronounced in the M2 dataset, which includeslevated nitrate concentrations of 10.8 to
11.5 mgN/L throughout the final injection stage.t&fnatively, the maximum nitrate
concentration observed at MEY during this stage was 2.6 AaNJL, suggesting slower
rebound In addition, nitrite concentrations retued to the background level during this
time. This geochemical changginconsistent wh the oxygen data collected during
injections 14 to 20, which mimicked the estimates produbetveendailyinjections 2to

13. Note that the oxygen and nitrate samples were collected at the same time following
each injection and, therefore, represent idéral conditionsThe oxygen datasgirovided
evidence that an injection interval of every other day is sufficient following the
establishment of proper bacterial populatianBhis hypothesjshowever,is challenged by
the nitrate and nitrite datawhich ndicatethe extendedevery other daynjection interval
cannotsustain denitrificationespecially for the midangeK layer corresponding to port
ML7-2. It appears as thoughn injectioninterval of every other day provided enough
acetateto support oxyge consumptiorwithin the aquifer but not nitrate reduction.
Following the final injectionthe nitrate concentrationsncreasedat ports ML71 and MLE2

towards background levels.

4.5 SiteSpecificChallenges

The mainchallenges relating tthis treatmert system revolve arounthe physicaland
chemical properties of the aquifer systein.particular, the rapid groundwater flow in the
high-K aquifer layers generated acetate residence times that were too brief to sustain
sufficient oxygen consumption andissequent denitrification. In addition, the fast flow
provided a constant flux of additional dissolved oxygen to the treatment vicinity, further

hindering the remediation effortt is possible, however, thadditionaldenitrification did
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occur in these IghK layers further downgradient, beyond the mdéiel well network.
Dispersion would have laterally spread the injecsedbstrateplumes from the pulsed
injections increasing the residence time of acetate downgradient. The installation of
additional mduti-level monitoring wells would be required to confirm this conjectuks.
demonstrated by the results collected at MILY elevated dissolved oxygen concentrations
were not an issue for the layers with low to moderate hydraulic conductivity values.
these layers, residence times were much longer, permitting the necessary oxygen

consumption and resulting denitrification.

The rapid groundwater flownd highly aerobic nature of the aquifeaveled to twofactors
that must be overcome to implement the ¢gm at full scale(1)incompletedenitrification

in the highK layers and (2) nitrite generation in nearly all unfts.previously mentioned,

the highK layers are able to transpdtie greatest amount of nitrate mass to the

production wells of the Thoton Well Field. Therefore, the ability to successfully stimulate
in situ denitrification in these units is of critical importance. Testing various injection
concentrations and durations is recommended to determine whether or not this treatment
strategy wil work in the highK zones. It is hypothesized that longer, more closely spaced
injections may produce sufficient residence times and facilitate adequate oxygen

consumption in these layers.

The second principle limitation of this treatmiesystem is nitritgproduction. Typically, as

an increasing number of injections occur, bacterial populations develop and adagt.
natural adaptation may eventually lead to complete denitrification, preventing the
production of nitrite.Several denitritation experiments have demonstrated this
phenomenon (Hamon and Fustec, 1991; Constantin et al., 1996; Gierczak et al. A3007).
secondary strategyincreasing the injection concentration may promote complete

denitrification by providing additional sstrate to denitrifiers.
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4.6 Critical Next Steps and an Approach for-8paling Treatment

Additional work is required before stimulated in situ denitrification can be considered an
appropriate treatment option for the Thornton Well Field. The planrang execution of a
third injection phase is the first recommended step. Ideally, this phase would consist of
several consecutive injections, designed specifically to test various pulsing intervals and
injection concentrations. It is clear the pulsing it& and acetate concentrations ubén
Injection Phase 2 weresafficientfor the faster flowing layers. Longer, more closely spaced
injectionswith higher acetate concentrations are therefore recommended for this third
phase. It is anticipated that ondbe proper pulsing interval and injection concentration are
identified, nitrate and nitrite levels will decline in all layers. If altering these parameters
does not produce positive results, testing additional electron donors may prove
advantageous. Adddnally, it is recommended the third injection phase be longer than the
second. This will allothe microbial communities in the higk units more time to adapt,
facilitating oxygen consumption and subsequent denitrification. Further research regarding
the use of a packer system is also suggested. It is apparent thK loones require less
acetate than the higiK zones to successfully stimulate in situ denitrification. Relying on a
packer system would permit the use of different pulsing intervals andtiojec

concentrations in these distinct layers.

Once the ideal pulsing interval(s) and injection concentration(s) are identified and the
stimulation of uniform in situ denitrification with no nitrite production has been proven, up
scaling the treatment stem can follow. Gradual ugcaling with detailed monitoring is
recommended to prevent nitrite generation at a scale that may affect the Thornton Well
Field. This research has proven that stimulating in situ denitrificatidghe Woodstock site

is primarly dependent on the forofile, which will vary laterally across the-Bwide target
window. As the system expands into unexamined territory, the risk of nitrite production will
increase and the pulsing interval and injection concentration may requinearient. The
gradual upscaling process would involve the installation of several additional injection

extraction wells, oriented in a line perpendicular to ambient groundwater flow, spanning
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the 54m wide window. An injectiomxtraction well spacing of & was recommended by
the three-dimensional groundwater modelling. Additional modelling based on the acetate
injection results may be required to confirm this decision. Finally, it is suggested that time
and money be invested into an automated injectiextraction system as it would be nearly

impossible to properly run the upcaled treatment system manually.

4.7 Application of the System beyond the Study Site

This research clearly demonstrates that stimulating in situ demwitifon in a highly

conductive, aerobic aquifer is challenging, but certainly possible. Despite dissolved oxygen
concentrations close to saturation, four out of the seven ports of ML7 produced very
positive results. Depths corresponding to M2,ML#5, andML7-6 demonstrated a 46

percent reduction in nitrate, while results from Mil/featured a 100 percent reduction.
Thisprovidesencouragement to other nitrateontaminated aquifers with elevated

dissolved oxygen concentrations. With proper initial testmgletermine ideal injection
durations, concentrations, and intervals, this versatile treatment method could be
successfully applied at many contaminated agricultural sites. The flexible nature of the
system, in terms of well spacing, substrate select@nd injection details, make it highly
adaptable. Prior to stimulating denitrification, however, the site of interest must be
extremely well characterized. As demonstrated by this research, the subsurface geology is
one of the most important factors contrialg the success of an in situ denitrification

experiment.

4.8 Overall Implications

This research has identified several implications relating to the development ofszéldi

in situ treatment system. As an initial point, it is clear the hydicaconductivity profile
dominated the transport of acetate within the aquifer and ultimately controlled the success
of the crossnjection schemeThis confirms theeed forthoroughsite characterization

prior to stimulating in situ bioremediatio.heinitial characterization phase required to
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outline the nature of the heterogeneityallowingthe researcheto properly design a

remediation strategy.

In addition,the geochemical characterizati@uggested thathick, unconfined aquifer
systems can atdain very high amounts of oxygeverthe entire profile. This occurs when
the flow system permgdeep movement of young water. Thesultingimplication is that
aerobic conditions can persist very deep in unconfined aquifer sys#&tWwoodstock and
mary other agricultural siteshis is why very little denitrificatiotends tooccurnaturally
and nitrate persistsegionally As a second implicatiothe elevated oxygen values
throughout the profilesignificanty challengethe abilityto stimulate in situ denitrification,

an anaerobic reactionThis must be overcome duritige designphase of remediation, prior

to up-scaling

Thiswork also indicated that multiple, consecutive injections are required to adequately
stimulate the required microbial popul@ns. Figures 4.26 indicates that four to six
injections were required tetimulate sufficient microbial oxygen consumptiaithin the
aquifer,redudng concentrations to an acceptable range. In addition, Figure duggjests

that six to eight injections @re needed to initiate nitrate reduction. It is clear that a specific
conditioning period is required and a single injection cannot be expected to establish the
proper conditions, as was demonstrated in Injection Phase 1. It is thought that this
conditionng period is site specific, depending on several subsurface properties such as the
rate of groundwater flow and the amount of oxygen present in the system. Also regarding
the injection procesdijeld experimentdemonstrated that different aquifeanits may
requirevariousinjectiondurations, rates, and concentratioyspecifically tailored to the
properties of theflow system. This implies thaih a naturally heterogeneous systethe
developmentof the most effective systemmay requirevery sophisticatd design

consideration
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The experiment resultdemonstrated that nitie can beeasilygenerated by the cross
injection system. Nitrite concentrations as high as 5.6MAg were observed during this

initial testing. Considering thiew MAC br nitrite in drinking water 1.0 mgN/L) and the

close proximity of this research to the Thornton Well Field, thigigtantial problem that
requires significant attentiorPrior to upscaling, this issue must be completely resolved. As
previously mentionednaturalbacterial adaptation may eventually lead to complete
denitrification, preventing the production of nitrite. Alsimcreasing the injection
concentration may promote complete denitrification by providing additional substrate to

denitrifiers.

Althoughonly anelevenpercentreduction in nitrate mass crossing thetdbwide treatment

wall was observed, it is believed that this approach has incredible potential at the study site.
With additional work, it is thought that the challenges outlineere andin Section 4.5 can

be overcome, eventually resulting in a system capable of reducing the nitrate
concentrations at the Thornton WieField. This belief is based several observations. As

an initial observation, the second phase injections indicated thatingrgegrees of
denitrification were stimulated at all aquifer depths, even in the high€&iyers. This

indicates the presence of denitrifying bacteria in all uaitsl provides encouragement for
future work at the site In addition, the 100 percent redtion in nitrate in the lowK unit
indicates that the elevated oxygen at the site can be overcome with the proper injection
interval and concentration. It appears as though gwerydayinjection interval and acetate
injection concentrations of 125 to 152gfL. used in Injection Phase 2 were ideal for the
lower-K units. Additional work will reveal the ideal injection scenario for the highenits.

The optimism regardinthe crossinjection scheme alsstems from the great number of
scientific avenues thatdve yet to be pursued. This research only examined a single
electron donor (acetate), one injection duration (6 hours), two injection intervals (everyday
and every other day), and a handful of injection concentrations (103 to 152 mg/L). Endless
combinatiors of additional electron donors, injection durations, intervals, and

concentrations remain to be explored. It seems certain that one of these combinations will
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provide the ideal injection scenario for the highe€mnits, leading to the desired outcome of
complete denitrification in all aquifer units with no nitrite production. The work that

remains, therefore, is identifying the proper combination of injection detalils.

The overall hypothesis of this research was: lasgale in situ denitrification can heitiated

in a heterogeneous, aerobic aquifer through the introduction of a carbon source and
electron donor using a controlled injection system. This hypothesis has been proven by the
results of Injection Phase 2, which indicated varying degrees ofrdiaition at all aquifer
depths. This achievement can be considered a unique contribution to science. All previous
research regarding in situ remediation strategiesefocused on sites with much slower
groundwater flow and lower dissolved oxygen concatibns. Thisvork also provides an

initial foundation for examining the integrated approach, which has not been previously
examined in the literature. Once the ideal injection scenario for the highlkayers has

been identified and a fukcale crosénjection scheme is established at the site, it is thought
that the stimulation of in situ denitrification will accelerate nitrate remediation at the
Thornton Well Field, bridging the gap between BMP implementation and the resulting

decline in aquifer nitrateoncentrations.
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Table 4.1: Hydraulic conductivity results from conventional slug tests.

Hydraulic Conductivity (m/s)
Test ID

WO74-S WO74-M WOQO74-D WOQ75-S WO75-D
Falling Head 1 5.9E-04 7.0E-04 5.0E-04 - 3.7E-04
Rising Head 1 1.7E-03 1.1E-03 1.3E-03 8.5E-04 8.1E-04
Falling Head 2 5.9E-04 9.0E-04 7.3E-04 6.0E-04 3.6E-04
Rising Head 2 9.2E-04 1.8E-03 1.3E-03 9.0E-04 1.0E-03
Falling Head 3 5.9E-04 8.2E-04 4.9E-04 8.2E-04 4.6E-04
Rising Head 3 9.1E-04 2.0E-03 1.4E-03 7.6E-04 6.2E-04
Falling Head 4 5.5E-04 8.0E-04 5.4E-04 8.4E-04 4.3E-04
Rising Head 4 1.2E-03 1.0E-03 1.4E-03 9.4E-04 6.5E-04
Falling Head 5 5.3E-04 - 4.8E-04 - 4.0E-04
Rising Head 5 1.1E-03 - 1.5E-03 - 7.3E-04
Falling Head 6 - - - - 4.5E-04
Rising Head 6 - - - - 6.1E-04
Minimum 5.3E-04 [ 7.0E-04 4.8E-04 6.0E-04 3.6E-04
Maximum 1.7E-03 | 2.0E-03 1.5E-03 9.4E-04 1.0E-03
Arithmetic Mean 8.7E-04 1.1E-03 9.6E-04 8.2E-04 5.7E-04
Standard Deviation 3.5E-04 4.5E-04 4.3E-04 1.0E-04 1.9E-04

Table 4.2: Hydraulic conductivity results from mulgvel slug testing.

Depth (masl) Average_ Hydraullc

Conductivity (m/s)
294.0 3.0E-04
293.0 2.3E-04
292.0 2.6E-04
291.0 2.7E-04
290.0 2.9E-04
289.0 3.0E-04
288.0 3.1E-04
287.0 3.1E-04
286.0 2.9E-04
285.3 3.2E-04
Minimum 2.3E-04
Maximum 3.2E-04
Arithemtic Mean 2.9E-04
Standard Deviation 2.6E-05
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Table 4.3: 2008 monthly gradients across the study site.

Month Gradient
January 3.0E-03
February 3.0E-03
April 3.7E-03

May 3.4E-03

June 3.0E-03

July 3.0E-03
August 2.9E-03
September 4.3E-03
October 2.4E-03
December 3.9E-03
Minimum 2.4E-03
Maximum 4.3E-03
Arithmetic Mean 3.3E-03
Standard Deviation 5.4E-04
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Table 4.4: Ssnmary of CLOUDPE and PULSEPE tracer test results.

Depth Dispersivity Velocity Hydragli_c

Test ID Well ID (masl) m) (m/s) Conductivity®
(m/s)
ML12-2 | 293.08 0.23 1.78E-04 i
Fc;rfai‘lﬂggtielm Mi12-3 | 291.38 0.38 1.81E-04 :
ML12-4 | 289.68 0.87 3.36E-04 i

ML5-2 | 29554 0.40 6.82E-06 | 6.82E-04

ML5-3 | 293.84 0.36 2.13E:05 | 2.13E-03

ML5-4 | 292.14 0.34 2.88E-05 | 2.88E-03

ML5-5 | 290.44 0.65 3.86E-05 | 3.86E-03

ML5-6 | 288.74 1.78 7.20E-06 | 7.29E-04

ML5-7 | 287.04 0.88 9.45E-06 | 9.45E-04

ML6-2 | 293.45 0.76 169E-05 | 1.69E-03

Forced Gradiend  ML6-3 | 291.75 0.73 252E-05 | 2.52E-03

Tracer Test2 [ pi6.4 | 290.05 1.34 4.59E-05 | 4.59E-03

ML6-6 | 286.65 0.42 173805 | 17303

ML6-7 | 284.95 0.42 2.96E-05 | 2.96E-03

ML7-2 | 293.47 0.60 115605 | 1.15E-03

ML7-3 | 291.77 1.42 3.73E-05 | 3.73E-03

ML7-4 | 290.07 23.15 5.05E-04 | 5.05E-02

ML7-5 | 288.37 1.25 2.20E-05 | 2.20E-03

ML8-3 | 291.14 0.90 2.47E-05 | 2.47E-03

ML10-3 | 291.19 1.03 258E-04 |  2.6E-02

NatTurgeC:rT"’f;fnt ML10-4 | 289.49 0.34 5.05E-04 |  5.1E-02

ML10-7 | 284.39 0.67 238E-04 | 2.4E-02

#Hydraulic conductivity calculated with average gradient of 3.3xa0d average porosity of 0.33.
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Table 4.5 Hydrogeologic parameters for the threlayer model (Gale, 2009).

Depth range Conductivity Longitudinal
(masl) (cm/s) dispersivity (m)
Upper unit >294.5 3.3E-02 0.5
Middle unit HY dPp ¢ H HHOEDD 0.5
Lower unit <289.5 1.8E-02 0.5

Table 4.6 Hydrogeologic parameters for the initial fivéayer model (Gale, 2009).

Depth range Conductivity Longitudinal
Zone . .
(masl) (cm/s) dispersivity (m)
1 >294.5 3.3E-02 0.50
2 HoH ¢ §H dnldsp-01 0.25
3 290 - 292 4.5E-02 0.37
4 HYy pdp ¢ H3RE-01 0.80
5 <289.5 1.8E-02 0.50

Table4.7: Layerspecific parameters for the calibrated fiviayer model (Gale, 2009).

Depth range Conductivity Longitudinal Verno:_al.
Layer (masl) (cm/s) dispersivity (m) Conductivity
(cm/s)

1 >294.6 8.0E-03 0.5 8.0E-03
2 HopHPH ¢ H DHSEDL 0.2 1.5E-01
3 Hon ¢ H PHIPRE-01 0.3 3.0E-02
4 HY ddc ¢ HIBE-OL 0.7 1.0E-01
5 <289.6 8.0E-03 0.5 8.0E-03

Table 4.8 Universal parameters for the calibrated fiviayer model (Gale, 2009).

Property Value Units
Transverse vertical dispersivity nenpagrhm
Transverse horizontal dispersivity | n®nH gdfF "m
Effective porosity 0.33 -
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Table4.9: Summary of normalized sensitivity coefficientthe grey cellsepresentNSC
values greater than 0.1 and less tha.1, indicating significant sensitivitgmodified from

Gale, 2009).
Normalized sensitivity coefficients

Model Parameter Peak Concentration Peak Arrival Time
Port2 | Port3 | Port4 | Port2 | Port3 | Port4
K = kK = 1.2E-02 cm/s 0.031 | -0.013 | -0.032 | 0.027 0 -0.105
K = 1.3E-01 cm/s (isotropic) 0.391 -0.19 -0.041 | -0.507 0.38 0.091
Kxz = 1.5E-01 cm/s -0.625 | 0.051 | -0.238 | 0.703 | -0.152 | 0.145
K, = 2.5E-01 cm/s -0.146 | -0.111 | 0.265 0.047 0.151 | -0.071
K71 = K5 = 2.0E-03 cm/s (anisotropig) 0.125 0.135 0.05 -0.173 | -0.084 | 0.011
Kzs= 1.2E-01 (isotropic) 0.007 | -0.011 | -0.011 0 0.004 0.003

h 42=09m 0.055 0 -0.284 | 0.095 0 0

h 3=0.4m 0.016 | -0.323 0 0 -0.076 0

h ,=0.35m -0.188 0 0 -0.072 0 0

hl . =0.2m 0 0 0 0 0 0

hyy ' adnph 0.005 | -0.019 | -0.016 | 0.019 | 0.005 0

hy I' gadnmh 0.026 | 0.006 | -0.054 | 0.041 | -0.013 0

Pumping rate = 4.17 L/s (250 L/mih) 0.434 0.552 0.171 | -0.375 | -0.462 0
n. = 0.28 -0.55 -0.585 | -0.178 | 0.446 0.418 0.213
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Table 4.10 Summary of hydraulic conductivity estiates generated by various methods.

Parameter Location Average K (m/s) | Standard Deviation
K grain size Core 1 1.3E-03 1.9E-03
K grain size Core 2 1.5E-03 1.9E-03
K grain size Core 3 2.5E-04 2.6E-04
K grain size Core 4 1.3E-03 2.7E-03
K flowmeter WQO77 1.2E-03 1.5E-03
K flowmeter WO78 1.7E-03 2.1E-03
K flowmeter WO79 1.2E-03 2.1E-03
K flowmeter WO080 1.9E-03 2.1E-03
K slug test WO74-S 8.7E-04 3.5E-04
K slug test WO74-M 1.1E-03 4.5E-04
K slug test WO74-D 9.6E-04 4.3E-04
K slug test WQO75-S 8.2E-04 1.0E-04
K slug test WQO75-D 5.7E-04 1.9E-04
K tracer test ML5 1.9E-03 1.3E-03
K tracer test ML6 2.4E-03 1.2E-03
K tracer test ML7 1.4E-02 2.4E-02
K tracer test ML10 3.3E-02 1.5E-02
K calibrated model - 1.3E-03 1.4E-03
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Table 4.14: Estimates of nitrogen isotope enrichment factors for defiitgtion.

Citation Type of Study 9 Y NA OK Y Sy (i
Mariotti et al. (1988) Groundwater -4.7t0 -5.0
Spalding and Parrot (1994)] Groundwater -9.6
Aravena and Robertson (1998)Groundwater -22.9
Bottcher et al. (1990) Groundwater -15.9
Fukada et al. (2003) Groundwater -13.6
Mengis et al. (1999) Groundwater -27.6
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Hydraulic Head Contour Plot /< S
g
v.

April 2008
&
: S S/ @
- Hydraulic Head Contours (masl) S
Well Network at Study Site AS
&
%$

—> Average Direction of Groundwater Flow\

Figure 4.5Hydraulic head ontour plot displaying direction of ambient groundwater flow.
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Figure 4.8: Natural gradient tracer test breakthrough curves for (a) bromide and (b)

acetate.
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Figure 4.9: Comparison of hydraulic conductivity values determined from tracer testing
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Casel .l 5m II.

Ambient flow

PW1 W PW2

Case 2 .= 5m :.: 5m =.

Case 3 10 m
O- O

PW1 W PW2

Case 4 10 m 10m
.: ;.: :.

PW
Case5 .: 15m :g
PW1 W PW?2

Figure 4.12 Prospective pumping and injection well (PW, IW) arrangements (Gale, 2009).
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b) Case 2 (240 min

Acetate Concentration
(mg/L)
0

0.1
0.5
2
10
30
65
100

Figure 4.14: Plan view diagnms illustrating the injectate plume in the third layer (K =
1.2x10%cm/s) for (a) Case 1 at 240 minutes, (b) Case 2 at 240 minutes, (c) Case 3 at 720
minutes, (d) Case 3 at 1440 minutes, (e) Case 4 at 720 minutes, (f) Case 4 at 1440 minutes,

(g) Case 5 at440 minutes, and (h) Case 6 at 1440 minufesdified from Gale, 2009)
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Figure 4.19 Case 15 m separation distance, two extraction wellg)odel-generated
acetate plume along the injectiomextraction well plane at (a) t = 50 minutes, (b) t = 240
minutes, (c) t = 720 minutes, and (d) t = 1440 minutes (Gale, 2009).
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Figure 4.20Graphical summary of all hydraulic conductivity profile estimates.
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Figure 4.242007 and2009 nitrate isotope data plotted amongst various categories of
nitrate sources (modified from Bleifuss et al., 2001).
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Figure 4.2: Crosssectional contour plots along therie of multi-level wells representing
concentrations of (a) acetate at-io = 7.5 hours and (b) bromide atfd = 7.5 hours.
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Figure 4.28ML7 (a) bromide and (b) acetate breakthrough curves from theriur
sampling effort that took place during and flowing injection 13.
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Figure 4.30ML7 (a) nitrate and (b) nitrite results from the 2Bour sampling effort.
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5. Conclusions and Recommendations

5.1 Conclusions

This research revolved around the development of a chogstion scheme for stimulating

in situ denitrification in an aerobic, highly permeable aquifseveral methods of physical
characterzationrevealed the complexity of the target aquifer. This unconfined aquifer was
found to consist of six main hydrostratigraphic layers with varying hydraulic conductivity
values While the aquifer featured great hydrogeologic complexity, its geochemigisy

fairly uniform with depth. This uniformity was observed in the anion, cation, alkalinity, pH,

dissolved oxygen, and nitrous oxide data.

Following an unsuccessful initial acetate injection phitseas determined thamultiple,
repetitive acetate ifectionswould be required to tackle the aerobic nature of the aquifer
and support the growth and reproduction of denitrifying populatiomke 19 individual
injection experiments of the second acetate injection phase successfully lowered the
dissolved oxgen concentrations within the target aquifer to an average range of O to 4
mg/L. The least conductive layers featured the lowest oxygen concentrations, while the
high-K layers maintained elevated oxygen concentrations throughout the second injection
phase.This is despite the uneven distribution of injected acetate, which displayed maximum
concentrations in the fast flowing units. The nitrite, nitrate andsN® and N@-%0

isotope data were consistent with the oxygen results, suggesting a high degree of
stimulated denitrification in the least conductive layers and a limited degree in theligh
layers. These results confirmed the presence of denitrifying bacteria at all aquifer depths.
The units corresponding to mulevel well ports ML2, ML#5, and ML7 achieved a 46
percent reduction in nitrate, while the layer represented by ML&ttained a 100 percent
reduction in nitrate.In contrast,very little denitrification was observed in the fast flowing
layers corresponding to ports M3 ML7#4, and ML77. A total percent reduction, in terms
of nitrate mass crossing the treatment lemd,only eleverpercent was calculatedBased on
these results, itvasconcluded that thek-profile had an incredible impact on the ability to

successfully stimulate in sitlenitrification in the target aquifer.
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While the treatment system generated harmful nitrite at all aquifer depths and was unable
to stimulate denitrification within the highly permeable layeitss still thought to have

great potential at the studgite. Addiional experimentation iglearlyrequired, however,

prior to up-scaling. Once the ideal pulsing interval, injection duration, and injection
concentration are determined for the higik layers, it is believed that this system will have
the abilityto reduce the nitrate concentrations at the Thornton Well Field. Thesitdle
system will accelerate nitrate attenuation at the site, eliminating the extensive time lag

associated with the BMPs.

5.2 Recommendations
The results of this research hawsl ko the development of several recommendations for

future work at the study site.

1) The installation of additional downgradient muléivel monitoring bundles: these
wells will provide further information regarding the fate of the injected substrate,

nitrate, and nitrite during future testing.

2) The development and implementation of Injection Phase 3: this phase should
feature multiple, consecutive substrate injections designed to systematically test
various pulsing intervals, injection concentrationsgatectron donors. The data
collected will reveal whether or not stimulated in situ denitrification isable

treatment option for the Thornton Well Field.
3) Packer system research: this research should examine the advantages and

disadvantages of relyingn a packer system to facilitate uniform substrate

distribution and denitrification stimulation with depth.
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4) Additional groundwater modelling: both chemical and physical groundwater
modelling should be used to make predictions regarding the third injegiase

and to determine the effects of upcaling treatment.

5) Continued site monitoring: groundwater samples should be continuously collected

to detect any changes in geochemistry with depth, whether natural or relating to
BMPs.

6) Refinement of the ugsaling procedure: based on information gathered during the

third injection phase, the method for ugcaling treatment should be improved.
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Date Drilled: December 20, 2006
Drilling Inspector: Joanna Passmore
Drillers: Boart Longyear - SDS Drilling

Total Depth of Boring: 21.34m
Ground Elevation: 300.75masl (NAD83)
Originally Surveyed: March 28, 2007

Elevations Re-Surveyed: July 20, 2007
Survey Corrected: July 25, 2007

Logged By: Geoff Moroz, Jagueline Kreller
Last Updated: July 25, 2007

Top of PVC niser elevation: 301.62m (NAD83)
Location: UTM17 North 4770155 .97m, East 520056.14m

- sand pack from 16.61mbgs to 20 42mbgs
- grout from Ombgs to 13.56mbgs

WO74-D (Monitoring Well) University of

Waterloo

Method: Rotosonic Mini Sonic Drill Rig 4x6" system Q‘:’

Depth to water: 3.64mbgs (NAD83) (Measured January 10, 2007) USCS = Unified Soil Classification System

mbgs = Metres Below Ground Surface

masl = Metres Above Sea Level

Well Construction Legend:

Installation: - 2.00" Schedule 40 PVC riser and screen E Well Screen —— \Vater Level
- holeplug from 13.56mbgs to 16.61mbgs
_ screen from 14.94mbgs to 17.98mbags - Hole Plug

- Bentonite Grout
Sand pack
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o = 8 O = 3 S Lithological Description
D__
L Pt TOPSOIL: dark brown, moist, organics
Pt TOPSOIL: dark brown, thin layer of sand 21 cm downcore, then topsoil
again
9 ___ SP SAND: medium, brown, with silt, trace gravel, max. size 1cm, no gravel
beyond 60cm, slightly finer sand also beyoned 60cm, dry
: ‘,;““;Oﬁ MISSING: poory recovery
2__
= MISS
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L sSC SILTY CLAY: light brownish grey, with fine to medium sand, moist to wet
B ETT2 SM | SiTY SAND: fine to medium, light olive brown, wet
i FTETd SM o
L wWo742 T SILTY SAND: fine, light olive brown, wet
4 GRAVELLY SILT: light olive brown, with coarse to medium sand, max. size
r GM 5.0cm, trace clay, wet
: : : : SAND: medium to coarse, dark yellowish brown, some gravel, max. size
“a"a"s s 6.0cm, some silt, wet
5 Pl
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WO74-D (Monitoring Well)

SANDY GRAVEL: brown, coarse sand, rounded gravel, trace silt, moist
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0 ... SP SAND: coarse, strong brown, trace gravel, rounded, max. size 3cm, moist
0 T
= s s SILTY SAND: coarse, light brown, with gravel coarsening downcore, trace
L T SM cobbles, max. size 9cm, rounded, moist to wet
WO74-4 ===
7— I T
- A sp SAND: coarse, strong brown, with gravel, max. size 5.5cm, rounded, moist
L L O \/ SANDY GRAVEL: brown, coarse sand, coarsening downcore to larger
8—— SN clasts, trace cobbles, max. size 9cm, angular to round, more angular
) downcore, some silt, moist to wet
L WOT74-5 O O O GP
T O Q O d
> ‘r:'—l-: SILTY SAND: coarse, brown, max. size 10cm, rounded, well graded, some
B 28 gl clay, moist to wet
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MISSING: poor recove
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Tl O I SANDY GRAVEL: pale brown, coarse sand, max. size 9cm, sub-angular to
O N O rounded, some silt, wet
13— WOT4-7 O O O GP
Q‘ (\O SAND: coarse, brown, some gravel, rounded, max. size 8cm, trace silt,
L.ttt osP moist
14 ] U T GP—
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WO74-D (Monitoring Well)
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B WO74-8 ~ U N SANDY GRAVEL: coarse sand, round gravel, trace cobbles max. size,
O O O GP | 9cm, trace silt, moist
15— 020
L n (\ AV
- = O e SANDY GRAVEL: coarse sand, angular to rounded, trace cobbles, max.
N WOT74-9 O N O GP | size 9.0cm
- AR
16— ) k) I SANDY GRAVEL: brown, coarse sand, with cobbles (mostly cobbly,
L b greater than 8cm), max size 9.5cm, with silt, moist
i WO74-10 | - - O | GP
Bl I
17 QAOD Q GRAVEL: coarse, light olive brown, rounded gravel, some silt, trace sand,
1 SOOPQC trace cobbles, max. size 8cm, moist to wet
L g
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I . :' ‘| Gp SAND: fine, strong brown, moist, soft
- WO074-12
L GRAVEL: brown, with medium sand, some silt, rounded, max. size 6cm,
well graded, moist to wet
19— WO74-13
- CLAY: reddish brown, with silt, with gravel, angular, max. size 3cm, moist
: CLAY: grey to dark grey, with gravel, rounded, max. size 2.5cm, moist to
dry, drying downcore, increased compaction downcore, loose to stifffhard
r downcore, moist to dry
20—
B WO74-14
r CLAY: grey to greyish brown, with gravel, sub-angular to round, max. size
L 2.5cm, trace sand, stiff/hard
- CL
21—
Notes:

- for 5' cores, percent recovery based on a total core length of 1.524m

- developed January 10, 2007 with a Monsoon pump

- pumped water until clear; total water pumped 90L

- well is down and around driveway into the back left corner of farmers field on left of Curry Rd.
- water level measured from top of PVC pipe, stickup: 0.92m

188




Date Drilled: December 20, 2006
Drilling Inspector: Joanna Passmore
Drillers: Boart Longyear - SDS Drilling
Method: Rotosonic Mini Sonic Drill Rig 4x6" system
Total Depth of Boring: 14.02m
Depth to water: 3.65mbgs (NAD83) (Measured March 29, 2007)
Ground Elevation: 300.74masl (NAD83)
Top of PYC riser elevation: 301.63m (NADS&3)
Location: UTM17 North 4770154 97m, East 520055.03m
Originally Surveyed: March 28, 2007
Elevations Re-Surveyed: July 20, 2007
Survey Corrected: July 25, 2007
Installation: - 2.00" Schedule 40 PVC riser and screen

- holeplug from 9.14mbgs to 11 89mbgs

- screen from 12.50mbgs to 13.72mbgs

- sand pack from 11.69mbgs to 14.02mbgs

- grout from Ombgs to 9.14mbgs
Logged By: Geoff Moroz, Jaqueline Kreller
Last Updated: July 25, 2007

WO74-M (Monitoring Well) pokestrol

Waloo
USCS = Unified Soil Classification System

mbgs = Metres Below Ground Surface

masl = Metres Above Sea Level

Well Construction Legend:

E Well Screen

- Hole Plug
- Bentonite Grout
Sand pack

Water Level
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als 8 O 2 3 ] Lithological Description
D__
L Pt TOPSOIL: dark brown, moist, organics
i Pt TOPSOIL: dark brown, thin layer of sand 21 cm downcore, then topsoil
B again
1— SP SAND: medium, brown, with silt, trace gravel, max. size 1cm, no gravel
= beyond 60cm, slightly finer sand also beyoned 60cm, dry
: Y“;OE MISSING: poory recovery
2L
- MISS
3+ ) ) ) : -
L sc SILTY CLAY": light brownish grey, with fine to medium sand, moist to wet
L TS SE e S
=T SM L STy SAND: fine to medium, light olive brown, wet
B mTT g SM
I~ WOT4-2 B=—%—= SILTY SAND: fine, light olive brown, wet
4__
L GM GRAVELLY SILT: light olive brown, with coarse to medium sand, max. size
L 5.0cm, trace clay, wet
: . _ : , , SAND: medium to coarse, dark yellowish brown, some gravel, max. size
5 Lttt 6.0cm, some silt, wet
. woras |.0.e0.e| sp
66— -Vt
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WO74-M (Monitoring Well)
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als 8 O ] S Lithological Description
6 - - . .
B ' ' ' ' | SP SAND: coarse, strong brown, trace gravel, rounded, max. size 3cm, moist
- 1 fE i 2 SILTY SAND: coarse, light brown, with gravel coarsening downcore, trace
L WOT44 EAEEEE SM | cobbles, max. size 9cm, rounded, moist to wet
7 T andEand
- sp SAND: coarse, strong brown, with gravel, max. size 5.5cm, rounded, moist
- N U N SANDY GRAVEL: brown, coarse sand, coarsening downcore to larger
g8— O L O clasts, some silt, trace cobbles, max. size 9cm, angular to round, more
L Tl O I angular downcore, moist to wet
L WOT74-5 O L O GP
0| 050
| AIEE ERIEE 5 SILTY SAND: coarse, brown, max. size 10cm, rounded, well graded, some
T Ty clay, moist to wet
L _,_'l__r_r_
: TTTT] SM
10— CrTad
L T-Irr. 7
L WOTAE MISSING: poor recovery
1M1
i MISS
12—
L ~ 4 N SANDY GRAVEL: pale brown, coarse sand, max. size 9cm, sub-angular to
L O O O rounded, some silt, wet
13 - WOT74-7 O O O GP
r O (\O SAND: coarse, brown, some gravel, rounded, max. size 8cm, frace silt,
i wo74-8 |,*.*.*.°| SP | moist
14 — — :

‘\‘ SANDY GRAVEL: brown, coarse sand, rounded gravel, trace silt, moist

/

Notes:
- for 5' cores, percent recovery based on a total core length of 1.524m
- developed January 10, 2007 with a Monsoon pump
- pumped water until clear; total water pumped 105L
- well is down and around driveway into the back left comer of farmers field on left of Curry Rd.
- water level measured from top of PVC pipe, stickup: 0.89m
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Date Drilled: December 20, 2006
Drilling Inspector: Joanna Passmore
Drillers: Boart Longyear - SDS Dirilling

Total Depth of Boring: 10.67m
Ground Elevation: 300 75masl (NAD83)
Onginally Surveyed: March 28, 2007

Elevations Re-Surveyed: July 20, 2007
Survey Corrected: July 25, 2007

Logged By: Geoff Moroz, Jaqueline Kreller
Last Updated: July 25, 2007

Method: Rotosonic Mini Sonic Drill Rig 4x6" system

Top of PVC riser elevation: 301.64m (NAD&3)
Location: UTM17 North 4770154 28m, East 520053 .90m masl| = Metres Above Sea Level

Installation: - 2.00" Schedule 40 PVC riser and screen

WO74-S (Monitoring Well) st

Waterloo

v i

Depth to water: 3.66mbgs (NAD83) (Measured March 29, 2007) USCS = Unified Soil Classification System

mbgs = Metres Below Ground Surface

Well Construction Legend:

E Well Screen - \Vater Level

- holeplug from Ombgs to 7.92mbgs Hole Plug
- screen from 9.14mbgs to 10.36mbgs -
- sand pack from 7.92mbgs to 10.67mbgs - Bentonite Grout

Sand pack
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al = 8 O 5 S Lithological Description
D__
Pt | TOPSOIL: dark brown, moist, organics
I Pt TOPSOIL: dark brown, thin layer of sand 21 cm downcore, then topsoil
B again
1——- Sp SAND: medium, brown, with silt, trace gravel, max. size 1cm, no gravel
beyond 60cm, slightly finer sand also beyoned 60cm, dry
: :ﬂ":)ﬁ MISSING: poory recovery
2__
- MISS
3__
L sC SILTY CLAY: light brownish grey, with fine to medium sand, moist to wet
B SM_| siLTY SAND: fine to medium, light olive brown, wet
B SM
- WOT4-2 SILTY SAND: fine, light olive brown, wet
4—- GRAVELLY SILT: light olive brown, with coarse to medium sand, max. size
B GM 5.0cm, trace clay, wet
: e s SAND: medium to coarse, dark yellowish brown, some gravel, max. size
5 6.0cm, some silt, wet
: WO74-3 [".".".". 8P
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WO74-S (Monitoring Well)
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o = - = 9 P
B "o e 6" SP SAND: coarse, strong brown, trace gravel, rounded, max. size 3cm, moist
i iy ] . . .
- T SILTY SAND: coarse, light brown, with gravel coarsening downcore, trace
L A =T+ SM cobbles max. size 9cm, rounded, moist to wet
WOT4-4 $ e $ o
r 5700 %" SAND: coarse, strong brown, with gravel, max. size 5.5cm, rounded, moist
L L.t.tLt| 8P
L “ o O \/ SANDY GRAVEL: brown, coarse sand, coarsening downcore to larger
8— NN clasts, some silt, trace cobbles, max. size 9cm, angular to round, more
b angular downcore, moist fo wet
Lol ]| woras O O O GP
9—— O A~ O
F NERREE | ) ]
$-r$ s SILTY SAND: coarse, brown, max. size 10cm, rounded, well graded, some
B mrm Ty clay, moist to wet
L [ P i |
- . CETE] SM
10 —— WOT74-6 oo ard
T ]
I mImIy
: Miss | MISSING: poor recovery
Notes:

- for 5' cores, percent recovery based on a total core length of 1.524m

- developed January 10, 2007 with a Monsoon pump

- pumped water until clear; total water pumped 135L

- well is down and around driveway into the back left cormer of farmers field on left of Curry Rd.
- water level measured from top of PVC pipe, stickup: 0.87m
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WO74-WT (Monitoring Well) it

Date Drilled: December 20, 2006

Drilling Inspector: Joanna Passmore

Drillers: Boart Longyear - SDS Drilling

Method: Rotosonic Mini Sonic Drill Rig 4x6" system
Total Depth of Boring: 6.10m

Depth to water: 3.66mbgs (NAD83) (Measured March 29, 2007)

Ground Elevation: 300.75masl (NAD83)
Top of PVC riser elevation: 301.64m (NAD83)
Location: UTM17 North 4770152.75m, East 520052.33m
Originally Surveyed: March 28, 2007
Elevations Re-Surveyed: July 20, 2007
Survey Corrected: July 25, 2007
Installation: - 2.00" Schedule 40 PVC riser and screen
- holeplug from Ombgs to 2.13bgs
- screen from 3.05mbgs to 5.94mbgs
- sand pack from 2.13mbgs to 6.10mbgs
Logged By: Geoff Moroz, Jaqueline Kreller
Last Updated: July 25, 2007

Waterloo
A
®
USCS = Unified Soil Classification System

mbgs = Metres Below Ground Surface

masl = Metres Above Sea Level

Well Construction Legend:
E Well Screen = \\ater Level

- Hole Plug
- Bentonite Grout
Sand pack

- for 5' cores, percent recovery based on a total core length of 1.524m

- developed January 10, 2007 with a Monsoon pump
- pumped water until clear; total water pumped 120L
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al = 8 O 5 5 Lithological Description
D_
- E: TOPSOIL: dark brown, moist, organics
r \ TDF_’SOIL: dark brown, thin layer of sand 21 cm downcore, then topsaoil
1-L sp ".\ again
K SAND: medium, brown, with silt, trace gravel, max. size 1cm, no gravel
N \;““:3?3 \ beyond 60cm, slightly finer sand also beyoned 60cm, dry
a, \ |
2___ MISSING: poory recovery
- MISS
3___ sC SILTY CLAY: light brownish grey, with fine to medium sand, moist to wet
i I S: SILTY SAND: fine to medium, light olive brown, wet
- WOo74-2
44— \ SILTY SAND: fine, light olive brown, wet /
- GM |*
- GRAVELLY SILT: light olive brown, with coarse to medium sand, max. size
- . v e . 5.0cm, trace clay, wet
5—+ B SAND: medium to coarse, dark yellowish brown, some gravel, max. size
B WOT43 |l sp | 6.0cm, some silt, wet
6— 5757567
Notes:

- well is down and around driveway into the back left comner of farmers field on left of Curry Rd.
- water level measured from top of PVC pipe, stickup: 0.80m
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