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Abstract

This pilot-scale experimentas performedn the sandgit area at the University of Waterloo
Groundwater Research Facility at EBorden located near Alliston, OM\ multicomponent

PHC source zone (3 m x 3 m) was emplaced in 2012 between 1 and 3 m below ground
surface inside a sheet pile wallegpexmental gate.

Simulation tools were used tlesign a optimalsulfatedosagesysemthat would satisfyhe

reagent delivery and remediation requiremefiteee episodes of sulfate releasenf® of

5-20 g/L NaSQ,, and 0.3 g/L (NH4).SO,) at the ground surface were clucted over an
8-month period.A host of multilevel monitoring wellsni conjunction with areakttime

resistivity data collectiorsystem wasmployedto continuouslytrack sulfate patterns and
migration

Treatment performance was evaluated based on changes in sulfate concentration in the plume
and PHC mass dischargeacrossa downgradientmonitoring fence line. Results from
compoundspecific isotopeanalysis CSIA) and biomarkertools were combined with the
conventional monitoring data to assess enhanced sulfate reduction of the PHCs.

General sulfate migration pathway waaptured during EC monitoring. These results
demonstrated 5 g/NaSQO, did not provide sufficieninfiltration, while 1520 g/L NaSO,

created strong densityependent flowEC results of sulfate monitoringhowed thaeattime
resistivity systenallowed tke collection of high resolution datBHC mass discharge results
showed significant attenuation of benzene, toluene and xylene after the sulfate application.
CSIA data showed the occurrence of PHCs biodegradation associated with sulfate reduction.
The sulate isotope data support the occurrence of sulfate redugtienconcentration and
isotope patterns observed for DIC are also linked to PHCs biodegradation. The
microbiological data showed the occurrence of biodegradation uvatéraerobic and
anaerobiconditions in the PHC plume.
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1. Introduction

1.1 General Introduction

For the remediation opetroleumhydrocarbon(PHC) contaminated groundwater, the
majority of traditional technologiebave concentrated on passive natural attenuation by
microorganisns (i.e. monitored natural attenuation, MNA). Other more active technologies
involve removing mass fronthe source zone (i.e. dig and dump), volatilizinbe
nonraqueous liquid phase inthe gas phase (air sparging and soil vapor extraction), and
pumpingthe watersoluble fraction fronthe plume (Suthersan et al., 2011). Each of these
technologies haadvantages$or a specific contaminated site, and it is acknowledged that no
single technology can be treated aspaitpose (Khan et al., 2004)he attractvenesof these
traditional technologies usually degraded bthe high cost and long time frameothere is
aninterest for economic and efficient alternative techniques (Suthersan et al., 2011).

For PHC contaminated s#e one of the most important tabhuation mechanismsis
biodegradation that contributes to the decline in contaminant concentration sohotband
plumes (Wiedemer et al., 1999). PHC attenuation by anaerobicdxialation (ABOX) is
spontaneouand universal (Atlas, 1981; Leahy a@dlwell, 1990; Chapelle, 1999; Suthersan
et al., 2011). Ihas beemlemonstratethat the utilization the ABOx is cosfifective; however,
the lack of electron accep®(EA) occursin most caseso that engineered application of
ABOXx has becomenore attraction (Lunardini and Dickey, 2003, Suthersan et al., 2001)
these systemsselected soluble nesxygen EAs (e.g. sulfate, ferric salt and nitrate) are
applied to anaerobic environments to stimulate biodegradation (Suthersan et al., 2011).

Among theABOX, sulfate has been estimated to account for about 708teafverall
natural biodegradation capacity (Wiedemerier et al., 1999 anengineered perspective,
the characteristics of sulfate such as high solubility, widespread nate@ilyring sulfate
consuming microorganisms, low cost, and hpghsistenceén the subsurface, asgvantages
(Suthersan et al., 2011he use of sulfateannot only reduce theemedialtime frame when
compared to natural attenuation, udlsocanreducethe cost wien compared to traditional

active remediation technologies (Suthersan et al., 20h&yefore, sulfate land application



becoming gopular technology for PHC remediation.

1.2 Geochemical Consideratios

Dissolved oxygeis consumedapidly in PHC conaminated groundwater and the rate of
oxygen recharge is natble to meethe aerobic biodegradation demasd that anaerobic
conditions usuallydevelop (Suthersan et al., 2011). The dosing sulfate in such
environmentsuppliesan EA for the PHCdegradabn via sulfate reduction (Suthersan et al.,
2011). When sulfatés reduced in an anaerobic environmevith benzeneas the electron
donor as a representativeorganic compoundat fuel spill sits, it can be described by

(Suthersan et al., 2011, Andersamd.ovley, 2000):

CeHs+3.75SQ+3H,0 Y 1 .,8+15875HHS+ 6 HCQy + 0.375 H (1.1)

This sulfate reduction produces sulfide and bicarbomdtieh undergo further reactions
Although the byproduct is bicarbonate, the actwgiroduct from PHC oxidation is carbon

dioxide, whichis dissolved in the groundwaend transformed into bicarbonate as controlled

by:

CO+ H,0 Y H,COs (1.2)

H,CO;Y HGOH (1.3)

The formation of alkalinitycontributes tothe decrease of pH over tignand if not
controlled, the decreasing pH will suppress the sulfate reductio(Suatieersan et al., 2011)
However, aidity will usually be buffered at most sitguthersan et al., 2011)

Under methanogenesis condition, €@ill also react with H and form methaneAppelo

and Postma, 2005)

CO+4H,Y CH;+H,0 (1.4)



Excessivesulfide accumulatiorwill inhibit PHC biodegradation under sulfateducing
conditions (Suthersan et al., 2011). Previous resdwsteported that sulfide concentrations
between 8.5 and 320 milligrams per liter (mg/L) reduce the rate oftesukauction by
onethird (Roychoudhury and McCormick, 2006). However, in the anaerobic biodegradation
zone, naturabccurringiron oxide can reducethe excess sulfidéy the precipitation oFeS

(Appelo and Postmy 2005) as given by:

2 FeOOH + 3 HSY 2 FeS + 8(s) + HO + 3 OH (1.5)

The capacityfor sulfide-precipitationdepends on the natural abundance of ferric iron and
the rate of sulfide formatiof(Suthersan et al., 2011Yoreover, at théringe of the anaerobic
zone, the prance of oxygen will consume sulfide so rapidly that sulfide accumulatiibn

belimited at most of sites (Deutch, 199%Fythersan et al., 2011).

1.3 Sulfate Delivery

In a sulfateland application the sulfatemust bedelivered to the targeegion to produce
the optimal geochemicaknvironment foreffective biodegradationlt has beeneported that
the thresholdsulfate concentration to sustain biodegradation is approXyna@d mg/L
(Habicht et al., 2005), and themaximum rate for microbiatmediated reactions reached
when sulfate is 2000 mg/IAt intermediate concentrationsulfateis not a ratdimiting factor
(Roychoudhury and McCormick, 200@&ut nutriens (N, P, etc.) arasually not sufficient to
support a ery high sulfateeducing rateTherefore, the strategy to deliveulfatethat can
achieve thetreatmentgoak is the most important issue in the design. The selectiom of
specific strategy depends on the remediation objective, the characteristiesedgers, the
hydrogeological settingaquifernutrient levelsandwater chemistrye.g. thepresence oiron;
pH). Either solid sulfate or sulfaie solution can be applied. Solid sulfate land application is
a cheaper and easigpproachwhile dissoled sulfatecanprovide bettesulfatedistribution

and infiltration.



Since the ngration of the sulfateand, in some cases, contamirsaate the coran in the
remediation processyonitoling their migration and distributiofs critical to an efficient and

effectiveremedial systeniStevenson, 2013).

1.4 Previous Studiesand Background

Several studies related to sulfate reduction and hydrocarbon biodegradation had been
conductedn the lab ancatUni ver sity of Water | oo&anailesear c
Forces Base(CFB) Borden, Ontario, Canada. (Acton and Barker, 1992; Chen et al., 2007,
2008).

In situ @lumn experiments were conducted by Acton and Barker (1992) to evaluate the
potential to enhance in situ biodegradation of various aromatic hydoosatmder anaerobic
conditiors at Borden through application of nitrate and sulfai&der sulfate reducing
conditions, rapidoluene attenuatigrbut no benzene biodegradation, vediserved (Acton
and Barker, 1992). Other PHCs includingxgiene, ethylberene, 1,2,4'MB, o-xylene,and
chlorobenzenavere alsorecalcitrantto biodegradatiorunder sulfate reductio(Acton and
Barker, 1992). Although the direeddtion of EAs did not enhance aromatic hydrocarbon
biodegradation, significant sulfateducing ativity was noted when lactate and yeastract
was addedsuggesting nutrientsnay beone of the limiting factors for sulfatereducing
anaerobic biodegration at Borden (Acton and Barker, 1992).

In laboratory experiment§&hen et al. (20072009 confirmed the potential for anaerobic
monaromatic PHC biodegradation under nitrateand ironcombined conditionsn the
Borden aquifer (Chen et al. 2007). Chen et al. observed benzene biodegradation under
iron-reducing conditions after denitification removed kyocarbons that mayhave
suppressdbenzene utilization (Chen et al. 200The addition of sulfate was unsuccessful
promoing monoaromaticPHC (including toluene)biodegradationin the Borden aquifer
material.Chen et al. alséound that BTEX biodegradtion was significantly inhibited by the
presence ofethano] probably due to the preferential consumption ethanol and its

intermediatgproduct acetate biyhe anaerobi€As (Corseuil et al., 1998; Chen et al. 2007)



These studiesdemonstrate the potential for PHC biodegradation under nitratend
iron-reducing conditions, while the feasibility of sulfatdlucing biodegradation remained
controversial Although nitrate and ferric iron were alsbownto be more effective than
sulfate by Cunningham et §2001),these are lesgesirableEAs as lhe regulatory maximum
concentration for nitrate in groundwaterasly 10 mg/L, and ferric iron is not practical to
inject due tats low solubility at netral aquifer pH (Cunningham et al. 2001). Therefore, the

usability of sulfatdand application aBordenwaspursued

1.5 Objectives

The remediation objective of this project is to treat both hydrocarbon residual source and
the plume by gracticalsulfate land application. The present sulfate land applicatictudy
will comprehensivelycharacterize sulfate plumassing diagnostic toolsand so assess
enhancement obiodegradation of specifi®HC compoundsgenerated by the sulfate
application Approaclesto address thexperimental objectives incled
(1) Utilize a numerical modeling tool to desiga sulfate land applicatiotechniquethat
ensureghe sulfate plume flogthroughboth contaminated source and plume;
(2) Design apractical sulfate dosagemethod to meet the reagent delivery and remediation
requirementgor thisfield site;
(3) Develop a reatime resistivity monitoring system that continuously tradke migration
of sulfate in the subsurface;
(4) Estimate the remediation effeaisingfield and analyticadata(VOC, DIC, sulfide and
methane concentration etc.), agvhluate theenhancemendf biodegradatiorby isotope

analysis of sulfate and DI€pmpound specific isotope analysis (CSIA) and biomarkers.

1.6 Thesis Overview

This thesisconsiss of four chapters plus refereiscand appendices. The first chapter

provides an introduction to the background of sulfate reduction and engineered sulfate



application.
Chapter 2 describes teeperimerdl design.
Chapter 3 explains details experimerdl methods.
Chapterd shows resultand interpretations dhe monitoring andanalyses

Chapter5 summarize the conclusionslessons learned amdthievemergtin thisresearch



2. Experimental Design and Methods

2.1 Site Description

The CFB Borden field site is located about 80 km neréist of Torontolt has feen used
asa hydrogeology researdhcility by the University of Waterloo sincéhe 1970s (Sudicky
and lllman, 2011)Field hydrogeological parameters are summarized by King and Barker
(1999). The field site is underlain by an unconfined aquifer thatistoof median to fine
grained sand, with dispersed silt, sitthay, and coarse sand layers (King and Barker, 1999;
Sudicky and lllman, 2011). Theglaciolacustrineaquifer grads into glacial till (mainly silt
and clay at about 9 meterbelow ground surfee (mbg$ forming an aquitard (King and
Barker, 1999). The average hydraulic conductivity for the aquifer is approximately8
m/s and the horizontal groundwater flow velocity is about 9 cm/day (Fraser, 2007).

TheresearcHor this thesis was conduct@dthe middle of threédPI gates at the Borden
researclsite. Several groundwater studies had been done at the ABI(gatee references
would be wuseful; d o e Smeétpilingroe theleast and viest side® mp | e
constrain the groundwater andntaminant flow inchannels or gateand some sampling
wells remainedfrom previous researchF(eitas, J.G., M.T. Mocanu, J.L.G. Zoby, J.W.
Molson and J.F. Barker, 2011. Migration and fate of ethanbbnced gasoline in
groundwater: Anodelinganalysis ofa field experiment. J. Contam. Hydrdl19, 2543) that
werere-used in the current sulfate land application project. Three groundwater monitoring
transector fencesRow 2, Row 3 and Row 4 wetsedas sampling wells (Figure 2.1). Each
of these fenceconsistof six monitoring wells, designated as Multilevel 1 to 6 (MB).
Figure 2.2 shows the croessction ofa monitoring fence. Each well has 14 sampling points
Depth 1 to B (D1-D13) are evenly distributed from 1.5 mbgs to 3.84 mbgs at 0.19 m
intervds, while D14 the deepests screenedbetween 4.8 and 5.3 mbgs.

Prior to the current projeebout110 liters ofwell-characterizedPHCs (Table 2.1) were
injected to approximate 2 meters below ground surface (mbgs) in Augustir20i gate
PHC distrbution was characterized by a UVOST tool, which is described in Section 4.2.2.1

(Kovacik, 2013).The location of the residual source is also indicated in both Figure 2.1 and
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2.2. The source is about 3 m long, 3 m wide and 2 m deep. For the map viewrtdeasso
situated about 1.5 m downgradient of Row 2, between the monitoring weM3Rand
R2-M4 (Figure 2.1).In the crosssection view, it is located between 0.75 mbgs to 3 mbgs

(Figure 2.2).

2.2 Numerical Modeling

2.2.1 Introduction of SALTFLOW

In orde to evenlydistribute and mix the applied sulfate water in both PHC source and
plume for sufficient time (>40 days), the sulfate delivery meissurethe sulfate water
penetratethroughthe totaldepth of the source and then fléaterallyalong with theplume.

In order to achieve the dosage objectivaumerical modeling toolvasusedto simulate
the migrationbehaviorof the applied sulfate wateGiven the high sulfate concentration of
applied water to be employedensitydependent flowvas considexd. The model used in the
experimental desigwasSALTFLOW developed by Molson and Frind (2013). This model is
coded for modeling complex densitgpendent flow and mass transport cases in one, two or
three dimensions, based on equations forsafirateddensitydependent groundwater flow
and 3D advectiomlispersion (Molson and Frind, 2013).

The densitydependenflux is derived from the Darcy equation for densitgpendent

flow (Molson and Frind, 2013; Bear, 1972) as given by:

o

= k3w B 2.1
q méﬁgjﬁ-gﬁl} (2.1)

where q; is the Darcy flux, k; is the permeability, /71 is the dynamic viscosity, and is
the fluid dengy.

As pointed out by Frind (1982), the use of concentratigdhe®arcy equation gives more
precise simulation than densifihe main densitglependent flow constangconsidered in
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SALTFLOW depends on the concentration ot tharget plume, which is expressed as

(Molson and Frind, 2013):

_r.+ 4C C)) .
- 1000

2.2)

where r, is the density of background groundwater (assumed 1000dlL),s a

dimensionless constant used to relate fluid density tacsattentratiorthat equals to 0.7246

(Mohsen and Singh, 1990), C is the total dissolved solids (salts) (TDS) concentration, and

C, isthe TDS irthe background groundwater (assumed 500 mg/L).

The density constany related to density is given by:

r= f1l+c (2.3)

where r, is the reference fresh water density, is a constant defined in equation 2.3, and

c is the relative concentration. Further details of SALTFLOW are provided by Molson and

Frind (2013).

2.22 Model Domain

In the model, a 3D muaerical grid was created to defittee source and plume areatlre
API gate (Figure 2.3). The scale thfe modeled aquifer i25 mx12 mx3.65 mand the
number of nodes set in the model calculatiod@9, 15 and 2@or the x-, y-, and zaxis,
respectivelywhich provide 30,000 hexahedral brick elements. Thaxis is the direction of
groundwater flow, the -“paxis is horizontally perpendicular toaxis, and the -axis is the
vertical direction.

Boundary conditions used for the model are listed in TableEa2hboundaryis labelled

in Figure 2.3. Hydrogeological variables cited from previous studies (Mackay et al., 1986;



Sudicky et al., 1983, 1986; Linderfelt, 19%tesummarizedn Table 2.3.
For the other design considerations, the model domain assunoesogeneous aquifer, a

constant water table at 0.5 mbgs, andnlyinfiltrated sulfate water.

2.23 Modeling Processes

The process of modeling is inseparably interconnected to the experindesigh
especially the consideration of sulfate floMae goal for the design is to achieve at least 10%
of initial sulfate concentratiomesiding inthe source zone after 40 days tbe sulfate
application.This minimizes the number of applications required.

Initially, solid-phase sulfate directly appliech dhe ground and dissolved passively by
precipitation was considered as the dosage strategy. A model was constructed to simulate the
migration ofa high concentrated (35 g sulfate/L) sulfate pluoneated bythis continuous
infiltration (Figure 2.4). Theasult shows that although the concentration of sulfate in the
source zone is still satisfactory after 100 days, only half of the source zone was covered by
the sulfateplume. Thisdid not fulfill the delivery requirements. Moreover,peonounced
sinking downgradient of the sourcsaused by densigtependent flow can be observéthis
would take the applied water and dissolved hydrocarbons below the existing monitoring
network. Therefore, an application of wateith dissolvedsodium sulfate with a lower
corcentration was considered in the subsequent design.

To intensify the initial infiltration of sulfate watén the source zone, the application was
then modified in two step§he first step was to simulaflew with the constant water level
mounding duringhe application. A new variable, the height of mounding water abiwve
initial water table, was thereupon considered in the new simulatidmes second step
simulates the migration of sulfate in the subsurface after the infiltratisfinishedand the
mound has collapsed

The modeling results for a 35 g/L sulfate solution that maintasn@dnd level0.6 m
above the initial water tables given in Figure 2.5This resultindicatesa better initial
infiltration than solidsulfate applied on the groundowever, the shape tfie sulfate plume

at Day 45 also suggests a very strong sinking dugetsitydependent flow. The sinking
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effect has the potential to bring the hydrocarbon plunteepoorly monitored depths.

As a result ofa seriesof modelingtrials with different parameters, a 5 g/L sodium sulfate
solution andan artificial pond with a constant level of 0.1 above theground(0.6 m above
theinitial water tablg wasselectedor the first sulfate application (Figure 2.6). A total of 5
m® sulfate solution (25 k@f sodium sulfate) would be applieds5 cubic meters of 5 g/L

sodiumsulfate water.

2.3 Monitoring Wells

As described in Section 2.1, monitoring well fences Row 3 and Row 4 existezfiatd
site prior to the present experimie They were used in PHC concentration and mass
discharge sampling. To monitor the migration of PHC and sulfate at other than Row 3 and
Row 4, three types of new monitoring wells were designedirastdlled including 4point
multilevel suction lysimeters8-point Waterloo source multilevel monito{€herry and
Johnson, 1982; Eniarson, 2006nd EC multilevels (Figure 2.7). All of these wells ar@®{f
mm diameter 3 mm thick PVC pipes, witieflon tubing attachedand extending to the
desired sampling déip

Suction lysimeters were designidlowing Freitasand Barke(2008) to monitor shallow
areas above and below the water table (varies from 0.4 to 0.9 mbgs) at Row 3 and Row 4,
because the shallowest sampling pointt@old monitoring wellss 1.5 mbgs. The 4 suction
lysimeters are screened at 0.5, 0.75, 1 and 1.25 mbB4 ¢b L-D4, respectively, and the
length of the lysimeteis about 1.5 m.

Source multilevel monitorsvere installed in the residual source zone to monitor the
distribution andmpact of applied sulfate water in that area. There are eight sampling points
consisting of Teflon tubing with seensranged from 0.5 to 4 mbgs wit#n0.5 m interval
(S-D1 to SD8).

A total of 11 resistivity multilevels (labeled as E®ells) were intalled in the source,
and atRow 3 and Row 4 (Figure 2.8). Two functions are assigned to resistivity multilevels:

groundwateisampling and resistivity probe measurements. Six sampling points were created
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with Teflon tubing terminating at deptkizat rangedrom 0.5 to 5.5 mbgs with a 1 m interval.
Electrical conductivity would be measured water samples collected from these points,
aiming to compare EC values with those detected by EC probes at the same depth. There are
11 EC probesattachedon the EC muillevels, ranged from 0.5 to 5.5 mbgs with 0.5 m
interval (EGD1 to EGD6). A brief description of the resistivity datagger system and
resistivity probe is in Sectiok4. Further details are given by Stevenson (2013).

The planview layout of all wellsat the study sites shownin Figure 2.9. Multilevel
suction lysimeters, source multilevel monitors and EC multilevels are prefixéd &3R4L,

S-, and EGC, respectively.

2 4 Resistivity DatalLogger System

24.1 Background

The monitoring ofan applied reagent is achallengedue to the complexity of the
subsurface, especially at highly heterogeneous sites. Although manually sampling from
multi-level deptls is an obvious strategySuthersan et al., 2011),has shortcomingdabor
intensty, cost maintining the quality of the sample during shippingnd technical
difficulties in obtaining arepresentativesample. Therefore, talg advantageof in-situ
monitoring of the appliedodium sulfaten reattime with low expensavas essential for
monitoringthe progress and distribution of tisaelfateplumein this study

High concentrations of inorganic saltsed inenhancedioremediationNaSQ,, in this
case) and in situ chemical oxidatimchnologiesneanshatelectrical conductivity EC) can
be used athe signature of salt arrival and distribution (Stevenson, 2013). Although several
commercial probes are able to monitor #@le EC in groundwater, their high cost and
vulnerability to strong oxidantsreducetheir benefitsin reattime monitoring (Steweson,
2013).

In order tobuild a costeffective and robust EC systefior reagent flow and distribution
monitoring, Stevensorelaboratedhe design and manufactusé selfmade resistivity prolse

in his MASc. thesis (Stevenson, 201Bhe resistivity probeneasures relative resistivity that
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can berelated to the change of E@&fter extensivelab tests and two field trials, his work
demonstrated thpracticability of the probe syster(Stevenson, 2013)he presensulfate
land applicationproject representghe first application of this system in an actual field
remedial demonstration. For this projettte resistivity probes andhe dataogger system
were modified calibrated,and provided an excellent evaluation of the migration of the

applied sulfate sotion.

2.4.2 Resistivity Probes

Resistivity probes used inithproject were slightlymodified based on the design given
by Stevenson (2013), in order to fit theedsof the current study, but their function and
operationwere not changed. The probe simoin Figure 2.9 is forthe lab tess; the figure
provides the appearanceponoriginal manufacture. For the field model, 2/3 of the PVC pipe
on the labprobe was cut longitudinally and the remained measuring side (theisideetal
wire) wasattachedo the EC well at designed deptfFigure 2.10). The leadxtensionof
each probe was also fixed along the well by electrical tape and extended to the ground surface

to be connected to the data logger system (Figure 2.10).

2.4.3 Data logger

The data loggeconsisted of three parts: battery, multiplexer and data lodgguré
2.11).

The 12 V batteryprovides powefor the data logger and multiplexir 3-4 months.

The multiplexer ishe part that receivethe signal frommultiple probes (32 in our case)
ard forwards them to theata logger It is the intermediatedevice joinng the resistivity
probes and the data logg@&idure 2.1).

The data loggefCampbell Sci. CR 10QQakesthe signafrom the probes usually via the
multiplexer (Figure 2.11). CRBasiprogram code was sent to the data logger from a PC,

which instructs the data logger to transfer and orgatiee signal from probes for
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subsequently interpretatiofhe laptop and the CR 1000 data logger are connected by
USB/RS 232 cable (Figure 21

The desiredlata loggereading X can bdescribedy formulaZ2.4.

R
X(-) =— (2.4

where Ris a constant resistance in the data logger circuit and & variable resistande
the measured solutions. Therefore, X isdanensionlessvalue thatreflects the relative
magnitude of water resistance.iXread fromthe PC and sinceRs is a known value, the
resistance irthe solution can be calculate®y repeating the measuremedat solutions of
known EC thegroundwater EC relative to a standard is estimated

EC isproportionatto the distance between electrode plates (d), and inygnsgportional
to the resistivity (R) and the crossectional area of the plates (Stevenson3204hich is

described as follosr

14d
EC==
REA

(2.5)

Based on equation 2.3 and 2.4, under the same circuitry, the higher the EC, indicated by
lower R, the higherthe data logge readingiXo The d and A terms in equatiorb2andicate

that the length of the leacbnnectedto the data logger is also a variable affagtthe X

reading, while the crossectional area can be treated as a constant.
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Figure 2.1 Plan-view layout of pre-existing monitoring wells, residual source and
hydrocarbon plume (Kovacik, 2013) in the API gate.
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Figure 2.2: Crosssection of sampling point layout aRow 3or Row 4 multilevel
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Figure 2.4: Modeling result simulates sulfate applied on surface above source zone and
passively infiltrated by precipitation. Sulfate concentration = 35 g/L, time of conbuous
application = 100 daysThe red rectangular represents the residual source zon€.is the
relative concentration compared to the initial value (c = C/G).
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Figure 2.5: Two-step modeling result simulates sulfate water ponded above source zone
at height of 0.6 m for 12 hours (Left) and its migration in the subsurface for 60 days.
Initial sulfate concentration = 35 g/L. Red rectangular represents the residual
hydrocarbon source zone andhe yellow dashed lina show the approximately depth of

monitoring wells at Row 3 and Row 4.
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Figure 2.6: Two-step modeling result simulates sulfate ponded above source zone at
height of 0.1 m. Sulfate concentration = 5 g/L, migration time = 45 days. Red rectangular

represents the residual source zone.
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18



Wire connected
todatalogger

asuring wire

Figure 2.9: The resistivity probe used inthe lab test, modified based orthe design in
Stevenson (2013)
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Figure 2.10: Field resistivity probes attached on the EC multilevelResistivity probe
leads extend to the ground and connect to the data logger.
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Figure 2.11: The interior of the data logger.The bundles of wires areinput port for the
multiplexer that connected toresistivity probe leads.

Figure 2.12: Data logger field data viewing. Field laptop and data logger connected by
USB/RS 232 cable.

20



Table 2.1: Constituents of injected PHC NAPL

Compound Volume (L) Mass (kg)
2,2,4
Trimethanepentane 25 173
Isopentane 25 154
Cyclopentane 10 7.51
Octane 10 7.08
Benzene 2.5 2.19
Toluene 1.25 1.09
Naphthalene 1 1.14
o-Xylene 0.5 0.44
1-2-4
Trimethylbenzene 0.5 0.4
MethykHtert-butyl-ether 0.25 0.19
Pentane 16 10.0
Hexane 20 13.1
TOTAL 112 75.83
Table 22: Boundary conditions
Face Flow Condtion Mass Transport Condition
1 Fixed head Zero concentration gradient
2 Fixed head Zero concentration gradient
3 No-flow Zero concentration gradient
4 No-flow Zero concentration gradient
5 No-flow Zero concentration gradient
6 Flux boundary Cauchymass flux
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Table 2.3: Borden hydrogeological parameters used iiSALTFLOW

Parameter

Value

Source

Porosity
Hydraulic Conductivity

Depth to WateiTable
Hydraulic Gradient
Groundwater Velocity

Dispersivity

Diffusion Coefficient

0.33

Horizontal ~ 9.75x18 m/s
Vertical 4.88x10° m/s
0.75m

0.004

0.09 m/day

Longitudinal horizontal 0.08
Longitudinal vertical 0.01
Transversal horizontal (B0
10 m%s

Mackay et al., 1986
Sudicky, 1986

Measuredn field, varied in season
Linderfelt, 1994

Fraser, 2007

Sudicky et al., 1983

Sudicky et al., 1983
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3. Methods

3.1 Monitoring Well Installations

All of wells were installed usinga directpush method Geoprob® modd 7720DT
(Figure 3.1). When the machine was in position]l.52 m (5 feet) long x 0.06 m OD
Geoprobe casing wadtachedo the percussion drilling hammer, and the casing was directly
pushed down into theediment(Figure 3.). After reaching the target depth, the well was
inserted into th&seoprobecasing until it reachethe bottom Finally, the Geoprobe pulled
thecasing upas the sand collapsed around the well

Drilling depth for suction lysimetersas 15 m (5 fee), for source multilevel monitor 4 m
(13 feet), and for EC multilevels 5.5 m (18 feet). The field vidwnetalled wellsin the

source area and Row 3 is shown in Figure 3.2.

3.2Resistivity Data Logger Installation and Operation

The Data logger was seifp atthefield site prior to the first sulfate application, in order to
test itsfeasibility (Figure 33). Quick connecta@ were used to connect leads between EC
probes and the multiplexer in the data logger.

As simulated by SALTFOW, the designed sulfate water concentration for the first
applicationof 5 g NaSQy/L was expected tmfiltrate to about 2 ragsin the source zone and
then flowlaterallyat aboutthe same level (Figure 2.6). Therefore, the data logger was placed
betweenthe source area and Row 3 to collect data from probes placed from 0.5 mbgs to 3
mbgs (Figure 3.2). EC multilevelsat weremonitoredincludeEC1 to EC7 The detailedist
of connectedEC probe isshown in Table 3.1.

fiXo readings from eacprobethat connected to the data loggeuld either be viewed on
the field laptopin reattime, or @uld be downloaded aa spreadsheet fdurther reference.

The delay between each data loggimgas 100 milliseconds and the frequency of
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measurementasevery 2 minutes.
Field results recorded from the data logger and the process of data logger development

will be discussed in chapter 4.

3.3 Sampling

3.3.1 Sampling Overview

Sampling basically can belassifed into two categories flux sampling and progress
sampling. The purpose of flux sampling is to monitordchanges in mass discharge or mass
flux of compounds and evaluate the atteimnadf volatile organic ampoundgVOCs), while
the purpose of progress sampling is to mortit@ migration of the applied sulfate and the
potential biodegradatiomf hydrocarbons, especially by sulfate reductiéiux sampling
includes VOCs, sulfate sufide, and electrical conductivityprogress sampling incleg
VOCs, sulfate, sulfide, EC, pHlissolved oxygen (DO), oxidation reduction potential (ORP,
or Eh),%*s-sulfate,**C-dissolved inorganic carbon (DIC), compound specific isotope analysis
(CSIA) on BTEX, andbiomarkersincluding genes encoding select reactions and metabolites
characteristic of select reactionishe schedule for sampling events designed at the beginning
of the project is given in tab®2 and3.3.

Sampling points for fluxnonitoring wereselected to cover the aseat Row 3 and Row 4
where the bulk of the mass discharge was expected, based on previous sampling of the
hydrocarbon plumedProgress sampling pointgereselected depeimy on where the sulfate
waterwas anticipated télow throughthe source, Row 3 and Row Zhese points are mostly
between 0.5 mbgs and 3 mbgs. All sampling points picked for flux and progress sampling are
listed in Table 3.4 and 3.5, respectivelg the application continued, sampling points were

adjuged depending on previous sampling results.

3.3.2Field Sampling Methods

Groundwatersampées were collected using ananifold sampler(Figure 3.4)and a
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Cole-Parmer 75530 peristaltic pumpvith 6 mm OD (outside diagter) x0.7 mm wall
polyethylene tubrig (Figure3.5).

The manifoldsampleiis designed for 40 ml viabnly. As shown in Figure 3.4, it can take
samples from six different samplinqpints simultaneouslyEach Teflon tube from the point
to be sampled is carefully connected to the apprpmaanifold input,and the outlet is
connected to thperistalticoump. Therateof pumpingwascontrolled by the pump controller
(Figure 3.5) to avoid generagroubbles during sampling. The desired pressure for sampling
is about 10 kRParhe vacuum presseiwasread from the barometer on the manifold, and the
valvesoperaed to apply and release the vacuum to the vial as reqdinedsyringes on the
manifoldare designed for retaining purged water thaissardedafter sampling.

Before takinga represetative samplewith the manifold, the first 40 mdf groundwater
was discarded in order to purgbe sampling tubingThen prepared vialsontainsodium
azide were tightened oto the manifold and pumpingestared Since th bubble and
headspace magontin VOCs causing a negative bias in subsequent VOC analiises,
former were minimized during sampling and, if necessary, the vial was filled with sampled
groundwater drawn from treampler tubing and syringe.

The Manifold samplemwasnot necessarfor other types of sames; only the pumpwas
required. The sampling tube was connected to the inlet of the pump and the outlet of the
pump dischargedwater sample into containers. Bubblaend headspace also have to be
minimized during this sampling. For thé0 glass bottle samples, a 0.4k filter was
installed at the outlet tube to filter sediment in the groundwateisample the microbial
MDNA in the groundwater a prgterilized,0.22em screenSterivex filter wasattachedo the
outlet of the pumm@and 20 L of groundwater passed through. Alternately, if water flow was
slow, the volume of water filtered was measured using a volumetric cylinder and recorded.
Then, tieswere required tgecure tubing connectioms preventheir burstingoy thehigher

pressue.
3.3.3Sample Preparation

In both flux and progress sampling, theveresix types of samplesollected in eithean

40 ml glass viala 25 ml plastic bottlea 60 ml glass bottlea 500 ml amber bottle, 1L amber
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bottle, or in aSterivexfilter (Figure 3.6). All sampleswere aqueousxcept forthe Sterivex
filter thatretainsfilterablematerials.

Groundwater samples fovOCs, methane, DIC?H isotope, and“*C-VOC isotope
measurementgere collected im0 ml viak. 0.5 ml of 10% sodium azideasaddedto the
vial for sterilizationprior to labanalysis The vialswere finally cappedwith a Teflon coated
sepumandaplastic cap (Chen et al, 2008).

Aqueous groundwater samples fBC-DIC isotope analysisvere collected in60 ml
transparenglass botes to which0.2 ml of saturated mercuric chloridelution wasadded
for sterilization, and the bottle pluggedth arubber stoper.

Samples for metabolite measurements were collected in58@oml sterilized amber
bottles Onewasacidified to pH <2, and the othewvasbasified to pH > 8 after sampd.

Aqueous samples were takienmediatelyin 25 ml plastic bottle for sulfate and EC lab
measurements, anth 1L amber bottle for 'S isotope measurements. Nmiditional
preparations wereequired.

Other field measuraents were madwith instrumens shown inFigure3.7. Geochemical
parameter0O, pH, ORP andemperature wereneasurediusingthe YSI Professional Plus
meter with flowthrough cell. Although EC can also beeasurd with the YSI meter, itis
more efficient to use the ATI/135 EC meter when &8s the only measurementuliide
concentrations were measuretth the HACH portable DR/240Gpectrophotometeais per

the included instructionddach Company, 2004).

3.3.4 Lab Measurements

Sampleswere shippedfrom the field to the University of Waterloo in the cooler. When
they werestoredin the lab, all aqueous samples weteredin a walk-in fridge at about 1
degreeCelsius, and Sterivex filters are storedaiithermal Scientific freezer aB0 degrees
Celsius When aqueous samplegreshipped toexternallabs, theywereput ina cooler with
ice bags and CFe&frigerant and Sterivexsamples wershipped ina cooler full of dry ice.

For lab measurementghe sulfate concentratisnwere measired by sulfate ion

chromatographyilCS-2000 in the lllmanHydrogeology Lakoratory at the University of
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Waterloo.PHC concentratiowere measured by gashromatographyt the Geochemistry
Lab Universityof Waterloo.

DIC concentration was measured in tBevironmental Geochemistry Laboratory and
stable isotopesH, %0, DIC-°C, ¥0-SQ,, and®**s-SO, were measured in the Environmental
Isotope Laboratory, Department of Earth & Environmental Sciences, University of Waterloo.
DIC concentration was analyzedteaf head space equilibration using a Varian 3800 gas
chromatograph coupled with a CombiPal autosam@be concentration of DIC in the
original sample was calculated using standard gas laws taking into account changes in
temperature and pressure betweample collection and analysis. Samples RIC-'°C
analysis were also prepared using a headspace equilibration technique and the resplting CO
analyzed using a HP 6890 series GC coupled with an Isoch{iMim®mass UK) continuous
flow isotope ratio mass sptrometerwi t h N 0. 5 &°H was @malyzed using ay .
Tekmar 3000 purge and trap system, with Aquatech 70 autosampler, coupled to a Trace Ultra
GC and GECombustionFurnacelll (Thermo) and Delta XL (Theno Finnigan)continuous
flow isotope ratio mas spectrometer (CFIRMSyith uncertaintyo f N Samgles for
SO, isotopemeasurement were pfitered and precipitated with barium bromide to form
barium sulfate. Barium sulfate was washed with dilute hydrochloric acid to remove any
carbonate, rinsedtneutral pH and freezedried. Bag€@mples were analyzed f§Susinga
4010 Elemental Analyzer (Costech Instruments) coupled to a Isochrom (Micromass UK)
continuous flow isotope ratio mass spectrometer (CFIRM8)nc er t ai n 9SS f N
analyseswere conducted usinga HEKAtech high temperature furnace and Eurovector
Elemental Analyzer coupled to an Isoprime (GV Instruments) continuous flow is@tpe r
mass spectrometer (CFIRM&)i t h  an un c e r(ClakiamdtFiytz, 1997) N 0. 4 &

The CSIA®C for benzene, toluene,-xylene and naphthaleneaw measured in the
Centre for Hydrogeology and Geothermics at University of Neuchatel, andsdetall

measurement metha@tedescribedn Bouchard and Hunkeler (2014).
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3.4 Land Application

As describedn Section 2.2.3, a poncbntainedby a berm and wooden fram&as built
above theesidual hydrocarbosource.A system for supplyinggroundwatetto producethe
sulfate solution, and a containerdccommodatéhis water ando dissolvethe sodium sulfate
powderwasrequired as supporting facilities. The conceptiagramin Figure 3.8 shows the
design for the sulfate applicatiegstem

Water was pumped from groundwatemvell removed abous0 m from the API gateso
that the pumping would nalisturbgroundwater flowin the gatgFigure 3.9) Pumpedwater
wastransportedy 2.5 cmdiameterrubber hose to the 3.78° (1000US gallon tank placed
close to the pond.

The framing of the pond was built Imjiling four, 3.25 m long, 0.15 m wide planks a
squae and supporting them with sdierns (Figure 3.10). The surface in the pond area was

slightly plowed after the construction to fiehand loosa the ground.
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Figure 3.1: Geoprobe® 7720DT at Borden field. Another casing would be added to the
top of the previous one as theushing proceecked.

Figure 3.2: The field-view for installed wells.
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Figure 3.3: Connection between data logger and probe lead extensions at field.

Barometer

QOutlet

Py /)| |

MW Wy ey
r -" /‘ o ~-‘ - ./
B (s L |

&

Inlets

Figure 3.4: Manifold sampler.
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Figure 3.5: Cole-Parmer 755370 pump and controller.
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Figure 3.6: Sampling containers.
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YS! Professional ATl model 135 EC HACH DR/2400 portable

Plus meter with meter spectrophotometer
flow-through cell

Figure 3.7: Field instruments for parameter measurement

Plan View E— Pump
ank with sodium 'S Water Source
sulfate solution X

51m - 5.5 m——

Figure 3.8: Conceptual design for the sulfate application.
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Figure 3.9: Groundwater wells and the pump.
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Table 3.1: List of connected EC probes.

Input Port of Multiplexer EC Probe Code Depth of the Probe (mbgs)
1 EC1-D1 0.5
2 EC1-D2 1
3 EC1-D3 1.5
4 EC1-D4 2
5 EC1-D5 2.5
6 EC1-D6 3
7 EC2D1 0.5
8 EC2D2 1
9 EC2D3 1.5
10 EC2D4 2
11 EC2D5 2.5
12 EC2D6 3
13 EC3D1 0.5
14 EC3D2 1
15 EC3D3 1.5
16 EC3D4 2
17 EC3D5 2.5
18 EC3D6 3
19 EC4D1 0.5
20 EC4D2 1
21 EC4D3 15
22 EC4D4 2
23 EC4D5 2.5
24 EC4D6 3
25 EC5D1 0.5
26 EC5D3 1.5
27 EC5D5 2.5
28 EC6D1 0.5
29 EC6D3 1.5
30 EC6-D5 2.5
31 EC7-D3 1.5

32 EC7-D5 2.5
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Table 3.2: Flux sampling events schedule.

Flux monitoring, Row B & C: 3 x 3 =9 cap fringe; 10 X 4 gw = 40 water sample

Weeks VOCs sulfate sulfide conductivity
0- |q|t|a! conditions/before 100 100 16 98
application
*
15 weeks* Row3 (after some 50 50 8 50
sulfate flush)
40 weeks* Row3 52 52 17 52
40 weeks* Row4 48 49 3 48
252 252 44 252

Total samples
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Table 3.3: Schedule for progress sampling events.

anions Biomarkers -
Week VOCs CSIA sulfate sulfide Oslija?sd' Sodium conductivity F[))I_(ID / TDG/C13-DIC  groundwater
cations or core
-1 (flux, source + Row) 8 8 8 8 8 8 8 8 8
3 (Row 3) 36
5 (Row 3) 60
6 (source + RovB) 8 8 8 8 8 8 8 8 8
7 (Row4 only) 10 10 10 10 10 10 10 10 10
8 (source + RovB) 80 80
10 (source + RowB) 40
13 (source + RowB) 8 8 8 8 8 4 75 8 8 8
33 (flux, Row4) 20 20 20 20 20 95 20 20 6 20
Total samples 54 54 54 54 54 179 337 54 6 54 21
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Table 3.4: Sampling points selected for flux monitoring.

R3 Wells Sampling points Number of Points
M1 D1, D4, D8
L1 D1, D3
M2 D1, D2, D4, D6, D8, D10, D12
L2 D1, D2 D3, D4
M3 D1, D2, D3, D4, D5, D6, D7, D9, D11, D13
L3 D1, D2, D3, D4 52
M4 D1, D2, D3, D4, D5, D6, D7, D9, D11, D13
L4 D1, D2, D3, D4
M5 D1, D3, D5, D8, D11
L5 D1
M6 D4, D10
R4 Wells
M1 D1, D4, D8
L1 D1, D3
M2 D1, D2, D4, D6, D8, Da, D12
L2 D1, D2, D3, D4
M3 D1, D2, D4, D5, D7, D9, D11, D13
L3 D1, D2, D3, D4 48
M4 D1, D2, D4, D5, D7, D9, D11, D13
L4 D1, D2, D3, D4
M5 D1, D3, D5, D8, D11
L5 D4
M6 D4, D10
Total 100
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Table 3.5: Sampling points selecteddr progress monitoring.

Source Sampling points Number of Points
S3 D2, D3 5
S5 D2, D3, D6

Row 3

R3-M3 D1, D3 5

R3-M4 D1, D3, D11

Row4

R4-M2 D13

R4-M3 D1, D2, D5, D13 10

R4-M4 D1, D2, D3, D4, D14

Total 20
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4. Result and Discussion

In this Borden sulfate land application project, three sulfate applications and sixteen
sampling events were conducted as listedTable 4.1. The day of first application on
September 7, 2013 is set as Day 0. Before thatdinigare negative and aftenatdaysare
positive.Sulfate applications were conducted on B8y59 and 262.

Before each applicatiom, calculated volume of water was pumped into the storage tank,
anda specific amount of sodium sulfate and ammonium sulfegee added. As the gacity
of the tank is 37@L, while the total volume of sulfate water for each application is 5000 L, it
required thepreparationof the sulfatesolution in two steps. Approximately 3500 df
groundwatemwas pumped into the tank on the preparation dagmicals were adde@nd a
submersible pump was put in the tank for stirring the solution overnight (Figure 4.1). The
other 1500 L of sulfate water was recharged immediately when the space in thedanie
availableduring the application on theext day &pplication day The application was shut
downbriefly during thetankrecharg.

When the sulfate water was well mixed, it was appbatb thebermed area creating
pondng. The flow ratewvascontrolled byavalve installed at the outlet of the tank toimain
a constant water level in the pond, and the waterinvdisated into the subsurface passively
by the action of gravity (Figure 4.2). During the application, the positiothefirainage
outletwaschanged every 20 minutes to evenly distributeaselfvater in the bermed pond.
Water tables were measured around the pond, and ECs were also measured by the data logger
at selected poinis reattime. A summary of applications shown inTable4.2.

For sampling events, mass discharge sampliagcondicted on Day9, 86, 277 and 394
and progress samplimgasconducted on Dayl, 44, 50, 103 and 233.
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4.1 Sulfate Application and Migration

4.1.1 EC Manual Measurement

The main objectiveof this research activitis to monitor the track of sulfate vea after
the application. Ashe backgroun&C of groundwater at tiBordensiteis very low(ranging
from 280 to400 microsiemens per centimeter S / )campared to the EC of applied sulfate
water (6800, 23500, and 17700 uS/cm for three applicationpeotisely), EC was used as
an semiquantitativeindicator of sulfate concentration. Therefore, a resistivity data logger
system was designed for rgahe groundwater monitoringf EC changes in the subsurface.
However, due to various technical problenig tlata logger system was metiablein the
first two applications so EC measurements wemnly taken manually before the third

application.

4.1.1.1 Application |

Groundwater wasampledwith the manifold sampler (Figure 2.18) at sampling ports
where sulfate was anticipateid pass through. Special focuses were given to monitoring
fences Row 3 and Row 4. Sampliegtendedrom the top sampling port of each well down
until the point whereEC values hadleclined to the background values. In order wlitate
discussion EC results from the source area are lisgtedables4.31 4.9 for reference, and
those at Row 3 and Row 4 are congmlin crosssection viewqFigures4.31 4.8; selected
monitoring points are provided in Appendi}.A

The backgrand EC values measured at Row 3 and Row 4 during the first mass discharge
sampling on Day9 areshownin Figure4.3. ECvalues hd asmall range (30@00&S/cm)
prior to the sulfate application.

The EC of the first applied sulfate solution was aro@8@0 €S/cm. After the first
application, ECs were measured at Day 10 and results are listed in Tableagedtshat
the bottom ofthe sulfate plume at that time was at approximately 1.5 mbgs, which is quite
shallow compared to thaximumdepth of PKC residual sourcé€3 mbgg. No elevatedeC
values were detected at Row 3 at Day 10.

On Day 23, although ECs showed no change in infiltration depth (TableekeMated EC
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obviously moved forward andias nowdetected at Row BFigure 4.4. The depth ofthe
sulfate plume at Row &asabout 2- 2.5 mbgs. This is slightly deeper than tevatedeC
measuredin the source, which suggests the sulfatleme had aslight downward flow
component.

ECs on Day 37 shaosthat the majority of sulfate kideft the souce area; some moderate
ECs were measurat the downgradientmarginof the sourcareaat S5 (Table4.5). At Row
3, the distribution otlevatedEC expanded both horizontally and vertically, compared to Day
23. The core othe EC contous also ha higher values andextended over #arger area
(Figure 4.5).

On Day 58, one day before the second application, scattered moderareda®s)s
(10007 2000 S/ averg@ measuredn thesource area, mostly at 1.5 mbgs. These indicate
thetail of the sulfate plumetill remainedn the source zone. The contour of EC at Row 3 for
Day 58 is shown in Figure 4.6. The EGntoursindicate that the sulfate concentosis at
Row 3generally increasednd the plume sanfkirther than on Day 3o elevated EC was

observed at Row 4 by Day 58.

4.1.1.2 Application Il

The second application was conducted on Decenthe2®L4 (Day 59)Because of the
limited depth penetteon in the first application,the density of the applied water was
increased by adding0 g sodium sulfate/L, four times higher than in first application, in order
to enhancehe sulfate infiltration deptin the source zone. The EC this applied watewas
about 2350@S/cm.

The first ECmapping wasconducted on Day 68 days after the second application.
Resultsin Table 46 show that the infiltratiomlepthof sulfate water increased to 2.5 mbgs,
which is 1 meter deeper than the first applicatiothatsame measuring period. Based on the
measurement from the well R34 (Table 4.6), the core dhe sulfate plume from the first
application had already left Row 3, while the sulfate from the second application had not
arrived. At Row 4no high EC was masured indicatg no significant sulfatearrival at day

68.
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The next EC mapping was conducted on Day 86, 27 days after the second application.
The infiltration depth of sulfate was similar to Day 68, while EC valoethe source area
were significany reduced indicatingthe main body othe sulfate plume had already lefte
source zone (Table 4.7). As suggested by thent&asuremest sulfate from the second
applicationhadarrived at Row 3 on Day 86. ECs at-Rid and R3M6 were not measured
due tocold winter conditios. The enhancedEC values spread deeper thatmose from
application one, shawg that the sinkingwas increasedwith a more concentrated sulfate
water (Figure 4.7). Values of ECs were much lower thasemeasuredn the source arean
Day 68 suggestinghat only thedispersedront of the sulfate plume arrivet Row 3on Day
86. NoelevatedeC was found at Row 4.

The last EC mappinim 2013 was done on Day 103. Samples could not be coll&cied
most ofthe source area becausésnowaccumulationECs were only measured at well EC2
at thedowngradientcorner of the pondFigure 2.8). 8Ifate had infiltrated deeper than 3.5
mbgshere(Table 4.8). At Row 3, ECs at wells R81, R3M6 and lysimeters were also not
measured becauséfoeezing. Results frorthe other four wells were contoedin Figure 3.6
ElevatedECs spreadcrossalmost the entire Row 3kely evenbelowthe monitoed depth
(=5 mbgs). This illustrates &h the densesulfate plume probablysank below the design
monitoring depth.

No EC was measured through the winter. Another measurement was conducted before the
third application on Day 196n March 23, 2014. Results in Table 4.9 indicate that only
scatteredand low EC remaineh thesource andit Row 3. At Row4, EC values higher than
baseline measurements (~3@8/crm) were found at every depth. ECs aptiewere higher
than at shallowpoints indicating the core of sulfate plurhad migrated downwardince the
highest EC was measuréd the deepesimonitoring point, it is difficult to determine the
maximumdepth ofthe sulfate corefrom Application Il butit extendsdeeper than 5 mbgs.
These results also suggest that the movemetiteafore of sulfatdrendeddownward from

Row 3 to Row 4 (Table 4.9).
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4.1.13 Application IlI

The third sulfate application was conducted Pay 262 (ure 11", 2014. The
concentration of appliesbdiumsulfate water was 15 g/L to avoid a strong derdé@gendent
flow that may havehappened in the second applicatidhe EC of the applied sulfate water
was about 18000 uS/cm.

The EC data loggesystem was fixed before the third application and so resistivity
coefficient reflects the magnitude of ECs wasasuredn real timewith the data logger after
the third application. Redts for the data logger measuremeatsdiscussed in detaih the

following section.

4.1.2 Resistivity Data Logger SystemMeasurement

The background EC of groundwater at the site ranged 2@hto 560 ¢ S / ,@amdEC of
the applied sulfate water rangdém 6.8 to 235 mS/cm at room temperature in the lab. So,
the resistivity data logger systewas required tospanmost of thisrange with significant
accuracy(zb% Stevenson, 20330 adequately monitor the migration and dispersion of the
applied sulfatesolution.

However, atthe initial stage of EC monitoring, the data wasomprehensiblend so

severaladjustmentsvere madesuccessivelyas describedh Appendix B

Therepaireddata logger was installed thefield and tested prioto the third apptation.
Readings from the data logger were compared with mme¢eisured ECs at the same
sampling points on EC wells, and they were plotted as shown on Figure 4.9. Their
relationship indicatethat the data logger reading and fieltasured EC ®re correlaed. It
should be noted that for tiselected resistaetting, itwasdifficult to distinguishEC values
when they are larger than 8 mS/cm. Readifgs Xrangeonly from 0.75 to 0.83 when
solutionECs are between 8 to 18 mS/dinis possible talevelopa data loggesystemthat
provides precise reading in a desired range, but dt the cost of the precision ather
ranges.

Resistivity data were monitored at selected points at real time from the beginning of the

third application(Day 262) to 78 dag after the third applicatioiDay 335. Plots for
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representativelatalogger readings are shown in Figdr®0 a-c. Plots show the data logger
reading at well EC1, EC2 and ECS5, respectively. These three wells represent the source zone,
downgradient of theource zone and at monitoring fence Roggex Figure.8). Figure 3.11

(a) shows resultsor EC1, which is the only EC well located in the ponding aredis in the
upgradient/west quadrant of the ponDuring the sulfate application, thshallowest
moritoring point at 0.5 mbgs detected the arrival of sulfgtiin 30 minutes (Figurd.10 a).

The data logger reading increased sharply and reached a plateau, indicating the arrival of
sulfatewater The plateau value was about,(a®d the EC measured byetar was about 17
mS/cm Then, the reading decreased over timkestraing the mgration and eventual
departureof the sulfate plumeAt about 12 hours, sulfate water arrived at H@Z2land the EC

was measuredas 15 mS/cm. Sulfate water arrived at ECR3 about 2 days after the
application.The estimatedipparent vertical groundwater velocity by Dascyaw is 0.64

m/day (K, = 4.88x10° m/s n = 0.33, Table 2.3; i gh/gd = -0.05), which is consistent with

data logger measurement of ~ 0.75 m/ddy elevatel resistivity datavas detected at points

lower than D3(1.5 mbg$. Sulfateleft the monitoring pointd and 1.5 mbgat EClin less

than 30 days, while sodium sulfate renmagnat 0.5 mbgs provided continuous elevated data
logger valusto the end of thenonitoring period (Day 355).

Figure 4.10 (b) shows results from EC2, which is located outsifiea downgradient
cornerof the pond(see Figure.8). It shows the first arrival of sulfate water at ED2 was
about 8 hoursfterthe applicationEC was masuredas 17mS/cmat that time Sulfate water
arrived at D2and D3 of EC4n one day

Unlike atEC1,the sodiunsulfate plume was detected up to 3 mbgs at EICi&dicates
the sulfate infiltration downgradient athe sourcezoneis deeperthan directly under the
application pondThis was anticipated in the numerical modeling (Figawe and 2.5 The
longevity ofthe sodiumsulfatein the source zonat 1.5 mbgs i$70 dayand someets the
design requirements. Howevendiumsulfate residence timwasless than 40 days at other
deptisandtha is less than theesign

Resultsfrom EC § immediatelydowngradient of Row ,3are shown in Figure 4.10 (c).
Only the probe at 2.5 mbgdetectedthe arrival ofthe appliedsulfate. No sulfate was

observed at 0.&nd 1.5mbgsfor the whole monitoring period. Thi&uggestshe sinking of
44



the sulfate plumeOverall, the EC probe results show theE& 1, noappliedsulfate lower
than 2 mbgs; at EC 2, all probes from 0.5 to 3 mbgs fthmadppliedsulfate; while aEC 5,
no appliedsulfate was found at shallodepths but only at deegr depthsThis set of result
suggestghat ata concentration of 15 g sodium sulfate per litdre sulfate plume has a

downwardtrajectory

4.1.3 Comparison between SALTFLOW and Actua Sulfate Migration

Based on the fieldhonitoringand SALTFLOW modeling results from each application, a
comparison of sulfate migration pathways between modeling and field results can be made
(Figure 4.11A-C). SALTFLOW precisely predicted the sulfatansport in the first and third
applications, but it underestimated the sinking effecthef sulfate plume in the second
application.

The complexity of flow and heterogeneity of the aquifer can be observed in Bigure
Figure 4.8 shows that elevatedCEwere measured at the bottom of all Row 3 wells, while
some baseline EC were found in the at middle depth aMR3R3-M4 and R3M5. It
suggestshe sulfate solution flowed through some preferential pathwagth in the source
area before thehorizonal transport in the upper plume took the high EC water to the upper
points in Row 3 The high density ofthe secondapplied solutiormay have facilitated this
rapid migration to depth.

Although the SALTFLOW simulation in the secoagplication did not matcthe deeper
migration of the sulfate plumét is still a useful tool to predict the salt flow in future land

applicatiors, especiallyvhenthe model can be conditioned for the porous media properties

4.14 Water Table Fluctuation during Sulfate Application

The fluctuation ofthe water table duringand aftereachsulfate application wa also
monitored manually. Th@urposeof this monitoringwas to evaluatehe distribution of
applied sulfate solution around the application area.

Existing wells(76.2mm OD, 2 m deepscreeed 1.5 to 2 mbgsKovacik, 2013 were
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used aswater table monitoring welland their layout is shown in Figure 4.11. One
monitoringwell was assignetb each side of the porat slightly different distancdrom the
pond boundary

Water tableelevationswere measuredccasionallyonly at MW4 during the first
application Results (Tablet.10) indicatethat the water table at 0.5 mdowngradientof the
pond increased 6 cm after the first application andlgtath within 40 min Howe\er, results
from the first application are not detailed enouglefinethe water table change the first
30 minutesand beyond5 hours of the application. The total infiltration time was about 12
hours in the first application, consistent with the niioderesult.

More data were collected during the second application at all four monitoring wells
(Table 4.11). Results show thhie water table around the ponding area increased rapidly in
the first 20minutesof application and the rasowedafter that Twenty-four hoursafterthe
application began although no water remained in the pond, the water table at each
monitoring well had not returnedto the original level, indicating the wattable was still
moundedin the source area and infiltratiaf suffate waterwas on going. Therefore, the
actud infiltration time (18 h) is significantly larger than modeling result (12 h).

In the third applicationtheinitial water table was higher thamthe first two applications,
because of the snow melting anigh recharge in thepring. Results in Table 4.12 show that
the fluctuations othe water table are also lower than previolise nounded water table was
againstable in less than one hour. Due to the high water tahiequtred twice as long to
infilt ratethe third application (~24h¥ nowater table levelgvere measured for the recovery

period.

4. 2 Mass DischargeMonitoring

Samplingto define themass dischargef sulfate and PHCtrough Row 3 and Row 4
were taken on Day-9, 86, 277 and 394EC was also measured, but it has already been
presented in the previous section that depicted the migratitimecdpplied sodiunsulfate

solutions This sectiorpresentsesults of the distribution of sulfate at Row 3 and Row 4, and
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partly reve&s the stimulation of SRBbased on sulfide formatioas well as the apparent

attenuation of BTX

4.2.1 Sulfate

The first sulfate samplingf Rows 3 and 4n Day-9 was the baseline sampling that
defined thebackgroundconcentrationsThe baseline for sulfatis shown inFigure 4.12.
Sulfategenerallyranged from 2 to 1@ng/L before the applicatiorThe sulfate concentration
is relatively high at the bottom of Row 3, while ireativelyhigh at the top of Row 4.

On Day 58 sulfatewas sampledvhere EC wasarger than 35@ S /.d'me purposevas
to establisha correlation between them. The curveFigure 4.13 shows that EC is linegr
correlated with sulfate concentration (correlation coefficierft R 0.8625), which
demonstratethatthe u® of EC as an indator for the sulfate arrival i:asonableHowever,
since sulfate could undergo biological sulfate reduction and both sodium and sulfate
contribute to EC, defining the sulfate concentration via EC measurements throughout the
experiment was deemed inappriate.

The secondulfate sampling was taken @ay 86, 27 days after the second application.
The distribution of sulfate at Row, 3howed inFigure 4.14 is very similar to the EC
distribution in Figure 4.7, which confirms t®servatios based on ECGodiumsulfate fom
the second application sadkepy by Day 86 andmore of thesulfate flows throughthe east
side of the monitoring fence rather than westside Figure4.14).

Resultsat Row 3for the third sulfatesampling on Day 277, 15 days eftthe third
application, are shown in Figur4&15. The arrival of the third sulfate plumeas also
indicated in thaesistivity data logger monitoring resulEigure 4.10. The arrival of sulfate
was earlier than expecteglielding an apparent groundwateglocity of 14 cm/day faster
than thevelocity of 9 cm/day given by Fraser (200This likely reflects the higher gradient
induced by mounding in the pond ard&e apparent groundwater veloaityring mounding
asestimated by Dardg Law is about 25 cfday (K = 9.75x10° m/s n = 0.33, Table 2.3;
gx/qd = -0.01), which is even faster than field observatidRow 4, theshallow depthéiad

no sulfate flow,while with the highest concentratistfiound at about 3 mbgs. This msore
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evidence that the sulfate plumedha significantvertical flow componet when the salt

concentratiorwas high.

4.2.2Hydrocarbons

4.2.2.1 ResiduaNAPL and Initial Mass Discharge

As discussed in Section 1.4, about 110 L of PHCs were emplaced at Borden site in August
13, 2012 (Day390) as the source. The NAPL distributivascharacterizedby a ultraviolet
optical scanning tool (UVOST) on August 15, 2012 (Da§8) (Kovacik, 2013). UVOST
recorded photo emission data by laser induced fluorescence altnaget®leqFigure 4.16)
to examine the presence of the NAPL (Koka@013). The UVOST logs are provided in
Appendix C.

Based on the UVOST results, the dimension and relative concentration of Ai&PL
depictedn Figure 4.17 a and b.

Two sampling events examithé¢he PHC concentratiamat Row 3on September 6, 2012
(Day -366) and November 6, 2012 (D&805) (Kovacik, 2013, data are shown in Appendix
D). Mass discharge for selected compounds at Row 3 then can be computed according to
these data and they will be consideredpessulfate application PH@hassdischargefrom
the source.

Mass discharge (M%) can be expressed by Equation 4.1 (ITRC, 2010):

M =7} Jd (4.1)

where J (M?T?) is mass fluxwhich equalsthe Darcy flux q (LT%) times flux sampling
concentration C (MB). dA is the representative area of each sampling pparcy flux q is
the product of groundwater velocity (£ and porosity {), which is 0.09x 0.33 = 0.03 at

Borden (Fraser, 2007). Therefore, Formula 3.1 cantesaritten as:

M =j0.0Gd (4.2)

48



The boundary of the representative af@d) of a sampling point is set half way to the
adjacent point, and the boundary of NAPL projection at Row also considered. The
representative area block setting for the sampling points in Kovacik 2013 is shown in Figure
4.18.0nly results from four compounds are illustrated héenzene, toluene;xylene and
naphthalengdBTXN). Based on the block setting Figure 3.16, the masdischarges for
BTXN on Day-366 are2.75+ 0.82, 0.394+ 0.12, 0.045t 0.01 and O g/day, respectively.
They are 6.52 1.96, 1.0+ 0.3, 0.13+ 0.04 and 0.163 0.05 g/day on Day305.Uncertainty
for mass discharges estimatedoased onthe calculationof relative standard deviatioloy
BelandPelletier et al. (2011). It iabout30% for our sampling densityf 2.2 points/m and

the same uncertainty will bmrried throughihe following mass discharge calculation.

4.2.2.2 PHCMass DschargeMonitoring Results, Sulfate Application Phase

The PHC concentration contours at Row 3 and Row 4 on®age shown ifrigure4.19.

The plumes for BTXN were well developed at both monitoring fences sind¢AR& was
emplacedone yearpreviousy. Sampling points areshownas red dots in Figure 4.19 and
following figures, and the representative apeandaryfor each point is seshalfway to the
next point. At Row 3, the masiischarges for BTXN ar@.72+ 0.22 0.56+ 0.17, 0.09+ 0.03,
and 059 + 0.18 g/day, respectively, and they are 2:21.66, 0.6 0.2, 0.15+ 0.04 and 0.37
+ 0.11 g/day at Row 4.

When the applied sodium sulfate solution flowed through the hydrocarbon source, two
conceptual models should be considered. The first msdkht the applied water dissolved
PHCsthe same athe groundwater (i.e. at the dissolutiequilibrium). The second model
assumes the applied sulfate solution passed the PHC source zone rapidlyrusdong
anddensitydependent flowso that PHC disolution did not reaclequilibrium For the first
conceptual model, the PHC concentration monitored downgradient is not affected by the
applied solution. However, for the second model, PHC concentration idothegradient
sample could be diluteand, in he following, it is assumed that the applied water dissolves
no PHCs as it moves through the source NAPL. This is one conceptual extreme; the other is
that the groundwater leaving the source has attained aqueous concentrations in equilibrium
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with residualNAPL.
To evaluate the dilution effect, EC was used to estimate the dilution effeécamdcd

thehydrocarbon concentrations. The dilution coefficieptddefined as:

_ _EG- EC
‘ Ecr;easu_regoc

(4.3)

where EGis the EC of the applied sodium sulfate solutionp BGhe baseline EC (use 300
eS/cm), and EGeasurediS field-measured EC. Drepresents the fraction gire-existing
groundwatewhich has beediluted by theapplied water.

Then, the diluted hydrocarbon concentration can be corrected as:

C: measu (44)

where C is the corrected hydrocarbmmncentration excludinthe dilution effect and Geaured
is the measured hydrocarbon concentration at Row 3 and Row 4.

Therefore, inthe following discussiorof the PHC mass dischargesults dilution effect
(corrected results) will be consideredjth the presented PHGCconcentratioa will be
corrected by using Formula 4.3 and 4.4. Meanwhile,-cwmected PHC results are also
provided for comparison and discussioVhen calculating hydrocarbon mass discharge,
those points which havaondetectedPHC concentrationsare consider to be diluted to
concentrations lower than lab detection limit. So, instead ©§/Q, about ¥2 the method
det ecti on | i osedtinthe thass fluxcgldulation aivthose points.

On Day 86, only Row 3 was sampled sulfate was still not present at Row 4. As the
sodium sulfate water from the second application also arrived at Row 3 on Day 86, dilution
from both the first and the seod application were considered. Based on SALTFLOW
modeling and advection calculat®ra 50%/50% dilution from each application is reasonable
and provided Ej; = (50%x6800)+ (50%x23500) =15150 ¢S/cm. The hydrocarbon

concentration contours are shown in Figure 42 dilution correctedmass discharge for
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BTXN on Day 86 are0.23 + 0.07, 0.10£ 0.03, 0.03x 0.01 and 0.49+ 0.15g/day,
respectively.

For thePHC flux sampling on Day 277contours ér PHC concentrations are shown in
Figure 4.21The sodium sulfate water from the third application just arrived at Row 3. So, at
Row 3, only the dilution from the third application is considered inctireection ofPHC
results;for Day 277dilution at Rav 4 is estimated 50%/50% from the first tvgulfate
applications. In this case, EG 18000 uS/cm and &G, = 15150&S/cm. A significant
reduction of massischargefor benzee (0.03+ 0.008 g/day) was observed. However, mass
discharge for toluene andxylene (0.27+ 0.08 and 0.1 0.03 g/day) were even higher than
that from Day 86. Naphthalene still showldtle charge (0.56+ 0.17 g/day). At Row 4, all
BTX mass flueswere reduced significantly (0.1 0.03, 0.01+ 0.003 and 0.01% 0.005
g/day), while naphthalene showed no chafigen pre-application results (0.394 0.12
g/day).

At the end otthe monitoring periodon Day 394 only dilution by thethird application at
both Row 3 and Row & considered. i§nificant decreasef benzene, toluene amexylene
massdischargewas observed at both Row (0.02 + 0.005, 0.06t 0.02 and 0.02 0.007
g/day) and Row 4 (0.01& 0.005,~0, ~0 g/day) (Figure 22). Toluene and xylengvere
highly attenuated compared to results from Day 277, especially at Ratvedeno toluene
and xylene was detecteNaphthalene did not shoapparentattenuationduring the whole
flux sampling ped. The overall mass discharge results are summarizddble 4.15and
plotted in Figure 4.24Both corrected and necorrected mass discharges are shown, as the

actual mass discharge should be between these two value sets.

4.2.2.3 Source Depletiomand Natural Attenuation

While dilution of groundwater by applied sulfate watdrould be consideredPHC
concentrations emanating from the NAPL will naturally decline over time as these
components become depleted in the NAPL, e reduction ofPHC concentations and
mass discharge due to the depletion of these components in the dikiRg the 782 days

since the source emplaceméntlsoconsidered using Raoults Law model developed by
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Fraser (2007)Essentially, the groundwater within the source aseassumed to equilibrate

with the bul k NAPL in accordance with Raoul t

ClsaE X NAF’(‘I;S (45)

where C** is the concentration of i in equilibrium with a NAPL contagna mole fraction

t
w

of i, X . and C** is the reported solubility of pure(Fraser, 2007)Water is removed

from the source area, the remaining masses of PHCs in the NARé&cateulated, and the

next batch ofgroundwater moving into the source area is equilibrated with the new NAPL.
This continuing process is incorporated into a spread sheet which provides the mass
discharge of each PHC over time.

The predicted mass discharge relative to the initial value gM@Mer time using this
Raoults Lawmodel isshownfor BTXN in Figure 4.23. Mis the initial PHC mass discharge
during the first modeling time step divided by, 38e number of days in the first time step,
and M is the PHC mass discharge in eachsequet modeling time step divided bhe 3
days of each time step (Fraser, 2007).

M/M for all of BTXN were larger than 1 after the sousraplacementiue to the rapid
dissolution ofmore solublecompounds(MTBE) and the resultant increase thfe mole
fractionof BTXN (Fraser, 2007). In Figure 4.23, modeling results show thatigiselution
of benzene is fast and its mass discharge naturally decreased to a very |ldwy Bagl800
while the mass discharges of tolueaeylene and naphthalememained highe

The comparison between modeling and field BTXN mass discharges are shown in Figure
4.24 AD. Beforethe sulfate applicabn, he correlationof field andpredicted ormodeled
curves are good for benzene, toluene anglene, while the agreement bet@n naphthalene
field and model resudtis poor. The naphth#&ene solubility used in the model was 151 mg/L
from King and Barker (19994 higher effective solubility350 ng/L) for naphthalene would
createbetter agreement, but there is no reason for aacélevated effective solubility. The
presence of naphthalene from a previous gasoline injection at this site (\Ma6a6iFraser,
2007 could have enhanced the initial mole fraction of naphthalene, but Kovacik (2013)

found no evidence for this.
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Although the general correlation between model and field BTX results are gebauid
be noted thatheir initial mass discharges aéviatesignificantly fromthe modelprediction
This is because the RaamltLaw model simulates the mass discharge at theceaone,
while the field data were sampled at 2.5downgradientof the source. Thereforehe
sorptive retardation of PHCshould be considered to discuss the correlation between field
and model data

Retardatiorfactors, R, for BTX at Bordenarel1.1, 12 and 1.4yespectively(Patrick and
Barker1985).The calculated naphthalene R based on Borden parameters is 2.2 (Patrick and
Barker, 1985). These R values make the first arrival of BTXN at Rowabonit24, 26, 31
and 48 daysespectivelywith the pe& concentratioareaclhing Row 3 in 41, 44, 52 and 81
days respectively The first sampling taken on Day66 was 22 days after the source
emplacement, and the second was 83 days after-@D&Yy. Therefore, it is reasonable to see
low BTX concentrationsrad almost zero naphthalene concentration on {38¢ at Row 3
On Day-305, peak concentrations for BTshould havearrived, while naphthaleige peak
concentratiormayhave not yet come.

Further, it should be noted teldeptetiorRdthar| t 6 s
source, while the natural biodegradation process is not considered. As Fraser et al. (2007),
Freitas et al. (2011) and others have shown, natural biodegradation of BTEXN is a major
factor in the formation of plumes from residudHC souces. Mass removal from the
dissolved plumes by biodeagation is likely the dominaméason that the modeled curve and
field curve show disagreement on D&y(Day 379 on the plots) before the first application.

To adjust the model to account fortheomggi nat ur al bi odegradati on
curves in Figure 3.24 A& were adjusted to intersect the field mass discharge points o8.day

The adjusted model curves are parallel to the unadjusted curves, assuming the natural
biodegradation continuesn addition to any biodegradation enhanced by the sulfate
application. The comparison between field and model mass discharge plots for the other
compounds are provided in Appendix E.

The comparison between adjusted model and field mass discharge sutfussitedural
attenuation for benzene occurred at the Borden site. Benzene mass discharge declined

significantly prior to the first application and was not obviously affected by applied sulfate
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(Figure 4.24 A). Additional toluene attenuatiémllowing sulfate applicationwas evident
(Figure 4.24, B), while xylene may or may not have additional attenuation (Figure 4.24, C)
with sufate application. Naphthalene mass discharge apparently remained unenhanced and

consistent with the modeled source depletiomaiie.

4.2.2.4 Sulfate Consumption

To demonstrate¢hat sufficientsulfatehad beerapplied to providehe requiredelectron
acceptorto supportsulfate reduction, the mass of sodium sulfate consumed by toluene was
calculated and compared withe mas®f sodium sulfateactually appliedbecause toluene is
most eviderly consumed after sulfate application.

Toluene consumed by sulfate reduction can be estimated by calculating the area between
the modelingdischargecurve andactual orfield mass disch@ge curve over the time when
additional sulfate had been availakBay 388to 782 on Figure 3.24 B

The mass of toluene consumed by sulfate reduction is estineatexl’00 g. Table 4.16
summarizesthe physical properties othe emplaced NAPLchemic#és and stoichiometric
mineralizationby sulfatereductionof each unit mol of PHC. The total mass of sodium sulfate
required fortoluenemineralization totaledbout4.9 kg, which is much less thahe 200 kg
sodium sulfate that was appligdlearly, the pparent mass decline could be easily supported

by the mass of sulfate applied.

4.2 .3 Sulfide

Samplingat Row 3 and Row dssessed sulfide production via sulfate reductdbay-9
(Table 4.13. This sampling focused daie area shallower than 2.5 mbgs evl the sulfate
water was anticipated to flow throudgBulfide concentrations @&ow 3ranged froml0 to 90
eg/ L and at ROtab554dgfrBnged from

Another sulfide sampling was taken on Day 197, the first fieldwork after winter in 2014.
Sulfide concentratioa at both Row 3 and Row 4 (1:800¢&g/L) were much higher than that
on Day-9 (1090 eg/L) (Table 414). At Row 3, high sulfide concentrations were detected at
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every depth. Sulfate and EC results from Day 86 and 102 demonstrated sodium sulfate
occurredover the whole Row 3, suggested theneration of sulfide originated fromthe
applied sodium sulfate.

The other slfide concentrationsvere measured for progress monitorimgd will be

discussed in the following section.

4. 3 Progress Monitoring

The purpose of progressionitoring was to identify the processes responsible for
reactions that caused tR{C concentrations to be lower than expedtased on theource
depletioncalculatedin 4.2.2.3. Results of the progress monitoring should demonstrate if the
redox condition were correct for sulfate reduction (Eh); whether sulfate redocthomred
(suffide, i**S); whether PHCs underwent biodegradation (dual isotope, biochemistry); and if
biodegradatioroccurred progress monitoring can identifiythe biodegradation processs
dominantlysulfate reductionmethanogenesi®r aerobic biodegradation (methab€), dual
isotope, DIC and DIG>C).

Four progressamplings were taken on Deyi, 44 (Row 3 only), 5¢@Row 4 only), 103
(Row 3 only), and 233. As described in section 2.3, progress sampling pointsweree
areasthe source, Row 3 and Row 4. As thadtern of data changes at Row 4 remains unclear
by the thesis writing, onlyepresentativgorogress results from the source and Row 3 are
shown and discussed here. One point was assigned at the souxX®) @t another at Row
3 (R3M4-D1) for frequentmonitoring These sampling points are at the same dapth
werein area where theappliedsulfate water floedthrough

Results for each parameter at each sampling point wittdmsideredchronologically,
from Day-1 to Day 233. Geochemical parametersasured and analyzed include oxidation
reductionpotential (Eh), sulfide concentration, methane concentration, sulfate concentration
and 0*'S in sulfate (PH and i"*C in benzengtoluene,o-xylene for dual isotope analysis
(other hydrocarbon concentrati@re provided in Appendi¥), dissolvednorganiccarbon

(DIC) concentration, and DHI**C, and.These parameters will be presented and discussed

55



for S5D3 and R3V4-D1. They arecategorizedand plotted into four groups: Redox, §0
CSIA and DIC (Figure 25 and 4.26).

4.3.1Source Area §5-D3)

Figure4.25 A shows results for Eh, sulfide concentrations mm@thaneconcentrationsall
related to the in situ redox condition¥he low Eh illustrates that a strong reducing
environment was created when sulfaigs appliedThe increasd concetration of methane
and sulfide,indicate that bottrsulfate reduction and methanogenesis werhancedafter
sulfate applicationBy Day 23Q the methane concentration reducedatioout thebaseline
value while sulfide concgdration remained high, suggested sulfate reductecame
dominant

The application of environmental isotopes in biodegradation studies is based on the
isotopic fractionationn affected compounds involved in biogeochemical processes (Aravena
and Hunkelg 2009). In case of sulfate, during sulfate reduction the remaining sulfate get
enriched in thé“S as the concentration of sulfate decreases (Strebel et al., 1990). Similarly,
for benzene, toluene and xylene, the remaining compounds get enrici€caitd®H as the
concentration of these compounds decreases due to biodegradation (Hunkeler et al., 2001,
Mancini et al., 2003Meckenstock, et al, 2004).

Figure 4.25 B showsi®S in sulfate and sulfate concentraoffhe major change of
sulfate concentrain is related to thehree applications of sodium sulfate. It increased
quickly after the first sulfate dosage on Day 0 and reached the peak concetfatimut
1600 mg/Lafter the second application on Day 37h €“Ssihowed val ues arou
evenh the high conc e f$walaetfor the added NGOl vea s T3h.e2 Ua
Therefore thé“s enrichment indicated that sulfate reduction was aiiiviee source are#n
the CSIA diagram (Figurd.25 C), benzene, toluene amdxylene U**C and concentation
results were plotted tcevaluate theprocesges) resulting in changing hydrocarbon
concentrationsAs a r e f €°C eales éor berizéne, toltiene and xylene in the source
material were-27, -26 and-2 6 a r e s acke leydrocarbmh gonceation has been

“corrected for the itlition by the applied sulfate solution (sde2.2.2 for explanation)
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Toluene results are highlightedtime CSIA plot

Toluene concentrati@at S5D3 decreased from 7000 ugb < 10 ug/L on Day103.The
U™C valuewas about-25.74 on Day-1 and itreached a value 621.74 ) on Day 103, 46
days after the second application. Tlege **C enrichmentwhich is correlatedwith the
application of sodium sulfatas a clear indication of biodegradation of tolueB&emilar
decreasingconcentration trends are also obserf@dbenzene and-gylene.T h €°C data
for o-xyleneshoweda value of-25. 7 & during baseline conditd.i
24.2 & during Day *aénichmeft isicansistemn with bicdegsabation
of o-xylene. Fowever, no distinctivél'’C pattern was observedrfbenzength e **Civalues
fluctuatefrom2 5. 1 a during b-285elli aedaoaondpBatetan BB per
a “Qvalueof27 & for benzene in the source mate
benzene was affected by biodegradation beforénjbetion of the sulfate solution. The fact
t hat ' valee ofithe benzene neveroved back towardthe original benzene value
indicates that benzene wagmilarly affected by biodegradation during the sulfate application
period.

The role of biodegmation can be further analyzed usindual isotope graph by plotting
’H on y-axis and i*C on xaxis (Figure 4.27 and 4.28¥hered and greerareasrepresent
the trajectory of the isotopic values in BTX residual after increasing degrees of aerobic and
anaerobic biodegradation, respectivéelion et al, 2009)The dual isotopelots for BTX at
S5 areshown in Figure4d.27 A-C. Numbers beside each data point is the day of sampling
relative to the first applicationThe dual isotope results suggdetuene o-xylene and
benzeneunderwentanaerobicbiodegradationand some aerobic biodegradation may have
alsooccurredfor benzene.

DIC concentration increased from 50 mg/L before the sulfate application to 70 mg/L
during and after sulfate dosaffeigure4.25 D). These resultshowedthat he formation of
inorganic carborfirom mineralization of organics waeersistingevenwhenthe sulfate left the
source zoneThe DIC-UC valuesdecrease since the beginning of sulfate application,
indicating theinput of a **C depleted carbon from biodegradation of BT{though the
isotopicdepletion declined after 100 days of applicatithe DIC-i*C valuewas stillmore

depleted (more negative) théime original valuedocumenting the continuing mineralization
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of PHCs.
This geochemistrydata supporthe occurrenceof microbial sulfate reduction at SB3
after the sodium sulfate water applicati@mngoing anaerobic biodegradatioof toluene,

o-xyleneand benzenand perhaps some aerobic biodegradatidmenzene.
4.3.2Row 3 R3-M4-D1)

R3-M4-D1 is located at the same depiht downgradient of S®3 (Figure 2.8). Progress
monitoring results from this point providesme insight into the cumulative reactions in the
source zone and in the dissolved plume just beyonsidinee zone.

Redox results at R®I4-D1 are similar to S®3 (Figure 4.26 A).The applied sodium
sulfate createdanaerobic,sulfate reduction/methanogenesis at fingth sulfate reduction
dominating byDay 240

The SQ concentratiorclearly indicates th presence of the applied sulfate solution on
days 40 and 10(Figure 4.26 B). The peak value was also found after the sulfate arrival from
the second application around Day 70.strong **S enrichment from5a to 143 was
observed after Day 100vhich provided clear evidence of sulfate reduction (Strebel, et al.,
1990).

BTX concentrationchanges are complex at Row(RBigure 4.26 C), in contrast to the
continuouslydecreasing treredat S5D3 located near the source. The toluene and xylene
concentration incresed after the second sulfate application and tend to decreaseT hiter
trend is more pronounced for toluene. Benzene concentration tends to increase after
application | and decreases after applications | and Il. The BTX concentration patterns are
relatad to transport of mass associated to the sulfate applications from the source to the Row
3 line. It is important to remember that sulfate plume got deeper in the aquifer than the first
application, whichmayalso influencehe concentration pattern.

The i*C values oftoluene(-25.5 to-2 5 . } aftér the second sulfate application are
more depleted thathe nitial baseline valuesfi0.4a . Considering the isotope composition
of the toluene at the source material, these data showed the toluene befoulfatee s

application was affected by biodegradation. Theylene i*C became somewhanriched

fom-26. 5 a t oe25.6antdtAe.s1 od after t he sethecasd sul f .
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of b e n z ¥EQwalyes dedreasedifror83.8t0-2 4. 8 & and dtolealuedfncr e a

24.2 a during t h.eln genetalftlzEetesrichedppptiern olsdrvied in the
isotope data indicated that toluene, xylene and benzene magergone significant
biodegradatiomefore andluring thesulfate application

The dual isotopeesults at R3Vi4 (Figure 3.8 A-C) showedtoluere ando-xylenehave
been biodegraded under anaerobic condstiavhile benzene surprisingly, seens to be
biodegradedanainly under aerobic condition

Similar to S5D3, DIC concentration at RBI4-D1 also increased from 40 mg/L to 110
mg/L once sodium sulfatarrived which islikely associatedvith mineralization of organic
carbon(Figure 3.5 D). The DIC U*C values decreased respose to the sulfate arrival,
demonstrahg ongoing and perhaps enhanaatheralizationof PHCsrelated tothe sulfate
dosage.

Progress monitoring results at R&-D1 are supportivef sulfate reducingpersisting
into the hydrocarbon plume, wittme attenuation of toluene anexglene likely related to
microbial sulfate reductionAgain benzene degradati@ppears minor, butinder aerobic

conditions.

4.3.3Biomarkers

The lastlines of evidence to suppdTX biodegradation are to useicrobial and gene
tools (i.e. biomarkes) that directly measurdghe microbial metabolites and message RNA
(mRNA) associated with specific biodegraidat mechanismsThe microbial metabolite
created during biodegradation indicates the intensity of degradation, and the mRNA indicates
the transcription of th functional genesdirecting that degradationBiomarker results
indicative of aerobictoluene degadation and anaerobic degradation tofuene andof
benzene anaerobigere measured. Results are provided in Appendix G. Diagrams compare
the metabolite and mMRNA concentrations before (Day 0) and after (Day 44) the first sulfate
application.

Aerobic touene activity wasndicated by the aerobic metabolite Toluenedihydrodiol

concentration and relateshRNA todG,rna. The aerobic toluene metabolite consistently
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decreased below the detection limit after théfate application Ten out of twelve points
showed zeraodGrna after the application on Day 103, suggested the applied shiéate
enhanced anaerobic conditions, thushibiting aerobic toluene biodegradation.

The anaerobic toluene activity was demonstratedédryzylsuccinatgdmetabolite) and
bssASRBnrna (MRNA) concentrations. Significant increase benzylsuccinatewas
observed at source monitoring points after the application on Day 44, indidcae
establishment o&in anaerobic metabolic environmemt the source. On the other hand, a
benzylsiccinatedecreasing trend at Row 3 suggésss anaerobic activityccurredat Row
3 on Day 44. As the anaerobic biodegradation enhanced by applied sulfate requires a
stimulation time $uthersan2011), it is reasonable to see less anaerobic biodegnaddaten
the sulfate was just arrived at Row 3 less than 20 days on Day 44.

The benzene anaerobic MRNA aRgfa did not show a consistent pattern. As indicated
by benzene duakotope results (Section 4.3.1 and 4.3.2), benzene biodegradation was likely
under both aerobic and anaerobanditions

While there is certainly compelling evidence that sulfate application enhanced anaerobic
conditions, there is no direct evidence of sulfate enhancement of PHC biodegradation The
metabolites specific for toluene @ro-xylene biodegradation by sulfate reducing bacteria
(benzylsuccinate andm@ethylbenzylsuccinate) (Shayan, 2015) werefaohdto date and so
enhanced biodegradation of PHCs has not yet been tied directly to reduction of the applied
sulfate. Additionaksamples are currently being analyzed and may provide a direct linkage of

sulfate application to enhanced PHC biodegradation by sulfate reducers.
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Figure 4.1: The pond created by planks andermed sand Prepared sulfate water stored
in the tank to the right of the pond area.

LT BN

Figure 4.2: Bermed pond at constantwater level during the fi

rst application.
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Figure 4.3: Background EC contours on Day-9. Top diagram, EC distribution at Row 3;
bottom, EC distribution at Row 4. Red dots represent sapling points reported. Red dots
represent points where EC was measured.
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Figure 4.4: EC contour at Row 3 on Day 23Red dots represent EC measurement points.
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Figure 4.5: EC contour at Row 3 on Day 37Red dots represent EC measurement points.
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Figure 4.6: EC contour at Row 3 on Day 58Red dots represent EC measurement points.
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Figure 4.7: EC contour at Row 3 on Day 86Red dots represent EC measurement points.
No data available at R83M1 and R3-M6 due to winter conditions.
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Figure 4.8: EC contour at Row 3 on Day 103Red dots represent EC measurement points.
No data available at R3M1 and R3-M6 due to winter condition.
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Figure 4.9: Relationship between EC and datalogger reading for field test.
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Figure 4.10: Resistivity data loggerreadings (X)at A) EC1, B) EC2, C) EC5for a period
of 78 days after the third application.The red arrow indicates theestimated arrival of
sodium sulfate
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Figure 4.11: Canparison of sulfate migration track between SALTFLOW and field
monitoring for each sulfate application A) First application; B) second application; C)
third application.
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Figure 4.11: The layout of water table monitoring wells.
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Figure 4.12: Sulfate concentration at Row 3 and Row 4 on Day®. Red dots are EC data
points.
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Figure 4.13: Relationship between EC and sulfate on Day 58.
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Figure 4.14: Sulfate concentration at Row 3 on Day 8@Red dots are sampled paits.
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Figure 4.15: Sulfate concentrationsat Row 3 and Row 4 on Day 27 Red dots are
sampled points
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Figure 4.16: UVOST survey boreholes 113.
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Figure 4.17: NAPL distribution. A) top, plan-view; B) bottom, crosssection \wiew relative
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S5, eXylene

D2
D3

Figure 4.27: Dual isotope forA) benzeneB) toluene andC) o-xylene at S5The red
arrow is the anticipated evolution of compounds undergoing aerobic biodegradation,
while the green arrow is the evolution anticipated under anaerobic conditions. The Day

of the sampling is also indicated beside each point.
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Figure 4.28: Dual isotope forA) benzeneB) toluene andC) o-xylene atR3-M4. The red
arrow is the anticipated evolution of compounds undergoing aerobic biodegradation,
while the green arrow is the evolution anticipated under anaerobic conditions. Theay

of the sampling is also indicated beside each point.
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Table 4.1: Schedule of field events.

Date Day Event
2012/8/15 -388 Source emplacement
2012/9/6 -366 1st mass discharge sampling
2012/11/6 -305 2nd mass discharge sampling
2013/8/27 -9 1st Fl baseline sampling
2013/9/5 -2 Baseline sampling
2013/9/6 -1 1st Process sampling (Row 3)
2013/9/7 0 1st Sulfate application
2013/9/17 10 EC mapping
2013/9/30 23 EC mapping
2013/10/14 37 EC mapping
2013/10/21 44 2ndProcess sampling (Ro®)
2013/10/27 50 2ndProcess sampling (Ro#)
2013/11/4 58 EC mapping
2013/11/5 59 2nd Sulfate application
2013/11/14 68 EC mapping
2013/12/2 86 EC mapping
2013/12/2 86 2nd Flux sampling
2013/12/19 103 3rd Process sampling (Row 3)
2013/12/19 103 EC mapping
2014/5/13 233 4th Process sampling (Row 3 and Row 4)
2014/6/11 262 3rd Sulfate application
2014/6/26 277 3rd Flux sampling

2014/10/6 394 4th Flux Sampling
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Table 4.2: Summary of applications

Application I I [l
Date Sep7 2013 Nov-52013 Junll 2014
Volume (m3) 5 5 5
Concentration (g sodium 5 20 15
sulfate/L)
Time Required for
Infiltration Completed 18 14 24

(hour)

Key Observations

Sulfate water
more prefer to
flow at M1-M3

side than M4M6

side.lIt arrived at

Row 3 less than
20 days.

Sulfate water
infiltrated fastest
among all three

applications.

Densitydependen
flow is strongfor

20 g sodium

sulfate / L
solution.

Sulfate arrived
at EC10.5 mbgs
in 30 minutes
and at EC11
mbgs in 12
hours.
Infiltration rate
was much
slower tharthe
first two
applicationdue
to highwater
table
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Table 4.3: EC in source area on Day 10

Sampling Point Depth (mbgs) EC (eS/ ci
EC1-D2 15 301.7
EC1-D3 2.5 310.7
EC2D2 1.5 2480
EC2D3 2.5 412.9
EC2D4 3.5 312.3
EC3D2 1.5 866
EC3D3 2.5 3437
EC4D2 1.5 415
EC4D3 2.5 332.1
S1-D2 1 306
S1-D3 1.5 298.1
S1-D4 2 303.1
S2-D2 1 5080
S2-D3 15 1340
S2-D4 2 324.5
S3D2 1 2903
S3D3 1.5 361
S3D4 2 309.6
S4D2 1 402.8
S4D3 15 312
S5D2 1 896
S5D3 15 428

S5D4 2 304.1
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Table 4.4: EC in source area on Day 23

Sampling Point

Depth (mbgs)

EC (eS/c

EC1-D2
EC1-D3
EC2D2
EC2D3
EC2-D4
EC3D2
EC3D3
EC4D2
EC4D3
EC5D2
EC6-D2
EC7-D2
EC8D2
S1-D2
S1-D3
S1-D4
S2-D2
S2-D3
S2-D4
S3D2
S3D3
S3D4
S4D2
S4-D3
S5D2
S5D3
S5D4

15
2.5
15
2.5
3.5
15
2.5
15
2.5
15
15
15
15
1
15
2
1
15
2
1
15
2
1
1.5
1
1.5
2

362
392
4840
556
358
2850
389
676
360
1426
393
418
427
348
340
368
347
2730
417
3210
2090
384
377
380
3150
474
347
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Table 4.5: EC in source area on Day 37

Sampling Point Depth (mbgs) EC (eS/c
S2-D2 1 319
S2-D3 15 638
S2-D4 2 353
S3D2 1 551
S3D3 15 906
S3D4 2 344
S4D2 1 395
S4D3 15 359
S5D2 1 1271
S5D3 15 1765
S5D4 2 436

S5D5 2.5 375
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Table 4.6: EC in source area on Day 68

Sampling Point Depth (mbgs) EC (eS/
S1-D1 0.5 350
S1-D2 1 230
S2-D1 0.5 2130
S2-D2 1 11190
S2-D3 15 8570
S2-D4 2 2490
S2-D5 2.5 280
S3D2 1 8120
S3D3 15 5770
S3D4 2 2400
S3D5 2.5 1670
S3D6 3 250
S4D1 0.5 3610
S4D2 1 3480
S4D3 15 5810
S4D4 2 350
S5D1 05 1830
S5D2 1 4760
S5D3 15 2160
S5D4 2 290

R2-M2-D1 15 10600
R2-M2-D2 1.695 10530
R2-M2-D3 1.89 6510
R2-M2-D4 2.085 4220
R2-M2-D5 2.28 5510
R2-M2-D7 2.67 8540
R2-M2-D8 2.865 310

R3-M4-D1 15 1041
R3-M4-D2 1.695 1745
R3-M4-D3 1.89 2140
R3-M4-D4 2.085 2010
R3-M4-D5 2.28 1790
R3-M4-D6 2.67 1480
R3-M4-D7 2.865 980

R3-M4-D8 3.06 440

R3-M4-D9 3.255 250

R3-M4-D10 3.45 230
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Table 4.7: EC at source area on Day 86

Sampling Point

Depth (mbgs)

EC (eS/ ¢

S1-D1 0.5 350
S1-D2 1 230
S2D1 0.5 2210
S2-D2 1 660
S2D3 15 2680
S2D4 2 1770
S2-D5 2.5 250
S2-D6 3 940
S2.D7 3.5 220
S3D1 0.5 1220
S3D2 1 1450
S3D3 15 3850
S3D4 2 560
S3D5 2.5 220
S4D1 0.5 1260
S4D2 1 1220
S4D3 15 810
S4D4 2 270
S5D1 0.5 1790
S5D2 1 2660
S5D3 15 2060
S5D4 2 1170
S5D5 2.5 520
S5D6 3 250
R2-M2-D1 15 240
R2-M2-D2 1.695 3990
R2-M2-D3 1.89 1780
R2-M2-D4 2.085 210
R2-M2-D5 2.28 210
Table 4.8: EC at well EC2 on Day 103
Sampling Pant Depth (mbgs) EC (eS/
EC2D1 0.5 4290
EC2D2 15 1660
EC2D3 2.5 3720
EC2D4 3.5 2390
EC2D5 4.5 N/A
EC2D6 5.5 570
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Table 4.9: EC at s5, Row 3 and Row 4 on Day 197

Sampling Point Depth (mbgs) EC (eS/
S5D1 0.5 2230
S5D3 15 256
S5D4 2 231
S5D5 2.5 221
S5D6 3 243

R3-M3-D1 15 202
R3-M3-D3 1.89 197
R3-M3-D5 2.28 276
R3-M3-D8 2.865 449
R3-M3-D10 3.255 389
R3-M3-D12 3.645 617
R3-M4-D1 15 650
R3-M4-D3 1.89 320
R3-M4-D5 2.28 446
R3-M4-D7 2.67 273
R3-M4-D9 3.06 371
R3-M4-D11 3.45 388
R4-M2-D10 3.255 1141
R4-M2-D12 3.645 1251
R4-M2-D13 3.84 1332
R4-M2-D14 5 1588
R4-M3-D1 15 525
R4-M3-D2 1.695 611
R4-M3-D5 2.28 985
R4-M3-D7 2.67 698
R4-M3-D9 3.06 745
R4-M3-D11 3.45 1118
R4-M3-D13 3.84 926
R4-M3-D14 5 923
R4-M4-D4 2.085 451
R4-M4-D6 2.475 568
R4-M4-D9 3.06 994

R4-M4-D13 3.84 1496
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Table 4.10: Water table fluctuation at MW4 during the first sulfate application.

Elapsed Time (hh/mm/ss) Water Table (mbgs)
0:00:00 0.28
0:40:00 0.22
1:20:00 0.23
1:45:00 0.22
3:30:00 0.23
5:00:00 0.22

Table 4.11: Water table fluctuations during the secondsulfate application.

Water Table (mbgs)

Elapsed Time (hh/mm/ss) MW1 MW2 MW3 MW4
0:00:00 0.34 0.36 0.38 0.48
0:05:00 0.32 0.33 0.36 0.45
0:08:00 0.31 0.315 0.335 0.44
0:20:00 0.265 0.26 0.29 0.38
0:30:00 0.26 0.245 0.28 0.38
0:50:00 0.255 0.24 0.275 0.375
1:15:00 0.255 0.245 0.275 0.375
1:30:00 0.255 0.245 0.275 0.375
2:00:00 0.255 0.245 0.275 0.375
3:00:00 0.255 0.24 0.27 0.37
4:30:00 0.255 0.24 0.27 0.37
5:30:00 0.255 0.24 0.265 0.365
7:30:00 0.25 0.24 0.27 0.365
9:00:00 0.25 0.24 0.27 0.365
24:00:00 0.32 0.35 0.36 0.445

Table 4.12: Water table fluctuations during the third sulfate application.

Water Table (mbgs)
Elapsed Time (hh/mm/ss) MW1 MW?2 MW3 MW4
0:00:00 0.18 0.21 0.21 0.3
0:10:00 0.16 0.19 0.18 0.27
1:00:00 0.15 0.18 0.17 0.26
2:10:00 0.16 0.18 0.17 0.25
3:30:00 0.16 0.18 0.17 0.26
7:50:00 0.16 0.18 0.17 0.26
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Table 4.13: Baselinesulfide concentration on Day-9.

Sampling point Depth (mbgs) Sulfide (ug/L)
R3-L2-D1 0.5 41
R3-L2-D2 0.75 49
R3-L2-D3 1 51
R3-L2-D4 1.25 39
R3-M3-D1 15 33
R3-M3-D3 1.89 90
R3-M3-D6 2.475 82
R3-L3-D2 0.75 37
R3-L3-D4 1.25 39
R3-L4-D2 0.75 30
R3-L4-D3 1 39
R3-L4-D4 1.25 32
R3-M5-D1 15 10
R3-M5-D3 1.89 16
R4-M1-D1 15 36
R4-M2-D2 1.695 5
R4-M2-D4 2.085 ND
R4-M3-D1 15 ND
R4-M3-D2 1.695 ND
R4-M3-D4 2.085 11
R4-M3-D5 2.28 3
R4-M4-D2 1.695 27
R4-M4-D4 2.085 3
R4-M4-D5 2.28 9
R4-M5-D1 15 25
R4-M5-D3 1.89 55
R4-M5-D5 2.28 20
R4-M6-D4 2.085 24
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Table 4.14: Sulfide concentration on Day 197.

Sampling point Depth (mbgs) Sulfide (ug/L)
R3-M3-D1 15 363
R3-M3-D3 1.89 161
R3-M3-D5 2.28 263
R3-M3-D8 2.865 69
R3-M3-D10 3.255 220
R3-M3-D12 3.645 427
R3-M4-D1 15 511
R3-M4-D3 1.89 538
R3-M4-D5 2.28 508
R3-M4-D7 2.67 174
R3-M4-D9 3.06 156
R3-M4-D11 3.45 190

S5D1 0.5 149
S5D3 15 278
S5D5 2.5 79
S5D7 3.5 69
S5D8 4 87
R4-M3-D11 3.255 79
R4-M4-D4 2.085 82

R3-M4-D13 3.645 57
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Table 4.15: Summary of BTXN mass discharge foPHC flux sampling (g/day).

Row 3
Day Benzene Toluene Xylene Naphthalene
-366 2.75 0.39 0.05 0.00
-305 6.52 1.00 0.13 0.16
-9 0.72 0.56 0.09 0.59
36 Corrected 0.23 0.18 0.05 0.49
Non corrected 0.18 0.07 0.02 0.39
277 Corrected 0.03 0.27 0.10 0.56
Non corrected 0.03 0.26 0.09 0.51
394 Corrected 0.02 0.06 0.02 0.52
Non corrected 0.02 0.06 0.02 0.52
Row 4
Day Benzene Toluene Xylene Naphthalene
-9 2.21 0.67 0.15 0.37
277 0.10 0.01 0.02 0.39
394 0.02 0.00 0.00 0.40
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Table 4.16: Summary of emplaced NAPL properties and theoretical SGF consumption

per unit PHC degradation (mol SO,;*/ mol PHC).

Sulfate stoichiometric

Compound Formula Mola/tr mlass Density (g/mL) requirement
(g/mol) (mol SOZ/ mol PHC)

2,2,4TMP CgHis 114.23 0.692 6.25
Isopentane CsHiz 72.15 0.616 4.00
Cyclopentane CsHio 70.10 0.751 3.75
Octane CsHsis 114.23 0.703 6.25
Benzene CeHs 78.11 0.877 3.75
Toluene C/Hs 92.14 0.870 4.50
Naphthalene CioHs 128.17 1.14 6.00
o-Xylene CsHio 106.17 0.878 5.25
1-2-4- TMB CoH12 120.19 0.876 6,00
MTBE CsH120 88.15 0.740 3.75
Hexane CsH14 86.18 0.655 4.75
Pentane CsHi2 72.15 0.626 4.00
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5. Summary and Conclusion

The resistivity data collection system was successfully implemented in the Borden sulfate
land applicationexperiment. Itrecorded the change of EC tlaaicuratelydepicted the pattern
of sulfate migration betweethe source zone and Row 3. The data loggsults demonstrate
that resistivity probes are useful to adjust sulfate applicatidosvever, as described in
section 2.4.3, the data logger provided lagarithmic relationship between the recorded
reading X andactualEC, so that the accuracy of X is reduced with increasingTh€ X
ranged from @ to 083 when EC changasngedfrom 300¢S/cm to 800& S/cm, while the
resolution of Xwassharply reduced when EC larger than 86@Jcm. The resolution at the
EC rangeof interest(3007 5000eS/cm) can be as good as 83/cm. Chaning the resistor
in the data logger can increase the resotuéit one EC range, bat acostin the resolutionn
other EC range.

According to the sulfate flux monitoring ressjithe distribution of S¢F corresponded
well to the EC distribution, confirmed theacticabilityof using EC as a sulfate indicattm.
sulfate applications at other sites, the-&fa logger system should be very useful in quickly
defining the pathway of the applied sulfate solution, thus allowing optimization quickly.

The sulfate application was designed using a modeling tool. Wiaicipated much of
the actual performance seen during the field experintamhderestimatethe advection and
overestimated the dispersion. Thetual pathway ofsulfate migration from each sulfate
application was capturethrough EC and sulfate measments and was essentially as
predicted in the modeThe longevity of sulfate in the source waten less thathe designed
sulfate residence time (40 days). The longevity was godde shallow sourcezone, but it
wasnotgoodat depths greatéhan 15 mbgs.

The SALTFLOW model precisely predicted sulfate flow in the first and third applications,
while it underestimated the vertical flow component in the second application. The model is a
good tool to simulate densiyependent salt flow when the stgaaphy condition is known.

The optimum concentration (density), water mounding, and application location and rate for

sulfate solution can be estimatedth the modeling tool According to the EC monitoring
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results, 5 g sodium sulfate/L did not providaffeient depth penetratignwhile 1520 g
sodium sulfate/L createéxcessively deeglow downgradient. Therefore, about 10Lg
N&SO;, could be an ideal concentratitor this application approach

The heightbetween pond level and the water table can &lsocontrolled in this
application methodThis heightalsoaffects the sulfate water penetration at the source zone.
For the Borden case, infiltration of a 10 g/L,88&, solution with an infiltration pond height
about10 cm above the initial water tableowld provide the best coverage of the source zone
and the dissolved PHC plume.

Strongly anaerobic conditions andlfate reduction and methanogenesis wa@moted
by the sulfate application. Biomarkeend CSIA indicate both aerobic and anaerobic
biodegralation occurred. Bothulfatereduction and methanogenesigiht beinvolved inthe
PHC mass removalToluene and -xylene mass dischargesorrected for dilution by the
applied water,were lower than predicted by Raoults Law source depletion modlel
suggesting TX mass loss was promoted by sulfate application. No such enhanced mass loss
was evident forbenzene andhaphthaleneafter sulfate application. Results suggested
biodegradation under sulfate reducing conditiaesount formuch of the attenuatiorof
toluene and &xylene No enhanceddnzene masdischarge declindue to sulfate application
was demonstrated. @irce depletiorand ongoing biodegradation was likely the dominant
processes.CSIA and biomarkeranalyses confirmed some benzene aerobic/anaéio
biodegradatiomccurred

Overall, the sulfate land application appears to be a viable method to enhance PHC mass
removal from source zones and associated plumes. The delivery requires careful
hydrogeological design and some rale monitoring of ECGor sulfateto confirm sulfate is
delivered as requireﬂﬁcmc and®*Ssomvereeffective formonitoling the occurrence of sulfate
reduction. Periodic monitoring of both*C and ?H isotopic composition of dissolved
hydrocarbons, especially BTXN, appears toovmle a useful tool to confirm the
biodegradation processes accounting for mass loss. Consideration of the fate of the high
concentrations of Naand SQ™ being applied is also required to confirm water quality goals
are not compromised by the sulfate aggdion. Additional field applications are underway to

further assess this technology and the tools to efficiently document its performance.
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Appendix A

List of selected monitoring points for EC measurements in Figure 3.1- 3.6, EC
measurement for Day-9, 23, 37, 58, 8&nd 103.

Sampling Day Row 3 Row 4
M1-D1 M1-D4 M1-D8 M1-D1 M1-D4 M1-D8
M2-D1 M2-D2 M2-D4 M2-D6 |M2-D2 M2-D4 M2-D6 M2-D8
M2-D8 M2-D10 M2-D12 M2-D10 M2-D12
M3-D1 M3-D2 M3-D3 M3-D4 |M3-D1 M3-D2 M3-D4 M3-D5
M3-D5 M3-D6 M3-D7 M3-D9 |M3-D7 M3-D9 M3-D11 M3-D13
M3-D11 M3-D13 M4-D2 M4-D3 M4-D4  M4-D5
M4-D2 M4-D3 M4-D4  M4-D5 | M4-D7 M4-D9 M4-D11 M4-D13

-9 M4-D6 M4-D7 M4-D9 M4-D11 | M5-D1  M5-D3  M5-D5 M5-D11

M4-D13 M6-D4  M6-D10
M5-D1 M5-D3 M5-D5 M5-D8 | L1D2
M5-D11 L2D2 L2D3 L2D4
M6-D4  M6-D10 L3D2 L3D3 L3D4
L2D1 L2D2 L2D3 L2D4 L4D2 L4D3 L4D4
L3D2 L3D4 L5D4
L4D2 L4D3 L4D4

Sampling Day Row 3

M1-D1 M1-D2 M1-D3 M1-D4

M2-D1 M2-D2 M2-D3 M2-D4  M2-D5
M3-D1 M3-D2 M3-D3 M3-D4

M4-D1 M4-D2 M4-D3

M5-D1 M5-D2  MS5-D3

23 L1-D2 L1-D3 L1-D4

L2D2 L2D3 L2D4

L3D2 L3D3 L3D4

L4D2 L4D3 L4-D4

L5D2 L5D3 L5D4

M1-D1 M1-D2 M1-D3 M1-D4 M1-D5 M1-D6

M2-D1 M2-D2 M2-D3 M2-D4 M2-D5S M2-D6 M2-D7 M2-D8

M2-D10

M3-D1 M3-D2 M3-D3 M3-D4  M3-D5

M4-D1 M4-D2 M4-D3 M4-D4  M4-DS  M4-D6  M4-D7  M4-D8
37 M5-D1 M5-D2 M5-D3  M5-D4  M5-D5  M5-D6

M6-D1  M6-D2  M6-D3  M6-D4
L1-D2 L1-D3 L1-D4
L2D2 L2D3 L2D4
L3D2 L3D3 L3D4
L4D2 L4-D3 L4D4
L5D2 L5D3 L5D4
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Sampling Day Row 3

M1-D1 M1-D2 M1-D3 M1-D4 M1-D5 M1-D6 M1-D7 M1-D8
M1-D9
M2-D1 M2-D2 M2-D3 M2-D4 M2-D5 M2-D6 M2-D9 M2-D10
M2-D13
M3-D1 M3-D2 M3-D3 M3-D5 M3-D6 M3-D8 M3-D9 M3-D10
M4-D1 M4-D2 M4-D3 M4-D4  M4-D5 M4-D6 M4-D7 M4-D8
M4-D9 M4-D10 M4-D11 M4-D12

58 M5-D1 M5-D2 M5-D3 M5-D5 M5-D6 M5-D7 M5-D8
M6-D1 M6-D3 M6-D4  M6-D7
L1-D1 L1-D2 L1-D3 L1-D4
L2D1 L2D2 L2D3 L2D4
L3D2 L3D3
L4D1 L4D2 L4D3 L4D4
L5D1 L5D2 L5D3 L5D4
M1-D1  M1-D8
M2-D1 M2-D2 M2-D3 M2-D4 M2-D5 M2-D6 M2-D9 M2-D10
M2-D13 M2-D14

36 M3-D1 M3-D2 M3-D3 M3-D5 M3-D6 M3-D9 M3-D11 M3-D13
M4-D1 M4-D2 M4-D3 M4-D4  M4-D5 M4-D6  M4-D7 M4-D8
M4-D9 M4-D10 M4-D11 M4-D12 M4-D13 M4-D14
M5-D1 M5-D2 M5-D3 M5-D5 M5-D8 M5-D9 M5-D10 M5-D13
L1-D1 L1-D3
M2-D1 M2-D2 M2-D3 M2-D4 M2-D5 M2-D6 M2-D9 M2-D10
M2-D13 M2-D14
M3-D1 M3-D2 M3-D3 M3-D5 M3-D6 M3-D8 M3-D9 M3-D10

103 M3-D11 M3-D12 M3-D14
M4-D1 M4-D2 M4-D3 M4-D4  M4-D5 M4-D6  M4-D7 M4-D8
M4-D9 M4-D10 M4-D11 M4-D12 M4-D13 M4-D14
M5-D1 M5-D3 M5-D5 M5-D6 M5-D7 M5-D9 M5-D10 M5-D12
M5-D13 M5-D14
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Appendix B
Resistivity Data Logger System Development

B1: Field Performance, First Peiod (Sep 7" 2013i Nov 3¢ 2013)

Readings from the dataloggertimis period ranged betwe&9995i 1.0000(FigureB1,
enlarged partjor points where.0 - 3 g/L N&SQO, was expected. The range of readings
too small to interpret. The arrival of salé couldperhapse detected, but thdilution could
not be estimated

Several tests wettben carried oun the lab to confirm theperationof the probes which
had been constructed in hoyS&zction 2.4.2)Solutions hawmg ECs of 400, 20004000, and
6000¢ S/ were used in the tests. Results showed that the higher the EC, the larger the
responsewhich meanghe probes deteetd variousEC values However, thaesponseralue
still rangedonly from 0.997 1.00; too small for our purpose.

B2: Field Performance, Second Period (Nov'2013i Dec 2¢' 2013)

Clearly modificationto the dataoggerandor to the programmingcodewas requiredn
order toenlargethe rangeof responseA resistorwith a specific resistancevas addedo the
dataloggercircuit boardto control the reading rangeand the CRBasic code was also
modified accordingly After that, however, the field responsewas still poor having a
consistentlydecreasing trend instead of an increasiegdwhen themanuallymeasuredC
wasincreasing The probe readingsangedonly from 0.95 to 0.92whichis still too narrow a
range(Figure 3.7, after vertical line). Anothepuzzlingphenomenonvas that all the probes
had the same response at the same fitherefore it appears thathe data taken fromhat
period was notmainly responding to actuaEC, or at least some other parameter
overwhelmed theffed of sampleEC. Perhaps the system was responding mainly to changes
in temperature, because the dovemd trend of data correspotuthe dereasingemperature
during that period of tim&hen the season was turning into winterd temperaturenpacted
all probes.

B3: Lab Efforts (Feb 6™ 20147 Feb 20" 2014)

Since the measurement object of the probe stilsnot being metanother attempt was
madeto confirm thevalidity of code and wire connection

At the beginning of théab tests, identical code and connectiamse firstly usedo test
the response of a single probe in tap water and DI wlaéhavedramaticallydifferent EC
This test suggestedthat the probe measured some paramdtet clearly not EC. A
multiplexerwas also addeuh later tests taloublecheckthe multipleprobeoperation but the
results stillledto the sameonfusion

Then,a new wire connectiofetween multiplexer and dakagger, and a different code
with lower delay timewvere usedin another lab tesfThreeprobes were tested in 3 different
NaSOy, solutions(EC = 300, 4000 8008S/cm). The probes worked properly undgre new
settings, but theneasurement rang&om 0.7 to 0.9 wasstill not sufficiently sensitive

As discussed isection2.4.3, he datalogger measuremgHt is related to the resetce
of the solution (R and the data logger syst€iiR;) as shown in equatio.3. Since R is a
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constant changng the resistor connected the datalogger affect&;, and thus changinthe
ranges of measured valyes. Therefore different resistoravere triedand aresistance
between 500 and 600 ohpnovidedthe bestange of X A 557 ohnresistorwasselected ag
gavean X rangng from 0.2 to 0.83or solutions havindeC from 300 to 8008 S/.c m

Figure B2 shows the curve between EC atata logger readini for thelab test The
comparison indicates the datalogger system works properly and the measurements are
representative of solution EC

Figure B1: Datalogger readings from Sep 7 2013to Dec 20" 2013. The flat part shows
the first period of field measurement and the decreasing trend shows the secqmetiod.

1.02 - .
- 0.9995-1.0000

X¢)
o o
e 8

CR1000
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4:32:00
2:14:00
23:56:00
21:38:00
19:20:00
7:50:00
5:32:00
3:14:00
0:56:00
3 22:38:00
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Figure B2: Relationship between EC and datalogger reading foa successful lab test
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Appendix C

UVOST Logsfor NAPL Characterization (Kovacik, 2013).

Callouts Depth (m) Signal (%RE) 350 400 450 500 |Rate(cmis)
0.0 T -
- 05,
s
6 - 1.0
4
PR
1.03-1.29m
3.2 %RE (s 1.6) [ 1 5]
s ]
6 ]
= L2.0-
PR
1.39-1.68 m
2.9 %RE (s 1.4)
| 25,
s
6 3
4
P
179-1.84m oy
3.6 %RE (s 1.9)
8 o
6 F3.54
4
P
2.16-2.80m
2.9 %RE (s 0.7)
[ 40 T 1 T T T T
0.0 5.0 10.0 15.0 20.0 20 40
UVOST By Dakota
Universily of LI F001 www.DakotaTechnologies.com
‘ N T Site: Y Coord.(Lat-N) / System: | Final depth:
aloo Unavailable / NA 3.81m
Client / Job: X Coord.(Lng-E) / Fix: Max signal:
@ i Unavailable / NA 6.9%RE@1.23 m
Operator / Unit: Elevation: Date & Time:
1 UVOST1017 Unavailable 2012-08-15 09:59 EDT
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Callouts Depth (m) Signal (%RE) 350 400 450 500 |Rate(cmis)
r0.0 T ; T
0.5+
1N 1 0 -
1.5
2.0+
[ 25 - |
= 30 - -
F3.54 5
[ 40 T T T T T T

0.0 5.0 10.0 15.0 20.0 20 4.0
UVOST By Dakota
Uni . LIF002 www,DakotaTechno&}\es,com
ot St Y Coord.(Lat-N) / System: | Final depth
‘ A/ ite: oord.(Lat- i Z
aloo CFB Borden Unavailable / NA 3.69m
Client / Job: X Coord.(Lng-E) / Fix: Max signal:
@ University of Waterloo / V | Unavailable / NA 1.4%RE @ 3.38 m

Operator / Unit: Elevation: Date & Time:
K. Reed / UVOST1017 Unavailable 2012-08-1510:26 EDT
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Callouts Depth (m) Signal (%RE) 350 400 450 500 |Rate(cmis)
0.0 T ; T
0.5+

s ]

6 ]

4 ]

P

1.04-1.17m

2.4 %RE (s 1.4) L 45
2.0+
[ 25 -
= 30 -

F3.54
[ 40 T T T T T
0.0 5.0 10.0 15.0 20.0 2.0
UVOST By Dakota
Uni . LIF003 www,DakotaTechno&}\es,com
ot St Y Coord.(Lat-N) / Syst Final depth
‘ A/ ite: oord.(Lat- ystem: inal depth:
aloo CFB Borden Unavailable / NA 3.69m
Client / Job: X Coord.(Lng-E) / Fix: Max signal:
@ University of Waterloo / V | Unavailable / NA 43 %RE@1.07m
Operator / Unit: Elevation: Date & Time:
K. Reed / UVOST1017 Unavailable 2012-08-1510:41 EDT
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