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Abstract

Air sparging is a technique used to remediate gasoline contamination. In spairgm@jected below

the target zone and removes contamination via two separate mechanisms; volatilization and
biodegradation. In volatilization, the air contacts the contamination as it moves upward. The contaminant
will partition to the vapor phase baken its volatility and will be removed as the air reaches the
atmosphere. For biodegradation, the oxygen in the airstream is used for microbial &utigityl air

sparging otherwise known as pulsed biospargings been found to be more effective thantinuous air

sparging Pulsedbiospargingenhancesreatmentbecause it induces groundwateovementand mixing.

The general mechanisms for treatment of gasoline sources using air sparging are relatively well
characterized. However, air flow through thésurface and the total hydrocarbon mass lost are difficult
to predict and quantify. This project was intended to quantify the mass lost through volatilization and
through biodegradation at the E10 gasoline source using phitssgzhrgingand to determie the effect

of the source zone removal on downgradient dissolved BTEX concentrations.

Theremedial system consisted of two major components: the air sparging system, with three injection
points; and a soil gas collection system. The soil gas collegtgtara was comprised of an airtight box

that covered the source area and the monitoring wells upgradient and downgradient of the segase. Off
from the soil gas collection system was monitored continuously using a PID. Tdesoffas also

sampled frequdty for BTEX, pentane, and hexane to determine the hydrocarbon mass removed; and for

O, and CQ to determine biodegradation rates.

The remedial system ran for approximately 280 hours over 33 days. Of the estimated 22.3 kg of gasoline
residual in the sourcane,4.6 kg or 21% of the residual was removed via volatilization and 4.9 kg or

22% of the residual was removed via biodegradation. Leakage outside the system was estimated at less
than 0.1% of the total masSroundwater samples were collected whendbesparged air was calculated

to arrive at the row 2 downgradient fen@be average BTEX groundwater concentration after sparging

was 40% of the prsparging concentration. The benzene naisshargedecreased 27%, the

ethylbenzene masfischargalecreaed 65%, the p/frylene masslischargadecreased 6%, and the o

xylene masslischargeadecreased 5%. The madischargdor naphthalene and TMBomersincreased
19%.However, these values fit in with loigrm groundwater concentration trends. Additionahsing

is recommended to determine if the sparging made a significant impact odistdmsggdeaving the

source.
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Chapter 1: Introduction

1.1 Overview

Gasoline is neambiquitous in North America and is an extremely common pollutant. Theaooshon

route for gasoline pollution is leaking underground storage tanks (USTs). In 1993, the US Environmental
Protection Agency (EPA)seimated that approximately 1086 295,000 of the USTs in the US are

leaking. In addition to USTs, gasoline may beaskd into the environment via surface spills, pipeline
leaks, and indusal releases from pits, ponds, lagoons (ACOE 2002).

Themost directway to remove gasoline NAPL (n@gueous phadiguid) is to simply dig it up.

However, his is difficult to dowith sources below the water table, impractical for lesgale spills, and
presents disposal issues with tmataminated soiEach timehe soil is moved or processelde costs

and potential liability increase. For groundwater plumes, traditional fiati@dmethods, such as pump
and treat, need to run neéadefinitely and the effluent (treated water, spent filters, etc) often has its own

disposal problems. gitu methods were developed in part to minimize these disposal problems.

Gasoline is a convént carbon source for microbial systems, which break down the complex carbons
molecules into carbon dioxide (Gas well as incorporating the carbon in their cell wallsreviewed

by Brassington et al. (2007n a gasoline source zone and the corthefplume leaving the source,
oxygen (Q) is the limiting factor for microbial activity=or this reaso®, addition is a common method

to assist with the breakdown of many organic contaminants, including gasoline.

O, can be added to the subsurface usixigizers, supersaturated water, and air spar@ifC, 2004)
Oxidizers, such as peroxideersulfate, or& nt o n 6 stend ® beghazartious and dangerous to

handle, and since they are injected as a liquid, they tend to displace the contaminatégwater

supposed to treaD, can also be added via supersaturated water containing microbubbles, but when
injected at relativelyow flow rates to preserve the structure of the bubbles, they tend to produce
Aipencil sdo of o0Xxyge meade dahtmenharea, multiple wellsacandeacombtned toipullc
the groundwater through different areas and increase coverage. Another option is recirculating wells,
which are expensive but also increase the area affé@peatgo, 1999)Sparging is the inje¢ion of air or

other gases below the target zone and is discussed in detail in the following sections.



1.2 Pulsed Biosparging

Air sparging can be used to remediate source zones as waHigismesemanating from thenThe air is

injected below the targeone and removes contamiieaitvia two separate mechanismslatilization

and biodegradation (Johnson et al., 1998). See Figure 1.1 for a conceptual maidadarging. In

volatilizationthe air contacts the contamination as it moves upward. Tharoorant will partition to the

vapor phase based on its volatility (vapor pressu
phase) and will beeleased to thatmospherer off-gas collection systenn biodegradatiothe oxygen

in the airstream igised for microbial activity. In pulsed biosparging, siparging systeris operated

intermittently to maximize biodegradation.

compressor

[P A

source

]

Figurel.1 Air sparging conceptual model

In-situ air sparging is a llagively simple remedial method thags first used as a remediation technology

in the mid1980s(Bass et a).2000) Between 2002 and 2005, the most recent dates availabépaadiing
represented one of the most common remedial systems in national priority list (NPL) sites in the United
States, with almost 30% of NPL sites using air sparging as part of treatment. Bioremediation was used at
27% of the sites, and this trend hazbh accelerating over the previous six years (EPA, 2007).

Brown et al. (1994) suggest that sparging igjenerally the most cosfffective oxygen deliverynethod
per massof oxygen deliveredwith costs orders of magnitude lower than injectiohyafrogen peroxide,
sparging with pure oxygen, and skoelease solid peroxide (e.g. OR& oxygen release compoynd

Drawbacks include the low solubility of oxygen in water, which lirokggen availability for

2



biodegradation in contaminated zones; lowlerehy dr aul i ¢ conducti vity, espec

bubbles designed iatersect plumes; and limitedemlcoverage per sparge paint

Bass et al. (2000kviewed a database of 49 sites remediated with air spafidieglatabase indicated
that36% d the systems had permanent contaminant reductions of more than 95% and 47% had
permanent reductions of more than 90%. The study found that the most successful systems had a higher
sparge well density and were designed for dissolved plumes ratheesitlual contamination. lrwell

sparging (using a sparge pipe inserted down an existing monitoring well) was not found to be effective.
Rebound can occur months later and is often associated with a water lewdlemggoundwater

encountes a smear zone.

According to Brown et al1994), ar sparging workdest when theontaminanhas avapor pressure

greater than 1 mm Hg, solubilityss than 20 g/L, biological oxygen demand (BOD) greater than 0.01

mg/ L, and a Henryds Tamni/mob These ealuds fogBTEHenzene, t han 10
toluene, ethylbenzene, and xylesempoundsprovided inTable 1.1below, show thata gasoline source

should be amenable to air sparging

compound vapor pressure solubility BOD H law constant
(mm Hg) (mglL) (9/9) (atm*m?/mol)
benzene 95 1740- 1850 2.18 0.00377- 0.00588
toluene 27.8-28.4 500- 547 2.15 0.00549- 0.00651
ethylbenzene 9.6-9.9 187- 208 -- 0.00662- 0.00784
o-xylene 6.6 167- 176 1.64 0.00424- 0.00499
m-xylene 8.3 157- 196 2.53 0.00608- 0.00744
p-xylene 8.8 163- 200 1.40 0.00568- 0.00744
Data from Montgomery, 2000.
Table 1.1 Physical properties of BTEX compounds

Johnson (1998) suggests thdtem evaluating the potential effectiveness of air sparging, several

assumptions are made:

1. Contamination is uniformly distributefil his is not the case for this field site, as discuseed i
Section 2.3.]

2. Air flows at a high enough rate that the dissolved oxygen concentration at theaiwater

interface is constant and uniforfiT his should be an acceptable assumption.]



3. Air channels have radial symmetry and their boundaries are stgtiphamlinson et al.,
(2003) showed that air channels from sparging at Borden were not radially symmetrical and field
observations during this project showed that they did not have stationary boundaries.]

4. Bulk water movement is perpendicular to charmindaries (radial flow)This is not likely
to cause significant variance at Borden.]

5. Reactions with dissolved oxygen are instantaneldusese reactions are often rapidegard

to surface water flovaut slow relative to buoyant gas phase risééndubsurface.]

6. If contaminants do not degrade, the dissolved concentration in the channel is much less than
the dissolved concentration in equilibrium with residual NAHIhis is generally true for active

airflow channels.]

7. Conditions are steaelyate.[The treatment system used pulsed sparging, so transition periods

and sparg®ff periods may not be reflective of steaghate conditions.]

These assumptions are biased toward a perfect system; fiedthsystll be much less uniform and
efficient. Ahl f el d et al . (1994) also suggest that Henryod
chemical that can transition into the vapor phase, is only valid if the chemical has time to equilibrate with

the surrounding air. However, this should not begaitant factor for this project.

Pulsed air sparging has been found to be more effective than continuous air Spasgimgal laboratory
studies (Johnson et al., 1999 and Ahlfeld et al., 1994) and field studies (Kirtland and Aelion, 2000,
Kirtland etal., 2001, and Yang et al., 2005). Yang effalind that pulsed air sparging increased the
hydrocarbon removal rate by 66®ulsedair sparging enhancésatmenbecause it induces

groundwater flow and mixing. Air that is added to the aquifer displaces groundwater in larger pores and
increases groundwater flow around the sparging well(s). Once the air flow reaches steady state,
preferential pathways for air arerfoed, minimizing induced groundwater movement. The contaminant
removal and oxygen dissolution rates, which are based on diffusion, are limited to the edges of these
preferential pathways. If the air flow is pulsed, groundwater circulates as the air shzoilagise and re
form for each sparging cycle. Therefore, the #fAoff
groundwater to flow into the air channels and mix with the oxygenated water, increasing contaminant
removal (Yangget al.,2005).



1.3 Sol Vapor Assessment

The offgas from an air sparging system is used to determine contaminant removalirateff.gas can
be measured severahysand there is little scientific consensus as to the best way to capture and measure
it. However, the methods measure soil offjas can generally be divided into passive vs. active systems.

Passive systems collect the-gHis emanating from the subsurface without creating significant pressure
gradients. For exampl&irtland et al.(2001) used mukievel soil \apor probesnd Cho et al. (1997)

used soil vapor probes installed within the same borehole as the piezometers used. These probes were
constructed of 6.3 mm outer diameter (OD) copper tubing that was attached to a section of slotted

schedule 40 PVC pipe #ie bottom (the intake) and a guic&nnect fitting at the top. Passive systems

can be as simple as a metal tube with a screen at the end and hand driven to the desired depth, such as the
system used by Flynn (1994).

More complex systems have been usetbltect a more representative -gfds sample from a larger area.
Jellali et al (2003) used a vapalischargameter consisting of a 0.3°mhamber made of higtiensity
polyethylene (HDPE) installed to a depth of 0. baow ground surfacd@9. The freeair volume of the
chamber was about 18L. Vapor was pumped through 3 outlets at a rate of approximately 1 L/min. They
were connected to 2 activated carbon traps, a flownsatdg peristaltic pump. To minimize soil air
aspirationin excess of standard (ngumped) flow rateshe cleaned air was returned to the chamber.

Thedischargeer unit surfacés:

mres + mads

(@)=
ADt (1.1)

where mysis residual vapor mass in the chambeysis the mass adsorbed on the trap, A is the surface
area covered, and oUelll stalt2008). Smiamischaogehambgers waretalsa v a |
used by Tillman et al. (2003).

Active off-gas collection systems often use a soil vapor exdra¢EVE) system. SVE has been in use

since the 1970s arwhn be used alone or tomplement air sparging systems. SVE and other gas

collection systems work by using a pressure gradient to create airflow above the water table. SVE systems
can be designed tblow air into the soil or to remove air, but generally air removal is preferred in order to
measure and treat effas (ACOE 2002). Active gas collection can use either SVE, which is intended to

use a flow rate high enough to enhance volatilizationjawelnting, which adds air at a rate sufficient to

assist biodegradation and minimize-gs.



1.4 Subsurface Air Distribution

Air is significantly more mobile than groundwater and its movement through the subsurface is difficult to
predict. Ji et al. (199Found that for most geological deposits other than gravel, air tends to move

through channels rather than as discrete bubbles. Ahlfeld et al. (1994) noted that these channels constrain
air movement, making it more likely that residual contaminationbeilinissed. With heterogeneous

soils, lower-permeability pockets are likely to be missed altogether. Therefore, other methods have been
developed to determine presence and movement. For example, geophysics, especialyegretating

radar (GPR), have ke used successfully at Borden to determine soil air saturation (Nelson, 2007 and
Tomlinson et al., 2003)racer tests can also be used to determine the extent of gas migration from the
sparge points and the amount of gas added that can be recoverea gasngpllection system.

In a tracer test tracer gas is added or measured prior to sparging and the concentrations in soil gas
and/or groundwater are measured. Tracers can be added to the air sparging airstream, or the components
already in the air beg sparged can be tracked to examine transport and fate of the injectedmgasorC
tracersfor air sparging include heliuaind sulfur hexafluoride (SF(Johnson, 2001A)sotopes

specifically*‘C, and dissolved oxygeave also been used to study bigrdelation and air sparging

efficiency (Aelion et al., 1997)but were not used for this study

Dissolved Qin groundwater is a popular parameter to determine the distributiontbfiiinas been
added to the subsurfaddowever, several factors compliegdhe behavior of oxygeReduced species
such as Fé and aerobienicrobial activitymay consume the OThe process of collecting groundwater

samples maxwlsointroduce oxygen or allow it to be lost through cavitation (Johesah,2001A).

SKis slightly moresoluble tharoxygenin groundwater (40 g/L from Bullister et al., 20@#)d can be

used as a groundwatgacerinstead of dissolved oxygddohnson et al., 2001A) to determimawv much
sparged air has dissolved into groundwater and wheeaéhes the surfacdt has several advantages
over dissolved oxygeas agroundwatetracer It does not occur naturally, so background concentrations
are negligibleit can be detecteat less than 1 pg/in air and water, so tan be measured more
acarately than @ and it is not biodegradable (acts as a conservatee). Therefore, Skwas planned

to be used as a groundwater tracer instead of dissolved O

For anSF; tracer test, Johnson et al. (2001A) suggest that thet®iEld bemixedinto the injectiongas

stream at a known concentratiand injected for 12 to 24 hours. This allows 8dissolve into

groundwatein a short enough time that it should not be significantly affected by groundwater movement.
If SFs in groundwateis greater thar0% of the theoretical solubilityp@sed on thjectedgas

composition the sample is wit hi gisldsdhtlean 0% of the theorkticah er at i o



solubility, the sampl e ntaSamdes thavdontadininmske presumed o n e
to be outside the treatment aréhe data collected from the downgradient monitoring wells is compared
to a sample created by bubbling the same concentration of air aimd&& sample of the same
groundwater. Brucet al.(2001) providea more detailedliscussion of this process.

Helium is a common tracer for air sparging because it is relatively inexpensive, readily available, and can
be detected using eaByuse field instrumentslohnson et al. (2001C) make the following suggestions to
conduct a helium tracer test:eliim should be added to the air stream of the sparging system at a set
concentration between 2% and 109éhen injection begins, all of the vadose zone monitoringtp@nd

any groundwater monitoring wells screened above the waterstaduldd be monitored for helium

Sampling should be repeated at monitoring points and wells until 20 minutes after helium injection
begins. After this time, the helium should be weiked. The SVE off-gas should be monitored until the
helium concentrations stabilize. If the helium and air injection rates are known, as well as the rate of air
leaving the subsurface, then the fraction of helium leaving the system can be calculatadatiing
observed helium concentration / helium injection rate / air removal rate, as long as the extraction rate is
higher than the injection rate (Johnsairal.,2001).

1C has also been used to detern@@ production from contaminant biodegradatiatthough this

particular tracer was not planned for this work. Aelion et al. (1997) exartfi@edtios and founthat
radiocarbon measurements were more sensitive than soil gas composition or stable carbon isotopes for
indicating aerobic petroleum degedibn. Howevercarbonate aquifer materialgould give an oldet‘C

age in the soil gas GPmasking the effect of biodegradatidme authors suggested that comparison of

soil gas in a nearby, uncontaminated area would allow for a correction factor.

1.5 Project Objective

The general mechanisms for treatment of gasoline sources using air sparging are relatively well
characterized. Pulsed sparging has been identified as having potential advantages over continuous air
sparging. However, air flow through thebsurface and the total hydrocarbon mass lost are difficult to
predict and quantify. This project is intended to quantify the mass lost through volatilization and through
biodegradation in a relatively welhown source using pulsed air sparging andeternine the effect of

the source zone removal on downgradient dissolved BTEX concentrations.

This project was developed to build on the results and used techniques developed from severafl studies
the Borden aquifelTomlinson et al. (2003) studied the air distribution caused by air sparging; Nelson

(2007) injected C@saturated water into-8omponent system in a closed cell at Borden; Fraser (2007)

of



devel oped a Raoultodés | aw pr ogdpgume characterdtesusingog ni ng
to 19 components; Mocanu (2007) injected the E10 source, determined the source area size, and
monitored the resulting plume; and Yang (2008) examined the relationship between hydraulic

conductivity and hydrocarbon concations at the E10 source and residual hydrocarbon concentrations.

The extensive studies previously performed at Borden allowed for a detailed understanding of the site
hydrogeology and air sparging system performance. This project was intended to takegedwhthis
institutional knowledge to determine the mass removal of the source zone and its impacts on groundwater
concentrations downgradient with an accuracy that is difficult to replicate in field studies, which generally
have an unknown source masgl composition and more complex hydrogeology. This project is farger

scale than most laboratory studies and can be considered a bridge between standard laboratory and field

studies.



Chapter 2: Site Description

2.1 Project Location

The field site is loated at Canadian ForcBase Borden, which is approximately 130 km northeast of
Waterloo and close to Alliston Ontario, Canada. The Borden facility has been used for groundwater
research by the University of Waterloo since 19#& test cell arefFigure 2.1)is located in the sand pit
experimentarea.

SANDPIT
EXPERIMENT
EA

Figure 21 Sand pit area with test cells highlighted.

2.2 Test Cell Setup

The treatment area contains three test cells with diffgiastline sources. This remedial system was
located in the E10 cell, which is the westannost cellin the three API gatesSee kgure2.2for cell

layout.

The cell walls consist of two rows of sheet piling driven to a depth of 7 m. The sheet pilingaseahs
to prevent contamination from the other cell. The sheet piling was supipdseadriented parallel to
flow. Subsequent groundwater sampling showed that the plume is angled slightly to the right facing
downgradienaind that the plume position inethest cell did not vary seasonallhe test cell contains

four rows of six multilevel monitoring wells 1.2 m apart. Each multilevel well has 14 monitoring points



spaced 0.18 m apart, starting at 1.5 m below ground surface (bgs). The last point iteths&aknwhich
has an opescreened interval from 4.84 to 5.45 m bgs (Mocanu 2007).-©peened wells were also
installed between all multilevel well¥wo openscreened wells were also installed directly downgradient
of well 3, whichis located irthecenter of the plume. Abbpenscreenedvells are screened from1to5m
bgs.
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Figure 2.2 Test cell schematic and Row 2 cross section

Figure 2.2 shows the test cell schematic on the left and asgo8en of the row 2 monitoring wells
facing downgradient on the right. The groundwater travel time is shown in red; screened well sections are

crosshatcred (darker) in the cross sections. The distances between wells are approximated.

2.3 Site Hydrogeology

Site hydrogeology is an important consideration for air sparging systems. Brown et al. (1994) suggest that
the aquifer should have no impervious laydyswee the sparge interval; the permeability should be greater
than 105 if the horizontakertical ratio is less than 2:1, or greater thafiifthe ratio is greater than 3:1;

the saturated aquifer thicknestsould bebetweer2 and D m; and the depth tvata should begreater

than 2 mFor the Borden aquifer all of these conditions except for the last are met, as described below.
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The aquifer is a relatively homogeneous, clean, well sorted fine to mediunTsanichson et al(2003)

found distinct lowepermeability layers at approximately 2.2, 3.0, and 38gmin the Borden aquifer

near the source layerang (2008) studied the cores collected from the center of and upgradient of the
E10 source zone and found differences between the cores even theyglete only 50 cm apart. Both
cores had a relatively losonductivity zone from 3.2 to 3.6 m bgadrelatively high conductivity zones

at about 2.5 and 4.5 mihesdow-conductivitylayers tend to impede upward migration of air, causing
additionallateral movement. The radius of influence was found to be approximately 2.5 m with a sparge
rate of 200 rfiday, or approximately 5%min. The aquifer extends to a thick clayey aquitard beginning
approximately 7 to 8 m bggust above the aquitard is a ralaty anoxic leachate zone with contaminated

groundwater; however, the leachate zone is considered to be relatively thin in this area.

2.4 Hydrogeology and Groundwater Flow

The hydrogeological properties of the Borden sand aquifer have been studied ektekkickay et al.

(1986) found the porosity to be 0.33 and the average groundwater velocity to be 0.09 m/day. Sudicky et

al. (1983) found the f qfl 0 wBB0P3EB\FO.6.Frdchetal 1PM®per si v
found the median grain sizesgdto be 0.15 mm, the specific storage to be 0.081and the average

residual water saturation to be 0.07%. Estimates of hydraulic conductivity in the Borden aquifer vary

from 4x10° to 1.04x10" m/saccording to several authors (Mackay et al., 1986; Sudicky, 1986; and

Schirmer et al., 1998).

In the summer of 200&dditional fieldwork was carried out to determine the hydraulic conductivity of the
aquifer within the10test cell. Hydraulic condutivity was measured at the layer scale in approximately
20-cm sectionsvith permeameter testing and at the well scale with slug testing. (2868)performed
permeameter tests on cores from the source area, just upgradient of the source area, andesdhwhgrad
the Row 2 fencewell E) at both gates?ermeameter testing found the average hydraulic conductivity to

be about 7.85xI0m/s, whichis within the range determined by other authors.

High BTEX concentrations in the source zone were found in atbabaih high and low conductivity
(Yang, 2008) Yang proposed that the high residual concentrations in the low conductivity areas were
trapped due to the relatively lepermeability material and that those in the high conductivity areas were

from preferenitl flow of the gasoline into these areas.

Slug testsvere also performed e E10cell as part of this projeatsing the opetscreened monitoring

wells in Row 2. Slug test results are discussed in Chapter 6.
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2.5 Geochemistry and Biodegradation

The testsite aquifeiwas originallyaerobic However, within the source zone, the aquifer is anticipated to

be anaerobicAs oxygen is used by microbes for respiration and removed from the system (oxygen levels
below 0.5 1 mg/L), aerobic activity stops and anat@c organisms are able to function. The addition of
organic carboiin the form ofgasoline allows the existing microbial community to glmseauserganic

carbon is no longer a limiting factor in the aquifés.the system becomes anaerobitrate provides the
nexthighest energy potential and is therefore preferentially used once the oxygen is depleted. After
nitrate is used, manganese (1V), iron (ll1), sulfated finallyCO, areused (methanogenesis). However,
theelectron acceptors utilized aggpected tovary depending on distance from the source, with more
anaerobic conditions closest to the source and more aerobic conditions at the fringesuofiehe pl

(Aronson and Howard, 1997).

Severaktudiesin other aquiferdiave found that benzene begtads aerobicallyHowever,Aronson and
Howardd s r evi ew ¢1B97)fspeeaulatdd thattthe fleld stedies indicated aerobic degradation
along the flow path, rather than pure anaerobic conditions. More controlled stuities eviewfound
anaerbic biodegradation of benzene, but only in the presence of other nutrients and over long periods.
Environmental conditions, such as redox and temperature, daiigmificantly affect benzene

degradationates.

Aronson and Howard found thatlene doesppear to have been biodegraded at all field sdewed
however the degradation rate varies with redox condition. It degrades fastest underattreiteg

conditions, and degradation rates slow with increasingly reducing conditions. Ethylbenzagpkaes
degrade at similar ratelspth slowerthan toluene. However, they all appear to biodegrade under reducing
conditions. However, in some sites, xylenes did not biodegrade unless nitrate was added to the aquifer
(Aronson and Howard 1997).

Chen et al(2008)noted that the only anaerabic redox conditions that the aquifer appears to support are
sulfate and nitrate reducingrevious experiments did not find evidence of ireducing and

methanogenic conditions even with an excess of hydrocarl@amly toluene has been degraded under
sulfatereducing conditions, but nitrateducing conditions are more favorable for biodegradation. Under
denitrification, toluene was the most readily degraded (0.170/day), followed by ethylbenzene (0.030/day),
then exylene(0.013/day). M/pxylene had a long lag period of minimal degradation, but eventually had a
rate constant of 0.018 over 118 days. Benzene did not degrade significantly relative to abiotic controls,
indicating that at least under denitrifying conditiongyzene would not be expected to degrade in the

Borden aquifer.
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2.6 Source Composition

The E10 source, which isgasoline mix with 10% ethahavas emplaced below the water tab&tween
October 8 and 13, 2004 (Mocardd07).American Petroleum Institute galine(API 91-01) was used

1.13 L ofthe E10gasoline was injected in each of fifteen wells at three depths, with water injected above
and below the gasoline in an effort to minimize its movement up or down. The fifteen wells were
arranged in two rowdpr a total row width of 3 m. See Figure 2.3 for the injection well configuration.
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Figure 23 Injection well configuration (black dots) and 2008 soil core locations (blue dot

Approximately 2260 L of water was added during the injection progesstal of gpproximately 51 L of
gasoline mixture was emplaced below the water tatfter injection10.86 L of free product was

removed from the injection wejleaving an initial residual volume of 40.1 L and mass of 29.6 kg.

Mocanu (2007) usetthe BIONAPL model calibration ardetected plume concentraticiesdeterminghe
source zonelimensions to bapproximately 1 m in the direction of groundwater flow, 3.&ansverse to

groundwater flow, and 1.7 m deep.

2.6.1 Estimated composition
Source zone remediation began on April 28, 20B&source zone is expected to have been depleted by
the effects of dissolution and biodegradation in the four years since source emplatemgasoline
compositionremainingin thesource zone was determined using a progtaweloped by Fraser (2007)
basel onRaoulb s Pragram details and solubility results are presented in AppendiNDté.that the

programdoes not account for degradation effects.

Mocanu (2007yetermined concentrations of benzene, toluengjene, 1,2,arimethylbenzene (TMB)
ard ethanol in th@asoline using gas chromatograph (GC) analysiag (2008) identified potential
i nterference pr obl e mtbe puréphabe ghbolineaimthidphasea otheerl y si s o

hydrocarbons tended to-&iute with benzene, giving artificiglhigh values. For this reason,

13



concentrations given by API were used for all compounds except for ethanol, which was added to the
gasoline separatelfginceF r a s e r 0 dasheencayp taestimate the mass f@® chemicals only
contaminants witlavalable water solubilities at environmental temperaturesaaweight percent above
1% in the original formulation were used. Tdtber hydrocarbonaere assumed to hawa solubility of

0.1 mg/L(i.e. essentially insoluble compared to the other compoundse absence of additional
solubility data.

Based on the program, ®%g or 31.1L of NAPL would remain in the source area April 28,
approximately 1260 days after emplacembntddition, approximately 267 g ethylbenzene, 246 g
toluene, and 829 gt xylenes and regligible benzene (9.2x1Qy) would remairin the source zone.

Ethanolis completely miscible and would have left within a few months.

2.6.2 Coring results
Yang (2008) took soil cordsom within, slightly upgradient of, and downgradient of the E10 source zone
in June 2007. All three cores were along the central axis of the source zone, with the central core located
as close to the center of the injection area as possible. The downgcadéewas located 4.5 m from the
source zone and no residual NAPL was foukslsuchthis core is not discussed further. Soil samples
were taken at 10 cm intervals, with 25 taken from the central core and 24 taken from the upgradient core.

Figure 2.3 showthese core locations.

The upgradient core was collected 30 cm from the center of the source zone and 15 cm from the
upgradient injection wells. Soil in the upgradient core had a maximum concentration that was roughly
half of the value considered to be icative of the presence of NAPL based on Feenstra et al. (1991), so

concentrations were not high enough to be considered a NAPL source zone.

The core from the center of the source injection zone had concentrations approximately 20 times greater
than the NAL indicator concentration. The NAPL zone was located from 2.9 to 4.1 m bgs,
approximately the same depth as the original source emplacement of 3 to 4 m bgs. Therefore, the source

zone appears to have remained in the same general vicinity of where ihplasez.

The high residual concentration in the soil causigdlar coeluting problems as the Mocanu (2007)
original NAPL source GC analysis described previoushereforethe GC analysis cannot be relied
upon for a definitive contaminant concentratiithin the source zone. For example, the benzene mass

derived from the soil core data may be up to 2.5 times greater than the actual concentration (Yang, 2008).

Table 2.1 compares the initial mass to the residual mass determined by Yang (2008) usiegstina Fe

met hod and the residual mass expected from Raoul't
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previously, concentrations are | ower than project
biodegradation. The program assumes that the residual yboos are able to dissolve up to the

solubility limit in the grouwater {.e. reach equilibrium). Howeveif, the residual was not in

equilibrium, this would cause a higher residual mass than expected. The contaminant residual masses in
Table 2.1 were hver than anticipated, with the exception of benzene, so this possibility is not likely.

Another possibility is that the balance of the gasoline mass is not as insoluble as assumed. In this case,

more of the mass would have left the source than anticipated.

Component |n|t|az;;nass Resf#;;;r;;ls:se ;rl?srf:)alll)lab Resll?iuoaﬂltr'galiv from
benzene 326 21 0.00005
Naphthalene 140 15 57
Toluene 2061 41 807
Ethylbenzene 905 60 313
P,M-xylene 1991 107 735
O-xylene 709 47 231
1,3,5TMB 292 28 197
1,2,4TMB 905 76 606
1,2,3TMB 184 13 123
Table2.1 Residual source zone mass from Yang (2008)
For calculations in this work, the residual ma s s

material, for two reasons. First, the soil cores used in the Feenstra analysis were taken a year before
remediation. Segod , the residual mass from Raoultédés | aw wa
resi dual mass from Raoultés | aw was consider ed, t

However, the soil dataeveused in the final comparison of masses removed.
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Chapter 3: Treatment and Sampling Design

The treatment system wasmprised of several components, includimgair sparging system and
collection and analysis of affas and dwngradient groundwater samplé®r planning purposes, the
anticipated length afeatment was calculated first.

3.1 Expected Treatment Length

The theoretical effectiveness of the treatment system was used to estimate the estimated treatment time
required to remove the aromatiés there are two waythat air sparging removes contagints
(volatilizationandbiodegradatio)) as discussed in Section 1.2, the treatment time depends on the
interaction of these two different procesdashoth cases, the following calculations are based on the

NAPL source area described$ection 2.6

Thesource zone was assumed to haveBihielen aquifeporosity of 0.33 (Mackagt al,1986)and a
volume of 5.4 Mas discussed in Section 2 the total pore volume would be 1.8.1if air is sparged
into the system to increase the-filled porevolume to 10% of the available pore spabe volume of air
would be 0.18 rh This airfilled pore volumewas selected as a conservative valaeausd omlinson et
al. (2003) found air saturations of up to 60% in the immediate vicinity of the spargmgnibi GPR.

Gasoline is composed of a large number of compounds. In order to determine the volume of air required
for volatilization and the mass of oxygen required for biodegradation, the residual mass was assumed to
be one hydrocarbon. In this case, BleEEX compound with the highest vapor pressure (benzene) and the
hydrocarbon with the highest vapor pressure that was analyzed (pentane) were used as analogues for the
total mass. Cho et al. (1997) and Kirtland et al. (2001) used hexane, which has presgue between

that of pentane and benzene, as an analogue for the gasoline mass for their calculations.

Assuming the source consisted of benzémeaerobic reaction to break down tomtaminations
CeHs + 7.50, Y 3CO, + 1.5H,0 (3.1)

If the sourceconsisted entirely of pentane, the aerobic reaction would be
CsHiz+11.50, Y 5CO; + 6H,0 (3.2)

based orRogerset al. 007). The source zomeassis 22,300 gwhich would be&285.5 molbenzene or
308.9 mol pentanélhe amount 00, required to completelgnineralizea benzenesource areaccording
to Equation 1.lis 212 mol G,(285.5 mol x 7.%50r 68,540 g G,. The amount oD, required to
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completely mineraliza pentane source areaccording tdequation 1.2s 3552mol O, (308.9 mol x 115)

or 113,700g O,. O, has a solubility of approximely 0.01 g/L.In the bestcase scenari®.9 million L of
oxygenated water would be required to treat the source area. This shows thaihdissgtyenin
groundwateis not enough to stimulate biodegradation in the@apbne within a reasonable time frame;

thereforeair sparging is required to remove contaminantseefficiently.

First, the gas constant is used to determine the molar concentration of the contaminant (benzene or
pentane) in the pore space, as provideldw.

n=—  (1.3)

In Equation 1.3, n is the molar concentration (mol/L), R is the gas constant (0.08206ratirK), T is

the temperature (283.15 K), andd’the ideal vapor pressure (0.125 atm for benzene and 0.6776 atm for
pentane from Montgomery, 2000). Therefore, the molar concentrations would be 0.00538 mol/L and
0.0292 mol/L for benzene and pentane, respectively. These are multiplied by the vodhirme thfe

pores (1800 andresult in 0.968 mol benzene or 5.26 mol pentane in the air fraction of the source zone

pore volume.

If the air sparging simply physically removed gwrce zone vapor (e.g. volatilizatiahgn276 pore
volumes would be requed to remove benzene source and 59 pore volumes to remove a pentane source
Soil air conductivity can be difficult to measure, but isegally lower in saturated soifaich as those at
Borden. Benner et al. (2002) found a wetaturated horizontal salr conductivity of 130 m/day for a

site with similar stratigraphy to Borden (fine to medium sand with some fines). Using the standard rule
that the vertical conductivity is 1/10 of the horizontal conductifineeze and Cherry, 197%his would

give avertical air conductivity of 13 m/day. With a source zone area of 3.thim gives an overall flow

rate of 42 rifday (1.73 riYhr). The airfilled pore volume is assumed to be 0.138 so it would take

0.104 hr to remove a pore volume. Therefore, it woaks 28 hours to remove a benzene source and 6
hours to remove a pentane source through volatilizafibis. assumes a best case scenario: the air
injected would contact all of the residual source material, have time to equilibrate and reach full air

satuation, and then be able to freely move upward and release into the atmosphere.

Biodegradation depends on father than simply air availability and, @ the limiting factor for
hydrocarbon biodegradatioAir is 20% oxygen by volume, so the amountafin this pore volume
would be 0.036 rhor 36 L. If theentire sourcevere to react with th®,, themolar concentration of O

requiredatatmospheric mssure can be determined usingi&tion 1.3. In this case, the same value for R
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and T described abownd an air pressure of 1 atm are used. This value is then multiplied by the,36 L O

in the pore volume to get 0.3099 mol oxygen. As discussed above, 2142 arelt@quired to mineralize

the benzene source and 3552 mgfd@ the pentane source. Therefatevould require 6900 pore

volumes (30 days) to biodegrade the benzene source and 11,500 pore volumes (50 days) to biodegrade the

pentane source.

It is important to note that the treatment times discussefaideal conditions. Even with perfectly
homogenous material, the air channels will bypass at least some of the SAP4 total active sparging
time of 30 hours was planned to removeltiidrocarbons by volatilizationyith the expectation that
some of Qadded would assist in biodegradation.

3.2 Analytical Methods

Analytical methods for each media are described in the following subsections.

3.2.1Hydrocarbon (off-gas)
Off-gas samples were analyzed using fGtChydrocarbon analysighe gas samples were originally
planned to be analyzed for BTEXMB, and naphthalene, the standard suite for groundwater, but initial
analyses found much higher concentrations of lighter hydrocarbons. Therefore, the samples were
analyzed for BTEX, pentane, and hexane instead. Pentane and hexane were chosen facgavitiiste
the analyses performed as part of Nelsonbs (2007)
compounds with the highest concentration anticipated in the sourcaften&260 days of emplacement.
They were also twof the top five compauds with the highest vapor pressure from the hydrocarbons
used in the Raoultds | aw SneeBTEX, pemand, iarsd hexans diddhoti n Sec
make up the bulk of the compounds detected, the data was analyzed to pre@uceial petrolem
hydrocarbonTPH) data.

The samples were run usinddawlett Packard 5890 gas chrawwgraph equipped with a spihjection

port, capillary columnphotcionization detecto(PID), and a Varian Genesis headspace autosampler
(Chatten, 2008). Samples wdreld upsidedown in water to minimize sample loss, then added directly to
the autosampler carousel. Calibration standards were prepared by spiking the vials with methanolic
stocks, sealing, and then analyzing using the same method as the field sBeaklaseasveremeasured
usinga HP 3392A integratoiTheFraction 1TPH (C5-C10)wasdetermined byaddingthe peak areas

from RT 1.9 to 15.05 and dividing by the average respatderfof hexane and toluene. The method
detection limit (MDL) ranged from 8 5 ppb.
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Quality control samples fortheeffas i ncl uded duplicates, bl anks of
equipment blanks, and trip blanks. Duplicates were collected immediately after the original sample and

sent to the lab blind, with thdentifier and the sample it was connected with written on the field log

sheets. Equipment blanks were collected to ensure that the sampling equipment was properly cleaned out
by flushing through ambient air. They were collected by filling the sample sywiitigelean airand

filling the vials the same way as a regular field samples. Trip blanks were vials of clean air that were
capped underwater. Duplicates and tracer samples were collected daily, and trip blanks were collected
periodically In addition, samles were collected of the isobutylene calibration gas and sent for analysis

the same way.

3.2.2Hydrocarbon (groundwater)
Aqueous amplesfor hydrocarbon analysisnd standards were equilibrated to room temperatioe to
extraction(VanderGriendt, 2008To extract a sampler standardthe Teflon® screw cap of the Viaas
quickly removed and 5.0 mbf sample was discarded with a glass/stainless syringe. This was followed
immediately by the addition & 0 mLof methylene chlorideontainingtheinterral standards m
fluorotoluene and fluorobiphenyl (25 mg/LY he vial was quickly resealed and agitated on its side at 350
rpm on a platform shaker for 20 min. After shaking, the vial was inverted and the phases were allowed to
separate for 30 min. Approxirey 1.0 ni. of themethylene chloridphase was removed from the
inverted vial with a gas tight glass syringe, through the Teflon septum. The solveaddeaistaa Teflon
sealed autosampler vial for injection into tAE. Samples were analyzed with a HF9B capillary gas
chromatograph, a HP7673A autosampler, and a flame ionization detectoryChokmethylene
chloride was injected in splitless mode (purge on 0.5 min, purge off 10.0 min) ontorar@.230 m
long DB5 capillary column with a stationaphase film thickness of 0.25um. Helium column flow rate
was 2mL/min with a makeup gas flow rate of 30 nimin. Injection temperaturewas 2Y%, det ect or
t emper at uCandinitialeolutir2dven tempeert u r e Cwldis wagéldfor 0.5 min, then
ramped Canint a 52 f i nal t € angdleetdéfot 2unineChrorhatograpBicdrn time was

10 minutes. Data integration was completed with a HP 3396A integrator.

Calibrations were made in internal standard mode and standards were run in tadplicatéormore)

different concentrationsovering the expected sample range. Standards were prepared by spiking water
with concentrated methanolic stock standards (purchased and certified from Ultra Scientific Analytical
Solutions). Standards were extracted and analyzed by gas chromatogridgghyame way as samples. A
multiple point linear regression was performed to determine the linearity and slope of the calibration
curve. Quality control information on calibration curves (percent relative standard deviation and percent

error) and blank irdrmation were included with reported data. Extraction duplicates were performed on
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samples and results were acceptable when they agreed within 10%. Matrix spikes were performed when
necesaryby spiking a known amount of midrange standard into a duplfiggtesample and then

calculating the amount recovered after extraction. Method Detection Limits (MDLs) were 1.9 pg/L for
benzene, 1.8g/L for toluene, 1.7 pg/L for ethylbenzene, 3.7 pg/L for piytene, 1.5 pg/L for exylene,

1.5 pg/L for 1,3,5trimethybenzene (TMB), 1.3 pg/L for 1,28MB and 1,2,3 TMB, and 1.{g/L for
naphthalene.

A number of field quality control samples were collected, including field duplicates, equipment blanks,

and trip blanks. Field duplicates consisted of an entire field saggplcollected after the original sample

was completed. Duplicates were taken approximately every 20 field samples or at a minimum once per
field event. Duplicateswerenti bl i ndo t o the | aboratory and wil|l
number, alongvith the date and time, on the sample bottles. After analysis is complete, the duplicate was
checked against the sample concentration. Lab duplicates were taken from the same aliquot or another

botile and compared to the originahd were taken approxitedy every 10 samples.

Equipment blanks were collected every 20 field samples, alternating with field duplicates. Therefore,

some sort of QC sample was taken every 10 field samples. Equipment blanks were taken the same way as
field samples, except that themp/sampling apparatus was attached to a tube in a containeioofzimsl

water instead of a field sampling tube. The field sample collected before and after the rinsate blank was
recorded. The rinsate blank is used to determine the degree, if amys®f@ntamination between

samples.

Trip blanks were used to ensure that the sampling bottleware and rinsate blank water (as applicable) are
free of contaminants. Examples of possible contamination are bottle/water storage near gasoline tanks or
gas statins as well as bottle contamination from inadequate cleaning. Trip blanks were collected by

pouring deionized water into bottles from the same sample tray/lot as the field samples and were to travel

with the other samples at all times.

3.2.30, and CO; (off-gas)

A Fisher/HamiltorModel 29Gas Partitionewasused forCO, and Q analysis The instrumenhastwo
chromatographic columns in series with a detector at the end of danincd his arrangement permits
analysis of widely different types of gasesisingle sample. Gas was collected in the field in disposable
30mL Becton Dickinson Luer Ldk Tip syringes. The syringes were sealed with single use Becton

Dickinson 22gauge precision glidesedle tips and a black butyl rubber stopper.
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Thesamplesvere equilibrated to room temperatupeior to analysis. A InL sample loop was used to
introduce gas samples into the carrier gas stream with a preciSidPefWith this setup,CO, was
eluted from column 1 and detected at the first detector Whind nitrogen separatén column 2 and
weremeasured individually at the second detedBd, waspermanently absorbed as it emtgticolumn 2
and neer reached the second detector.

Theexternal standard methedhs used for calibration wittommercially okained, certified gas mixtures
(three concentrations in triplicate) in the expected range of the collected samples. When the
chromatogram of the standard mixtuvasobtained, the peak height of each compomexgmeasured
from the actual baseline of thegk. The obtained calibration data are subjected to linear regression
analysis and the resultant equation is used to determkm®wn sample concentrationat least 3
samples of a calibration mixtuveererun prior to the analysis of unknown samples alsdafter every

10 unknown sampld® ensure the gas partitiongasoperating in a consistent manner. Sample peak
heights are measured, and the concentration of the unknown components determined using linear

regression.

The method detection limit for isprocedure has not yet been determined according to EPA protocol.
However,CO, can be detected with an accuracy of 0.589 mg/L andith an accuracy of 7.14 mgih a

1 mL gas samplender normal operating conditions

The Fisher/Hamilton Partitioner itfianctioned in the second month of treatment and samples were run on

a GOWMAC (series 350 GP) GC equipped with a thermal conductivity detector instead. Peak areas were
measured by BIP3380A integratorThis method could not determine @ata, so for thiperiod only CQ

data was recorded. Gas samples vigeeted into a 2 i sample loop (overfilled) and a valve switch

introducel the sample into the carrier gas stream

The GC was calibrated using axternal standard methedth commercially obtained, céfied gaseous
standards in the expected range of the collected sarfilestandards consisted of 0.5%,10.0%, 25%,
50% and 100% 0, purchased from Praxa#nd air at 0.03% COWhen the chromatogram of the

standard gas mixtumgasobtained, the peak ax&as subjected to linear regression analysis and the
resultant equatiowas used to determine unkno gas sample concentratiodd.least 3 samples @0,

(at 5 concentrationgyere run prior to the analysis of unknown samples and also after every 10 unknown
samples, to ensure the gas chromatograsoperatingconsistently Sample peak areagremeasured

and the gaseou30, concentration wadetermined using the linear regresseguation.
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Quality control samples for theC0O,s a mpl es i ncluded field duplicates
containingsamples of thejectedair. Duplicates were collected daily, and tracer samples about every 2
days.

The Q data appears to include ingtmant error. For example, in Figure 5,irom 25 to 50 hours, the;O

data seems to Aresto at the same concentration. L
approximately 0.05 % too lowyhich are much smaller concentrations than the differencesis¢ea

field data. Therefore, thebservedconcentrationsvould appear to reflect field conditions rather than

instrument error.

3.2.4 Sk (groundwater and off-gas)
The Sk analysis procedure is the samelfiothagueous and gas samples (Chatten 2008)ptearof
both media were collectéd 40 mL screw cap glasgals. The vials werétted with Teflonlined septa
and stored ateC for less than one wegkior to analysis. For each sample, aniD aliquotwas
withdrawn from the sample bottle into a-B@Q glass syringe followed by 10 mif air. If sample dilution
wasrequired a 2mL aliqguotwas withdrawn into a enL glass syringe and ®L of airadded. The
syringewasshaken and allowed to equilibrate for 1 hour. Al4aliquot of the gas phase from the

syringe (for liquid samples) or sample vial (for vapor samples) ngested for chromatographic analysis.

The gas samplesere analyed with a Shimadzu GGA GC equipped with an electron giure detector
TheGC wascalibrated in an external standard modang several concentratignshich wereprepared
by spiking small volumes (18D L) of SKsinto 1L bottles. The dissolved $Eoncentrationén the
original water sampleserecalculated based on 100% partitioning into the headspaceMDhdor SF;
is< 1.0ug/L.

Quality control samples were collected fors@Fthe same rate as those discussed in Section 3.2.1 (for

off-gas) and Section 3.2.2 (for groundwater).

3.3 Treatment System Design

The air sparging system was coupled with a collection systeapture the offjas. The offgas was

continually monitored using a PID and sampled for BTEX, pentane, hexane, oxygen, and carbon dioxide
at regular intervals. Helium and S$amples were collected during tracer teBt® treatment system

consists of sevat components: the offas collection system, the air sparging points, tracer injection

points, and piezometers for water level and temperature measurements. See Figure 3.1 for a plan view of

the treatment system and Figure 3.2 for a elgselan view othe downgradient monitoring wells.
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The treatment system design was modified from an earlier iteration of the treatmemttsgdgtan in
January 2008The original system and the changes made in response to this first treatment round are
discussed in Appendix A.
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: | |
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Figure 3.1 Treatment system schematic
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Figure 3.2 Monitoring wells with treatment system

3.3.1 Air sparging well configuration
The number and configuration of air spawhghi:ng
the radial distance from the sparge well wheresaturation is sufficient for treatment. Tomlinson et al.

(2003) found the aisaturated zone to be approximately 2.5 m in diameter in the Borden aquifer.

Thesource zone widtls approximately 4.5 m, so one sga point should have been sufficient based on
the work by Tomlinson et al. However, for this work the sparge point was set above the leachate zone
(Section 2.3}0 avoid altering its redox conditions. This left minimal room beflogvcontaminant zone
(maximum depth of approximately 4 fgr the sparged air to spread laterally before reaching the source
zone Therefore, the radius of influence of a single sparge well within the source zone may be smaller
than described by Tomlinson et @lonsequentlytwo additional injection wells were added, one on either

side of the main sparge point.

Ahlfeld et al. (1994) suggest that sparging point construction is not craithle dominant factor in air
movement in the subsurface is the formation material itsek tme air is further than a few cm from the
initial sparge pointThe injection point constructian this studywas similar to that used by Tomlinson et
al. The injection points were threadedLt8 cm ID/2.7 cm ODdrill rods and driven using a jackhamme
to minimize soil disturbance around each point. EsErge point @s20 cm long and 3 cm in diansst

and had rings of 4-&hm holescovered with stainless steel mesh locadgdry 2.5 cm along the length of
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the housing. The sparge poinhsconnected tohecompressoby 1 cmiD teflon tubing.The top of the
screen was set at 5 m bgsr wassparged using a compressustead of a tank because the largest
portable tank availablenly contains12.6 ni (445ft°) of gas, or enough for approximately 1.5 twaf
sparging.

Injection point 3 was constructed differently from the others because the Teflon tubing was shaken off
the barbed fitting at the top of the screen during installation. As the fitting was Ibeddedthe top of

the casing 5m bgs, it clulinot be attached securely to the barbed fitting. Rather thdrillrand possibly
provide a conduit to the atmosphere via the backfilled holenjbetion point was left in placeThe

Teflon tubingwasconnected to the top of the casing, which wasatied and wrapped with Teflon tape

to avoid air leaks.

The air sparging configuration is provided in Figure 3.3. Note that for the first sparging round, both tracer
gases were added to the main line with a singlenhector, rather than having separaketsn Also, the

flowmeter on the main line was added after the first sparging round.

shed M
Injection wells I I I I
| ]
— ot T
H B i . i SF6
helium blower

—__ I v - = flowmeter
I.. = valve

n = t-connector
& = tubing

I =syringe port

o

A

oo
o

Figure 3.3 Air sparging configuration

3.3.2 Off-gas collection
The air collection system used antight box to collect vapors above ground surfadee box was

designed to have a wall height48 cm, with a perimeter dug todepth ofL5 cmbgs to help gal in the
air. The sides of the box were covered with pool liner material and the top was covered with a single

piece ofslightly thickerpond liner thaextended down over the sides. All seams were sealed with
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TauckE tape. Box s upgframesvhichresedoreblockets allgvrioe fcke airs i n
circulation. The box heights were checked with a laser level; from this, it was found that the ground
surface was relatively wuneven, so that boout height

short to minimize extra digging.

shed

o B

Shop vac —=>

air collection box Tl

A 4 - = flowmeter
I.. = valve

= tubing
I =syringe port

Figure 3.4 Air collection system

Thesoil gas collection line started at the center of the box slightly downgradieméction point 2 and
connected inside the shed to the sample ports and fiistiracuum pump. The flow diagram (Figure

3.4) shows the connections, flowmeters, and ports for the system. Note that the dosimeter well F shown in
Figure 3.2 was used fanother study and not discussed here.
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Figure 3.5. Box construction (left) and setup during high water table (right)

Extensions were added to piezometers 1 and 2 so that they couldebsegicitom the top of the box.
Construction photos for the revised treatment system are shown in Figure 3.5. Note that for all photos of
the box, the uneven ground and sheet piling heights creatkiien that the box is tilted. élvever,

laserlevel crecks indicated that the sides had absolute height differences of less than 3 cm.

A test of theoff-gas collectiorsystem showed that with longer tubing (the shed was placed near the edge
of the box instead ofts orginal positiomext to thereatmensygdem), the system had significant

pressurdoss. An additionalacuum pumpvas added.

The January test showed that groundwater response peaked at approximately 45 minutes after sparging,
so the sparging time wasljusted td..5 hours on and 1.5 hours dfstead othe4 hoursoriginally

planned for the first tesAfter the first 30 hours of sparging, this was shortened to 1 hour on and 1 hour
off.

3.3.30ff-gas hydrocarbon monitoringi GC
GC analysis was the primary method used to determine contamimeent@tions in the system affis.
Samples were collected every 10 mindteshe first two sparigg roundsafter whichthe sampling rate

was decreased to once every 20 minutes during the course of treatment.

The samples were collected usistight syringesinsertednto the sampl@ort. The syringe needle
made an airtighteal with the sample port tubing. Thigs indicated by an inability to draw air into the
syringe prior to opening the sample port valve. The sample vials used for GC analygisewiengsly

checked to ensure that they were free of chips in the fidely were subsequentijled with clean (de
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ionized) water and placed upsidewn in a basin of water. Tlsamplesyringewas theremptied into the
sample vial, displacing the waté&nce the vialvasfilled with air, it wascappedwith a crimp sealThis
method has been developed from previwosk at Borden (Nelsar007). The syringeserecleaned by
filling and evacuating the syringe with clean air prior to sampling.

The samples we kept as airtight as possibleldtkable syringe was used to pull air from the system.

The sample ports were kept closed until the syringe was inserted into the port, opened for sampling, and
closed immediately thereafter. The BTEX sampling syringee wkaced in a tub of water immediately

upon sample collection, thersed tdill the vials as described. The vials were then stopsitledown

inside a cooler with their seals under wa@rand CQ samples were taken using disposable syringes

from thesame sample ports as the hydrocarbon lab samples. Tracer samples confirmed that the air added
via the air sparging system had similaradd CQ ratios to clean air at standard temperature and

pressure. See Section 3.2.2 for analytical methods.

The vacuunpumps used leaked because they were designed to draw air into the chambers to cool the

motor. Thisdi d not i mpact the sampl e ppmpsseeFiguraBiirhneh wer e |
only impact of air leakito the vacuum pumpsas a decrased flowas measured by the affs

flowmeters, which were also upstream of pluenps The offgas flowmeters therefore measured the

itrueo flow of air |l eaving the box, but the air f

was much higher, causimfjution.

3.3.40ff-gas hydrocarbon monitoringi PID
The offgas was monitored continuously for total VOCs using a PID, which recorded the concentration
every 10 s. The PID is a sensitive but 1s@hective instrument that uses UV light to ionize chemifals
detection. PIDs do not burn or permanently alter samples (Rae Systems, 2008B). The PID was calibrated
each morning with fresh air (0 ppm hydrocarbons) and 100 ppm isobutylene. The calibration was checked
several times per day as well as at the endclf elay. The PID has respomserectionfactorswith a
range of 0.35 to 6funitless)for the10.6 eV lampused so it was intended to supplement the GC
sampling data and not to make quantitative hydrocarbon measurements. See Table 3.1 for a list of PID
response factors for source hydrocarbons with at least 1% weight percent in the initial emplaced source.

Compoundswithout listed correction factors are not included.
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correction factors ionization % total pre
10.6eV| 11.7eV | energy (eV) | treatment source
n-hexane 4.3 0.54 10.13 2.56
n-pentane 8.4 0.7 10.35 2.31
n-butane 67 1.2 10.53 2.29
toluene 0.50 0.51 8.82 1.93
m-xylene 0.44 0.40 8.56 1.85
n-heptane 2.8 0.6 9.92 1.38
ethylbenzene 0.52 0.51 8.77 1.09
p-xylene 0.39 0.38 8.44 0.74
o-xylene 0.46 0.43 8.56 0.52
1,2,3trimethylbenzene 0.53 0.6 9.25 0.26
benzene 0.35 0.3 8.41 <.01
Table3.1PID response factors of selected hydrocarbons (Rae Systems, 2008B)

Nelson (2007) also used a PID to calibrate the GC data from treatment systas; dfbwever, he used a
simplified system with dy pentane, hexane, and soltrol. The pentane and hexane were the volatile
components and the soltrol was used as an analogue for the bulk of the contaminant, which was relatively
inert. The first phase of work used a correction factor to determine hemdpeatane concentrations,

while the second phase used two PIDs calibrated to pentane and hexane. Nelson found the actual response
factor for the isobutylene and hexane (using commercial gas mixtures) to be different from published
values, even before taig into account temperature and moisture changes in a field environment.

Therefore, the PID accuracy is relatively low compared to the GC analysis even foicsimgleund

gases.

This gasoline source, however, is a mixture of a large number of hydrocaalaliscussed in Section
2.6. Therefore, th@1D was used only qualitatively to ensure that ther@@ute GC sampling interval did

not miss any changes in affis concentrations.

One of the concerns prior to starting treatment was that the concentadtibasoffgas would be higher

than the PID could rea@he PID has a maximum concentratioadimg of 10,000 pprisobutylene or

5,300 ppm benzene. In order to ensure thatthe RFIDdt A max out o on readings,
performed to determine the concentration of bensaerated air. The vapor pressure of benzene is 75

mm Hg or 0.098 atm at 20°QMontgomery 200Q)The vapor pressukgasconverted to a concentration

usingEquation 1.3 With a molar weight of 78.1 g/mol, this gives a concentration of 0.315 g/L. Since
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benzene has a density of 88 g/cm, this translates to a concentration of approximately 358 ppm and
thereforevoul d not fAmax outo the PID.

3.3.5Tracer injection and monitoring
Helium was the primary tracer used during the treatmenrtwag injected only for the last day of
sparging in order to determine how much of the spargeglddld dissolve in groundwater and persist in
the plume.

The tracersample port was ttched to thair injection lineapproximately 30 cm downsam of the

tracer injection port. This wagpproximately 3 times more than the minimum length of 10 pipe diameters
suggested by Bruce et al. (200d) complete mixing of the tracer and injectexsgs. During the tracer

test, the tracer gas pressure was kept at least 10 psi above the airline. See Figure 3.1 for a diagram

including tracer gas injection configuration.

The helium tracer tests were initially planned to be run as suggested by Johais¢20&1LC) and

described in Section 1.4.0wever, the helium tanks that were small enough to be brought to the site held

|l ess than 20 minutesdé worth of helium at the reco
Therefore, tests were runrfa shorter length of time. This change also provided additional data

concerning the length of time it took for the injected helium tameear in the offjas outlet.

3.3.6 Transducers
Water level pressure transducers can be used to determine the timed émreach near steadtate air
distribution in the aquifer, volume of air channels, and to assess the general distribution of potential
lower-permeability zones, which may trap alofinsoret al, 2001B).Johnsoret al.(2001A) suggest that
piezomeers with transducers do not need to be evenly distributed around the sparge well because
groundwater pressure propagates much more evenly thaRaaithis field test,ransducers were added
to nested piezometers screened at depths of 3 to 3.5 m addbbgswith each pair of wells located
1 and 3 m away from the sparging w&ke Figure 3.1 for piezometer locatioRseviously, Tomlinsomet
al. (2003) used transducers in piezometers located 0.2 m, 3 m, and 6 m from the sparge well at Borden,
with the best responses closer to the sparge wells. Therefore, the closer wellvaastestalled in order
to determme timing of the sparging cycénd the further well clustavas installedo evaluate effects at

the edge of the source area.

When the well was to be sparged, the spike in hydraulic pressure and subsequent decline were measured.

Once thepressure recorded (water leviedjurned to the prsparging pressure, sparging was stopped
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This cessation of air flow would cause the presgardrop and then slowly return to the original level.
After this point, sparging could be started again.

Reel ogger E with5@00GnEmaygoirssereusedio record pressures in each of the
piezometersReadings were initially taken every 5sit pressure changes were slow enough to justify
changing the rate to every 10 s.

The transducers also recorded ambient and groundwater temperatures at the same time the water levels
were recorded. The transducers were set at the bottom of the wellggsouthéwater temperature would

be minimally affected by surface temperature fluctuations. Ambient temperatures were expected to be
higher for transducers installed at piezometers 1 and 2 because the temperature probes were located about
10 cm above the btk box liner material, which heated up significantly in the sun.

3.4 Plume Testing and Sampling

The monitoring well fence located directly downgradient of the source area (row 2) was used for plume
analysis. It is described in Section 2.2. Figure 3.2 shibevsow 2 well configuration. Groundwater
samples were collected using several methods to determinaiseisargehrough the fenceHydraulic

conductivity (slug) tests were conducted to refine noissshargeestimates.

3.4.1 Groundwater sampling
Groundvater samplewere collectedrom the multilevel wells using a peristaltic pump, with the sample
collected before going through the pump head to reduce cavitation. Samples were collected in 40 mL
vials and capped with Teflelimed septa.Vials were filledcompletely to minimize headspace and
preserved in the field with 0.4 mL of 10% sodium azide solution (v/v). This method is consistent with

previous work performed at this site (Mocanu 2007).

In addition to the existing multilevel wells, opsoreened wellg/ere installed in 2007 as described in
Section 2.2The operscreened wells were sampled using a variety of methods to determine the overall
concentration in the well at a given tinfthe samples were collected from well E, located 0.5 m

downgradient of wll 3 and in line with the center of the plume.

Method 1 involved purging a well volume by raising and lowering the tubing intake (connected to a
peristaltic pump) and then filling the standard sample voluhte€40 mL vials) by turning the pump

down andpulling up the tubing quickly to try and get a representative sample. Method 2 involved mass
evacuation with a trash pump. The hose was raised and lowered the length of the well, agitating and

removing a significant volume of water from the entire scre@merval. After the hose was raised and
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lowered, the outlet was attached to a 20 L plastic carboy and the hose moved up the well as the carboy
was filled. Method 3 was the EPA leflow sampling methodEPA 1992) A peristaltic pump was used
(sampling befre the pump head) with a flow rate of 100 mL/min. DO, conductivity, turbidity, and
temperature were monitored, and sampling commenced once all of the indicators were stable (within 3%).
Method 4 vasessentially the same as method 1, excegitttie sampleollection bottlevas1L in order

to produce more even mixing of groundwater while minimizing headspace during sample collection.

Ceramic dosimetensere planned to be used in the ofseneen wells to determine td&schargeover

time. However, resultsd®m a field test at the nearby GMT cell from October to December 2007 were
inconclusiveasdosimeter masdischargesstimates were up to 2 orders of magnitude lower than
expected for peak concentrations. Lower concentrations in the nearby multileveherellsonsistent

with dosimeter results. Therefore, dosimeters were not installed in the E10 gate as part of this project.

3.4.2Hydraulic conductivity tests
Hydraulic conductivity(slug)tests were conducted August 2007 at all of the row 2 wells. Téleg tests
were conducted by dropping a solid PVC slug (3.8 cm in diameter, 100 cm long) into the well and

measuring rebound using transducers.
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Chapter 4: System Performance

Theoff-gas collectiorsystem ran for approximately 280 hours over the 33 days of active sparging. It was
shut down at night because trecuum pumpsended to produce erratic flow raiésot adjusted

manually Also, the system initially overloadthe circuits and shut dowmheoff-gas collectiorsystem

was operated for a half hour prior to initiating sparging each day and at least 2 tevueadihg sparging

for the day. As a resulthe sparging run time w&s8 hoursJess than half of the totaff-gas removatun

time.

In general, air injection rates were lower than anticipated, so the airflow rates out througkgtee off
collection system were lowered to reduce dilution. Injegbioimts did not perform equally, &80 were
clogged to vaying degrees. A high water tebduring treatment allowed easier observation of leaks, but

caused problems with sealing tape degradation toward the end of treatment.

4.1 Sparging Effects on Groundwater

Air sparging impacts on the subsurface could only be measured indirectly, as treetdrr gas
collection covered most of the affected area and had only one outlet. However, the impact of sparging
could be seen in water level changes in piezometers located inside and outside of the box, groundwater

temperature changes inside the baxd i the physical rise of the water table around the box.

4.1.1 Water level changes
Johnson et al. (2001A) noted that the length of time required for a pressure pulse to return to the original
level is a general indicator of aquifer permeability. If thesgure returns to the oiigl value within a
few minutesit may indicate a highly permeable formation, with a narrow treatment zone and possibly
shortcircuiting to the surface. On the other hand, if the pressure does not return to the originablevel in

few hours, it is an indication afhe or morémpermeable zorsthat may block air flow to target areas.

The transducers measured the height of the water column. Each piezometer had a slightly different total
depth, so to compare the relative piezoineturface elevation, the ground surface was given an arbitrary
elevation of 10 m. This kept all values positive for simplicity. The conversion factors for the raw data and

a diagram showing the relative elevations are provided in Figure 4.1.
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P-1 3.56 6.44
pP-2 3.14 6.86
P-3 3.57 6.43
P-4 3.12 6.88

Xm

3.56m

Figure 4.1 Piezometer elevations and sample diagram

See Figure 3.3 for piezometer locations, Appendix B for daily water level graphs, and Appendix E.3 for
groundwater data. Note that the curves for P1 often appear to be broken up, even after replacement of the
original transducer. Since P1 is the closest piezometer to the injection points and was sealed to the box to
prevent air leakage, the erratic readings are likely due to bubbling within the well and a higher air
pressure.

The transducers within-P and P2 were locatéd inside the box and sealed in place, but the transducers in
P-3 and P4 were removed at night. This caused some scatter in the mornings when the transducers were
started relatively quickly after emplacement. Figure 4.2 below is an example of typicalewater

changes in the beginning of the experiment at injection pelntwlith a sparging on/off period of 1.25

hours. Two rounds of sparging were conducted.

104

10.2
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9.8 -

9.6 -
Eo4
°
3 9.2
- end sparge end sparge P4
I [— *
=88 ! . , ]

8.6 start sparge start sparge

8:35 9:47 10:59 12:11 13:23 14:35 15:47
time
Figure 4.2 April 30 water levels relative to 10 m datum
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Thewater levels indicate that pressure changes spiked in approximately 5 minutes and dropped off
quickly, withthewater levelsequilibratingbelowthe initial water level. The pressure drop after air

sparging shutoff had a similar shape, although the trough had a smaller magnitude than the peak. It also
took slightly longer to reach the minimum after shutoff, most likely because the injectiomgroaibhed
connected to the blower used for air injection and pressure did not drop as quickly.

The piezometers inside the box had the highest initial water levels, with a piezometric surface above the
ground surface. It should also be noted that the don@-3 appears to be cut off at 9.66 m, which is

below the ground surface. This held true throughout the treatment period, and once the water table
dropped, the curve for-B had a similar peak to the other piezometers. It is likely tf&atv@s crackedro

otherwise damaged below ground surface at this elevation, allowing water to escape.

The water levels would be expected to increase after injection and the initial spike in water level because
the groundwater had been initially displaced by the injedteahd it is likely that some of the air

remained entrapped in the subsurface. In this case, the likely explanation is that the air bubbles entering
the piezometers move upward and become trapped within the box, keeping the water level in the well
down. Ths happened in the piezometers outside the box as well, indicating some degree of short
circuiting to the outside. Air bubbles may have also caused some of the scatter in the data from the inside

piezometers.

Theamount of air that could be injected d#ferentspargingpoints help determine how much of the

source zone was affected by spargigd can been seen in the water level.dataction point 2

allowed only a minimum amount of air into the subsurface. The blower was set to shutrimihed

pressure reached 50 @sid only ran for 10 minutes before shutting down. Therefore, the pressure was
maintained without additional airflow after 10 minutes. It should be noted that if left alone in this
situation, the blower would restart 10 min aftetizdishutdown, indicating some degree of air flow to the
aquifer. However, the blower was shut off after this in order to retain a clear record of water levels. Some
degree of airflow in this situation is confirmed by the water level data, an examplécbfisvhrovided as
Figure 43.
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Figure 4.3 June 18 water levels relative to 10 m datum with injectie,ahén 41

On June 18,-P was sparged for 10 minutes starting at 8:45, 10:201ar25. Sparging started atat
12:45. The difference between the sets of three peaks is clear. The poor performeghceudd Ibe the
result of either a lesgermeable formation in the vicinity of the injection point or a problem with the
injection mint itself. As discussed in Section 3.8 ended up being constructed slightly differently
from the other injectors in that the tubing did not lead directly to the sdAddte this may have affected
the efficiency with which air could be pushed ofithe screenit should not benaterial because of the

pressure buildup and the absence of leaks (at 50 psi, any leaks were loud enough to notice over ambient
noise).

The injection point was flushed out with clean water usistainlesssteel rod to suppt tubing through

which the smaller peristaltic tubing could be run
screened portion. Water was pumped into the well and removed several times; however, it appeared that

only the water initially aded was removed and that the screen was clogged.

Injection point +3 was used initially with no problems. However, it became clogged with use, as
indicated by the blower stopping short of the full hour of sparging. Flushing the screen with water

allowed ai to flow in for the full hour of sparging, but this process had to be repeated after every sparge.
Figure 443 below isanexampleofd 6s ef fect on water | evels in the
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Figure 4.4 June 5 water levels relative to 10 m datud)

Figure 4.3 shows the clear impact of sparging on water levels. Note that ttrar®dducer data is

somewhat erratic from approximately 9:00 to 10:30. The peak magnitudes are slightly smaller than those
for I-1, indicatng potentially les®ffective sparging. For example, the magnitude of the first peak on

April 30 (see Figure 4.1) is approximately 0.56 m, the same value as the first peak on June 2, over a
month later. The magnitude of the first peak on June 5, aftegisgaxas switched te3, was 0.49 m.

When sparging was 1&arted at-lLl on June 11, the magnitude of the first peak was 0.52 m.

On June 10, sparging wasstarted at-3, four days after the last time it was sparged. The blower shut

off 10 minutes aftestarting the first sparging attempt, and 20 minutes after starting the second sparging
round. Sed-igure 45 for water level data for this day.
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Figure 4.5 June 10 water levels relative to 10 m datum

Note that Figure %.has been expanded so that it can be more easily compared to other figures in this
section. The first peak on the figure reflects the airline switch framwhich was under pressure, 8.1

The second A peak has a magnitude of only 0.23 m, or apprateéy half that of the peak from the

week before, while the third peak is smaller still. Also, the water levels rebounded much more slowly (a
wider trough) after sparging shut off.

A comparison between Figureddand Figure 4 show that 413 had started twse efficiency over the

course of treatment.he problermis that the hydrocarbon concentration in thegdk isexpected to

decrease over time as the amount of NAPL in immediate contact with air channels (the easiest to treat)
decreases. Decreases iftghs concentrations are usually attrédaltb decrease in source concentrations

If the injection points start to lose efficiency, an investigator may conclude that the available NAPL has

been remediated, when the lower concentrations are due solelyipponeqt concerns.

4.1.2 Groundwater temperature changes

The sparged air is warmer than ambient (approxi ma
compressor running temperature, which heated up enough to shut down the blower if the housing was not

opem to vent air. The ambient air temperature range
about 15eC in the first #6pCh witépangangr aiey}) eamm
20eC in the | ast mont h &.8forampbéent tempergturé data. Bah averageSee A
temperatures were much warmer than the groundwate
warmer sparged air which was forced into the formation may aid in biodegradation.
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Water temperatures withihe piezometers inside the box were affected by the sparging. See Figure 4.5
for an example of daily temperature fluctuations. Note that Figéris 4howing data for the same day as
Figure 44. The additional water level data (P1, P3, and P4) showvathe svater level trends, but were
removed for clarity.
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Figure 4.6 June 5 water temperatures and water levels

The transducers were located at the bottom of the wells (more than 3 m below ground surface) and did not
appear to be affectday the ambient air temperature. The ambient air temperatars 16 e C when t h
transducersstat ed recording on June 5, increased steadil"

and dropped to 19eC by the time the transducers w

Presparging groundwater temperatures within the box started slightly higher than those outside the box

which were not significantly affected by sparging. Temperatures at the deepest piezometer inside the box

(P1) immediately spiked when the airflow was turned off, while P2 appeared to have a slightly delayed

reaction and lower temperatures. In theory témeperature would be expected to increase when warmer

air is injected, not when the sparging stops. One possible explanation is that the much warmer air within

the box is affecting the piezometer soé naisdloser col um
to the warm air between the box and the ground, should have a larger temperature increase. However,

after the initial increase in temperature, P2 remains consistently cooler than P1, which is deeper and
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therefore closer to the source. Othesgible mechanisms for the spike in temperatures at this time are

unknown.

The starting temperature for the piezometers insidethevea®x onl y 0. 4eC hi gher t han
outside the box, except for the first 15 minutes of readings for P3 and e, nefiecedthe transducer

equilibrating with the surrounding groundwater temperature after installation. On June 5, the treatment

system had been operated the previous 4 days, so any-tengavarming of groundwater would have

taken place already if was going to. Therefore, warmer air sparged into the subsurface has a minimal

effect on subsurface temperatures and biodegradation other than-livelagtfect in the immediate

vicinity of the sparged well.

Johnson et al. (2001D) alluded to other wionkolving examining temperatures in wells to determine air

distribution, but no other work was cited or found discussing this issue.

4.1.3 Visible water level changes
The water table remained several cm above ground surface for the first month of trdattndrapped
steadily. By May 26, only puddles remained. Once sparging began, the groundwater was pushed above
ground surface and remained above ground surface up to twodftarair injection was stopped for the
day. Ahlfeld et al. (1994) suggest thgttoundwater mounding is caused by activation of a SVE system i
conjunction with air sparging. divever, in this case water level measurements were started before the
off-gas collection system and several times Wgftauntil after system shutoff. This a@nstrates that the
off-gas collection system operation did not have an impact on water pressures. For example, on April 30
(Figure 4.2), the offjas collection system was started 5 minutes after transducer start, and the transducers

were left on up to 2tninutes after system shutoff with no apparent change in pressure.

Figure 47 shows the progression n§ing water level slightly more than halfway through treatment. The
ground surface was dry when the-g#s collection system was turned on, but stdillady with water
almost immediately after air sparging beganleast part of the puddle volume was because of a small

water leak out of the box a few cm above ground surface.

The water mounding outside (and inside, as shown by the leak above grdand)dinie box indicates
that some of the air was entrapped and displaced groundwater during and up to two hours after sparging,
suggesting that the lower water levels recorded by the transducers may have been due to air trapped above

the water column, adstussed in Section 4.1.1.
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Figure 4.7 Water mounding after air sparging start (June 12)

4.2 System Efficiency

Tracer tests were the primary means of determining system efficiency, or how much of the sparged air
was captured using the ajfis collection system. In addition, the unexpectedly high water(siate

level above ground surface for the first half of the treatment) acted as a simple way to detect air leaks.
Samples of these leaks provide some insight into how much of the hydrocarbon mass may be lost. The
other aspect of system performance witigmificant impact on the treatment was the sparging well
efficiency, or the degree to which sparged air reached the targeted zone and was captured-baghe off

collection system.

4.2.1Helium tracer tests
Helium tracer tests were intended to see how much of the sparged air was captured-igabe off
collection system. Also, the timing of helium appearance in thgaffshowed how fast the injected air

moved through the subsurface.

Helium tracer tests werperformed as discussed in Section 3.4.3. There was not sufficient helium
available, so instead of measuring the concentration of the helium removed and comparing it to the
concentration added, as suggested by Johnson (2001C), the total mass of hedived reas compared

to the mass of helium added. The helium detector readings were in(ppfh), so they were multiplied
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by thehelumdensi ty (163.6 mg/ L at atmospheric pressure

determine the helium mass from theancentration in ppm is as follows:
0 =0"w (4.1)

C is the helium concentration from the detector (
according to Lide, 2008), x is the affs flow rate (converted to L/min), and t is the sampling iaterv

(min).

The mass of helium entering the system was determined first from the input concentration and air
sparging flow rate, using Equation 4.1. In addition, the mass was also calculated from the pressure of
helium inside the tank before and after spaggwhere this information was available. The pressures

were recorded consistently for the last half of treatment.
The concentrations and pressures in a tank can be described using the ideal gas law below.
0w=EYY (4.2)

For the ideal gas law, P isetlyas pressure, n is the number of moles, V is the gas volume, R is the ideal

gas constant, and T is the absolute temperature. This can be rearranged as shown below.

Vg

nRT 4.3)
To determine the amount of helium available in a comprdssddat a specific temperature and pressure,
the empty tank can be compared to the full tank. When the gas in the tank is compared to the same mass
of the gas at atmospheric pressure, the equation can be rearranged. Assuming that if the gas inside the
tankis gag and the same amount of gas at atmospheric pressure,ithgasthe equations can be set

egual to each other.

— P].Vl — P2V2 —
InRT,  InRT,

9 9,

(4.4)

Since the equation is comparing the same gas, just compressed versus not compressed, T, R, and n are the

same on both sides of the equation and drop out. This leaves

0163 = 0,6 (4.5)

42



where P, is the compressed gas pressure read from the gaugethé internal cylinder volume, %

atmospheric pressure (1 atm, or 14.7 psi), anid Yhe volume of the same gas that would exist at

atmospheric pressure. Equation 4.5 is necessary to determine the volume of gas present using only the
pressure gauge on the tank. The tracer gas. tanks
Equation 4.5 can then be rearranged

e )

To determine the mass of tracer injected, the tank pressure is multiplied by the \uation 4.6
(1.088 psi/L) and the helium density as follows:

M=P&O 4.7

For Equation 4.7, M is the mass of helium (g), P1 is the pressure of the air inside the tank (psi) as read by
the pressure gauge, Y is the constant that converts pressure to volume for a 16L tank (1.088 L/psi) from
Equation 4.6, and } glfehetiumelidg 2088).density (0. 1636

The helium detector was set downstream of the vac
not operate at negative pressure between the soil gas outlet and the pumps. Therefore, the helium detector

concentrations werdiluted by air leaking into the pumps.

For this reasohydrocarbon GC samples were taken from both the PID outlet (after the pump) and the
syringe outlet (before the pump) at the same time to determine if a consistent dilution factor that could be
used.When Sk was added to the system on the last day, additional PID outlet samples were also
collected. The dilution varied over a 10% range, with the exception of the third day of sampling, which is
discussed further belowhese dilution samples wecellected daily, so the dilution factor used for each
helium test was selected based on the date. If multiple dilution samples were collected, the one closest to
the helium test time was select&ke Table 4.1 for the % TPH retained between the sampie por

upstream andalvnstream of the vacuum pumps.
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% TPH retained % TPHretained % SFo6retained
Round | % TPH | ET (hr) | Round | % TPH | ET (hr) | Round | % SF6| ET (hr)
6 6.151 15.0 39 2.796 | 106.3 117 1.524 | 276.3
7 58.192 16.6 40 3.712 | 110.1 118 2.252 | 279.7
8B 86.403 22.3 45 1.816 | 122.6
11 7.492 31.1 50 1.084 | 133.2
13 3.073 38.7 53 6.395 | 140.3
16 2.738 46.1 60 1572 | 158.3
20 5.474 56.3 66 0.902 | 171.7
22 2.454 60.9 71 1.477 | 182.7
28 3.285 74.3 75 2.268 | 194.9
29 1.972 78.8 78 0.300 | 199.2
32 1.538 90.3 80 0.164 | 205.5
33 3.443 93.4 87 0.561 | 220.3
35 3.619 98.4 91 8.939 | 228.4
37 4.263 102.3 102 0.553 | 250.5
Table4.1 Percent TPH and $h off-gas after passing through vacuum pump

The round number in Table 4.1 is the sparging rauset! for sample identification aid is the elapsed

time from the start of treatment. The % TPH retained was used to determine dilution factors in Table 4.2.

round | SPar9e gfﬁs dilution giséz IoNn masr? tlrl.\em?:ifed Graph shape
point &) factor tank(g) samplegg)
16 I-1 22.1 36.5 382.7 0.8 2 peaks, fast drop
19 I-1 14.4 18.3 - 0.8 1 broad peak
33 I-1 6.2 29.0 -- 0.3 1 broad peak, fast drop
36 I-1 4.5 23.5 80.1 3.7 2 sharp peaks, slow drop
54 I-1 4.8 15.6 71.2 0.3 1 large peak, slow drop
61 -3 3.8 63.6 62.3 0.2 inconclusive
68 I-1 17.7 67.7 124.6 0.7 low conc., sharp peak at end
79 -1 418.3 | 333.3 53.4 0.2 1 peak at start, scatter, fast drg
96 |-2 0.6 21.1 126.4 0.8 1 peak at start, immediate drop
102 -1 273.3| 180.8 87.2 2.1 1 peak at start, scatter, fast drg
109 1-3 63.0 96.3 80.1 3.6 inconclusive
112 |-2 3.0 96.3 -- 0.4 1 peak at start, scatter, fast drg
Table 42 Helium masgecovery from tracer tests
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The helium test datareinconclusive primarily because the estimates of helium added are off by up to

two orders of magnitude. The mass of helium injecteas@iN h Table 4.2) based on tank volume could

be erroneously high because of leaks in the delivery system. However, the mass of helium injected based

on samples of the tracer port is erroneously low, as the mass calculated for each helium test is lower than
themass calculated to have been injected. The tracer sampling port was designed to be far enough
downstream to enable complete mixing, as discusse

anomalously low readings. Most likely, the helium dedewtas not reading the correct value.

In the field, the helium detector require¢B 2ninutes to equilibrate. This is a much longer time than test

runs in the lab, but the higher humidity and temperatures in the field may have caused performance
problems. Vith relatively short tracer injection times, the helium measurements of the gas entering the

system may have taken too long and registered concentrations that were too low. Whegathevaf

measured, it often took several minutes for the instrumewmtzero, with several attempts to tare the

detector in clean air. Therefore, the instrument readings for #gasfinay have been erroneously high.

The other problem was the detectordés sensitivity.

increments of 25 ppm. The instrument waszezoed in clear air approximately every 10 minutes.

Graphs of the helium test recovery are provided in Appendix D.3.1, but the general shape of each graph is
provided in Table 4.2. They show that the-géfs did not have a clear pattern of return concentrations,

even for the same injection point under samitonditions. Therefore, the helium tests are considered to

be inconclusive and the helium test results were not used to determine the amount of air captured by the

system as a percentage of the amount of air inje¢tiedal observations of leaks wereedgnstead.

4.2.2 Sk tracer tests
Sk, was added as a tracer only for the last day of treatment. TheaSFaptured and measured in the
off-gas collection system during the day it was injected, and later measured in grouadet¢ime
calculated fothe sparged groundwater to reach the row 2 monitoring welids $Bt considered a
conservative tracdsecause it dissolves into water. The &8s initially added to determine how much of
the sparged air would be incorporatetb the groundwater and when the gl groundwater would
appear in downgradient monitoring wells. Howevewasuseful as an additional tracer gas for
determining how much of the sparged air was captured by tgasftollection system because the SF
samples were collected at the same port as the hydrocarbon analysis, before dilution from the vacuum
pumps.

Sk tracer was injected into the subsurface as quickly as possible, using all three injection points, so that it

would be added to the groundwater essentially a single slug to move downgradient. Thendbs
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added was calculated by determining the volume of gas in the tankHagiagon 4.7 and a SEensity
of 5.9696 g/L (Lide, 2008).

Two tanks of Skwere used. The first had a starting presafr1700 psi and an ending pressure of 70

psi, so 1774 L (10.59 kg) were added. The second had a starting pressure of 800 psi and an ending
pressuref 70 psi, so 440 g of Sk were added.

The mass removed via volatilization and captured by the collesystem is determined using the
concentration, time interval, and flow rate set forth in the following equation

b =06  (48)

This is the same equation as 4.1, but in this case the concentration from GC analysis (C) is already in
Mg/L and a density conversion is not required. As Eifhiation 4.1, X is the offjas flow rate (converted

to L/min), and t is the sampling interval (mu Figure 48 shows the result of the Sfacer test.
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Figure 4.8 June 23 $Facer test results

During the helium tests, the concentrations went to zero within 4 hours of injectibie, SB samples

were collected until approximately 5 hours after initial injection. However, it is clear that injected air with
significant Sk concentrations was still being collected and removed after the last sample was collected.
The two peaks at 9:31nd 13:00 correspond to tracer injection; the slight uptick at the end of sampling is

to be considered within the range of experimental error and not indicative of an upward trend.
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The mass from the collected data shdlwat approximately 540 g of $fwere recovered. Using the

values based on what was originally injected, 412 g would have been removed. This value is much closer
than the helium values, so the 540 g are used as a relatively accurate representation of the mass removed.
If the concentrationwere tofollow the projected line in Figure &.approximately 590 g of $Skvould

have been removed. If 590 g of Stere volatilized, then the rest (15.3 kg) can be assumeavio h

dissolved into groundwater or leaked.

Bullister et al. (2002) determinede freshwater Sfsolubility to be approximately 0.2728 mol&tm.

Assuming the pore space to be at atmospheric pressure, the solubility would then be 39.75 g/L. If 15.3 kg
of SF6 were dissolved into water at the solubility limit, then the volume of &#tmted would be 0.385

m°. With an available pore space of 0.33 as discussed in Section 3.1, the aquifer volume affected would

be 1.2 m, 20% of the source area volume, in 40 minutes.

4.2.3Visible leakage
As discussed in section 4.1.2, even at theddrlde test (June 23) the ground surface was covered with
water during active air sparging. The elevated water level was useful because it allowed monitoring of air
and water leaks outside of the box. The maximum area of leakage was observed to be aigby dxim

wider than the box and the leaks represented a very small portion of tthieaesgdrom the box.

In the first few weeks of treatment, most of the air leakage was intercepted by thecogamed wells E

and F, located slightly downgradierftrow 2. See Figure 3.2 for monitoring well locations. Leakage was
not surprising, as it was downgradient of and between the two wellsatishown significant short

circuiting (highly aerated water pouring out of the wells) during the January spdtigiwgver, this

leakage consisted of bubbles moving up the outside of well E and occasionally water seeping out from
beneath the cap of well F.

The air leaked was captured in thed day of treatment and measured using an inverted plastic
container. Bagkon the volume of air displaced, the leakage rate was 0.07 L/min, compared tgas off
collection flow rate of 127 L/min (4.5%min) during sampling, or a 0.04% loss. The container was
sampled by inserting a needle and syringe into the side, angriqgaring it for GC analysis using the
method discussed in Section 3.4.2. See Fig@e 4.

When air sparging was moved t8,| bubbles started to appear closer to the right side of the cell
downgradient of the injection point, as well as around well E. Whs expectetiecause the new

bubbling area was located downgradient-8f These bubbles were more diffuse and sporadic, and
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therefore difficult to sample. These were sampled by filling the sample vials with water and inverting
them underwater so thatelheaks bubbled directly into the vials. See Figui®.4.

For these samples, each of the 8@amL vials took approximately 10 minutes to fill. The sample

locations for the vials varied, but the leaks with the highest air flow were selected for sampling each time.
These locations were chosen for practical reasons: the airflow at a particul@nlecaild stop when the

vials were set firmly into the sediment, and the vials tended to fall over when they filled more than 50%
with air, so they had to be held above the intermittent air stream. Approximately 10 air bubble streams
were seen at once, aad it was assumed that an additional 5 air bubble streams from other locations were
missed, for a total of 15. Therefore, the flow rate from leakage was estimated at 60 mL/min or 0.0021
ft*/min. This rate is similar to the earlier flow rate of 54 mL/naind since the flow rate is an estimate, it

was assumed to be 3.4 L/hr (0.002nfiin) over the course of treatment. The observed bubbling time

ranged from 40 minutes to 2 hours per round, with most observed bubbling times of about 1 hour. See
appendix C foan observation timeline. Therefore, the length of active bubbling is assumed to be 118
hours.

Figure 4.9 April 30 sampling air leak around Figure 4.10 June 11 sampling of air leakg
sides of well F near well E

The other leakage concern was that the tape sealing the collection box started to degrade from exposure to
the sun, warm temperatures, and on the downgrasidmiof the box, immersion in water for weeks. A

few leaks were found around edges of the box, but they leaked water out because of increased water
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levels inside the box. Airflow out of the box through thegdb collection system was always kept higher
than the airflow injected and continued after ending sparging, so the air leaks should have been into, not
out of the box. This preserves contaminant mass at the expense of potential additional dilution.

4.3 Area of influence

The air sparging area of inflnee must be inferred, as the entire treatment area was captured by a box
with a single central extraction point. However, the water level and temperature data, tracer test results,
and visual observations can be combined to help determine how much afitbe Isas been affected by

the sparging. If a particular area was missed, then the plume may not have been affected. Note that
discussion of plume impacts is located in Chapter 6.

The area that had some indication of air sparging impact (bubbles, walestHanges) was quite large,

with bubbles seen up to 3.5 m from the injection points. However, the actual aneasinadst affected

by the spargingvas much smaller. The traducer water level data provideme indirect evidence of the
degree of influene. For example, Figure 4.2 shows that after sparging ended, the two piezometers outside
of the box returned to their initial level, but the piezometers within the box had a slightly higher level.

This likely indicates that some of the injected air wastséipped in the subsurface, physically displacing
some of the groundwater in the immediate vicinity of the injection point but not 2.5 meters away.
Temperature changegeresimilarly restricted primarily to the piezometers inside the box, suggesting an

area of primary influence less than 2.5 m in diameter but at least 1 m in diameter.

Sk tracer data indicate that the volume affected by sparging would be about 20% of the treatment area
for an active sparging period of 40 minutes using all three injeptionts, and that it would take about 5
hours for all of the injected air to reach the surface. This supports the groundwater data, which indicates

an air pocket that is depleted very slowly after sparging stops.

Tomlinson et al. (2003) used geophysicabdatdetermine a 2.5 m radius of influence around a sparging
well in the same area, with indirect evidence (piezometric surface fluctuations, % dissglusdicating

a larger zone of air saturation. Since the flow rate during treatment was approxbrkteiymin (3.7

ft*/min) or 75% of the flow rate used by Tomlinson et al., the radius of influence during treatment is

estimated to be approximately 1.9 m, which is in line with the other indirect data from the treatment.
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Chapter 5: Source Area Massischarge

Volatilizationrates weraletermined fronoff-gashydrocarbon analys&nd biodegradation rates from
off-gas CQ/O, analysis.These data wer@ombined with the continuous PHonitoring and flow
measurement of the extracted gas to determine reasss/al from each procesEracer tests anshmples
from bubbles rising uputside the ofigas containmenwere used to e quantify mass missed by the
off-gas collectiorsystem.

5.1 Mass Removal via OffGas Collection System

Mass removal rates are deébed in greater detail in the following subsections.

5.1.1Laboratory results
See Section 3.3.2 for a discussion of analytical methods and sampling rationale. The overall trend for lab

results is provided on Figure 5.1. Note that benzene is not included because it was not detected in any of
the analyses.
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Figure 5.1 Laboratorgesults over the course of sparging (hours of operation shown only).

The gas concentrations peaked in the first 16 hours of vapor extractionfromelximum peak midday

on April 29, the 18 hour of sparging) with a relatively steady draff. The second peak at
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approximately 100 houristo the experiment corresponds to a switch to air injectiorBaBkdrigure 3.2
for injection locations. The third injection pointZ) turned out to be partially blocked, as discussed in
Section 4.1, and allowed only a minimum of air flow, causingdéf-gas concentrations:2 was used at
approximately 140 hours into the experithand from 23240 hours. Seeifure 5.2for injection points
used

Several of the sharp low points on Figure 5.1 correspond to the low concentrations at system startup or
restart days after the systdrad beemast stopped, e.g. at 50 and 110 hours. The box covered an area of
approximately 50 fmand was an average of 0.4 m high, so the total volume of air wa$ 28suming

the water table to be at about ground surfadéh h average offjas flow rate of 0.1 (3.7 ff) per

minute, it would take approximately 37 minutes to remove the air that had been originally trapped in the
box.

This air inside the box above ground surface is likely to have anomalously low hydrocarb

concentrations due to biodegradation over the relatively long periods of inactivity. The air temperature

inside the box was significantly higher than the expected ground temperature because the liner was black
vinyl and significantly warmer than the sounding air temperature. The subsurface temperatees

not expected to be significantly higher due to the insulating properties of the saturated soil. Therefore,
biodegradation rates for air trapped in the box above ground surface for several dagsamagnalously

hi gh, causing fcleaner o6 air t hah#saicasequenttwedirstl y pr es
samples taken within 30 minutes after system startup after more than one day of inactivity were not

considered to be representatofesubsurface hydrocarbon gas concentrations.

sample date gap (days) Sampleremoved
4-May-2008 4 9A-SVE-1
8-May-2008 3 13A-SVE-1
12-May-2008 3 19A-SVE-1
18-May-2008 2 33A-SVE-1
25-May-2008 6 40A-SVE-1

1-Jun2008 4 51A-SVE-1
10-Jun2008 4 76A-SVE-1
17-Jun2008 4 92A-SVE-1

Table5.1 Samples removed from analysis
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After removing these sampless well as severaampleghat were anomalously low compared to the
overall daily trend (see Secti@nl 4), the remaininglatawereaveraged over hourly intervals to show
trends more cley. See Figure 5.2.
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Figure 5.2 Adjusted petroleum hydrocarbon results over the course of sparging.

In Figure 5.2, the brackets at the top of the figure indicate which injection wells were sparged. Blue
brackets indicate thatl was sparged, red indicates th&Was sparged, gray indicates th&twas
sparged, antllack indicates that the three injection points were alternated (about 3 hours between
injection well changes).

The data also shothat the more volatile compounds were removed preferentially. In order show this
more clearly, the relative percent changedncentration was determined for TEX, pentane, and hexane
using the following equation.

%,, = Cu Qo0 (5.1

TPH

In Equation 5.1, %is the percent change in concentration for the hydrocarbon in questianth@e
hydrocarbon concentration (ug/L), angs@is the TPH concentration (ug/L). TPH was used because it

encompassethe totalmassof hydrocarbons removed. See Figure 5.3.
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Figure 5.3 Concentrations shown as a percent of TPH

Pentane and hexane were put on the right a#gure 5.3 in order to show the loweoncentration
hydrocarbon trends more clearly. The most volatile compoumdhe one with the highest vapor

pressure) analyzadlas pentane. For the first 70 hours, pentane concentrations were the highest of the
individual compounds analyzed. The pentane concentration proceeded to drgpeoftifan the TPH
concentrationStarting at about 100 hours into the experiment, hexaneentrations became slightly

higher than the pentane concentrations. The increased relative hexane concentration coincides with the
switch to I3 from the initial central point{1) at 100 hours. The relative hexane concentrations started
increasing anthe relative pentane concentrations started decreasing approximately 30 hours into the
treatment.

The BTEX concentrations remained low compared to the TPH concentration. The exaeptabsurge

from 230 to 240 hours during operation, where the TPHrazentration was extremely low and the

relative concentrations of the compounds detected (pentane, hexane, ethylbenzene, and p/m xylene) were
the highest seen during treatment. It is important to note that the concentrations did decrease in absolute
terms;however, they did not decreasearly as much as the total TPH decrease. This suggests that the
residual in the vicinity of-2 may either have a different composition, or that the other hydrocarbons
otherwise present had been drawn off already by theatemint.
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Kirtland et al. (2001) suggest that BTEX compounds are among the first hydrocarbons removed during
gasolineSVE; however, these results show higher pentane and hexane concentrations igakeantf
relatively small amounts of BTEX removeddhighout treatment.

bl 12Raoul t 6s -baaw and off
The hydrocarbons should volatilize according to their vapor pressures, with thelk#s compounds
making up a greater proportion of the source mass as treatment continues. This can be seen i8,Figure 5
which shows that the lighter hydrocarbons were removed first. The field results can be compared to the
theoretical relative removal rates. These can be
determine the source zone composition in Sectiéri Z-or gases, the vapor pressures @otdsolubility
areused to determine concentr at i ogashyNdsang2007),lus | aw w

in this case the number of compounds is much larger.

RT

In Equation 52, C is the gas concentration (g/L) in equilibrium with the NAPL sourgds tine

molecular weight (g/mol), P is the vapor pressure (Pa), X is the mole fraction of the hydrocarbon in the

NAPL, R is the gas constar@314.4 L*Pa/K*mol) and T isthetempéraur e (283 K) . The
law program designed by Fraser (2007) was modified so that the concentrations were determined

using Equation 5.2 above.

The source composition and vapor pressures used in this calculation are provided in Table 5.2.

The pretreame nt source composition was determined u
(1260 days after emplacement) as described in Section 2.6.1. This is only an approximation, as
Section 2.6 discusses. It neglects potential biodegradation over 4 years andpécified

gasoline components make up more than ¥ of the total. The vapor pressure for the source is
considered to be the same as the original emplaced gasoline composition due to a lack of other
evidence for the praeatment vapor pressure. AR1-1 gasoline has a Reid vapor pressure of

8.5, which was converted to a standard vapor

figure. Individual vapor pressures are from Montgomery (2000).
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compound mass at 1260 dayg) | % totalmass| vapor pressuréPg
2-methylpentane 1340 5.99 29,038
1,2,4trimethylbenzene 578 2.59 270.6
n-hexane 570 2.56 20,000
n-pentane 514 2.31 70,120
n-butane 510 2.29 242,700
toluene 431 1.93 3733
m-xylene 412 1.85 1107
3-methylhexane 410 1.84 8213
2,3-dimethylbutane 397 1.78 31,280
2-methylhexane 393 1.76 8786
2,3-dimethylpentane 308 1.38 918
n-heptane 308 1.38 5999
ethylbenzene 242 1.09 1293
p-xylene 165 0.740 1173
o-xylene 117 0.523 879.9
1,2,3trimethylbenzene 57.2 0.257 201.3
All Other Compounds 15,500 69.7 4903
total 22,300 100 13550
Table5.2Valuesusedforoffas Raoul t 6s | aw cl¢

The use of air flow rates through the subsurface based on the actual rate of airflow injected into

the aquifer is problematic because Raoultds
the portion of the aquifan question. The air flow through the aquifer is difficult to predict
because air is compressipgnd as discussed in section 4.1.3, the air was trapped in the
subsurface, causing mounding. Tomlinson et al. (2003) found that airflow in the aquifer
continued for up to 5 hours after sparging ended. In addition, the system was operated in pulsed

mode and air was injected less than half the total treatment time.

Taking into account the time when the sparging portion of the system was not operating, the
averge air flow rate into the aquifer over the sparging period was 14 L/min. The air collection
system averaged 9 hours of operation per day, so if the flow out lasted 15 hours, then the overall
flow rate would be 8.4 L/min or 0.504%our. This is about 1/the rate calculated initially in

Section 3.1. The pore volume was assumed to be O® & mliscussed in Section 3.1, so each

time step for the calculations was 21.4 min or 0.357 hr.
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Figure 5.4 Mole fraction of hydrocarbons in-gffis accordingt®aoul t 6 s | 3

Note that the top of Figure 5.4 has been cut short to better show the trends for most of the
hydrocarbons. 1,2;4MB has a peak of approximately 0.35 at approximately 25 hours. As

expected, the least volatile compounds make up a larger proportion of the molar mass of the off
gas after the more volatile ones are removed. Figure 5.4 is somewhat cluttered because several of
the lighter hydrocarbons (butane, pentanme2hylhexane, andeptanes) made up a smaller
percentage of the overall mass. See Figure 5.

compared to the initial value over time.
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Figure 5.5 C/Gof hydrocarbonsinoff as according to Ra

Figure 5.5 shows that of the compounds that were determined using GC, the hexane would have the first
peak, followed almost immediately by pentane. Benzene was not included in this simulation, since it was
expectedo have such a low concentration in the source zone. Toluene would be expected to have an off
gas peak concentration slightly ahead of ethylbenzene and the xylenes, but as Figure 5.2 shows, the TEX

concentrations remained low relative to hexane and pethaoughout treatment.

5.1.3PID results
The PID datareproblematic because the instrument was connefeastream ofhe vacuum pumps,
which allowed dilution, as discussed in Section 4.2.1.See Table 4.1 for dilution factors. The
concentrations recorded by the PID never went above 500 ppm, so concentrations were well within the

operating range of the instrument.

Becausef this uncertainty, PID results have only been used to establish the trends between GC samples.
Duplicate TPH samples analyzed using the GC were within 3% on average, with a detection limit of less
than 5ug/L, so the TPH samples are considered to bepnecise than the PID data. The PID data do not
show any short duration peaks that would have been missed by the sampling schedule adopted, so it

confirmsthatthesample<ollectedwere representative of the overall trends of hydrocarbon removal
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Note thatthe PID data wrecollected every 10 seconds andéaccasional peaks and dips whae PID
was removed to check calibration or <col
The PID recorded data every 10 s, but this turned out tmbesldy, so the data was averaged over 2

| ect

minute intervals. Data averaged over 2 minutes did not miss or minimize variation significantly,

especially over longer periods.
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Elapsed time (hours)

140

Figure 5.6 PID detections for the first half of treatment

Figure 5.6 shows that the PID response had an initial single peak at approximately 5 hours into the

ot her

experiment. This corresponds to a similar elevated concentrations found in samples submitted for GC

analysis. Th slight peak at approximately 100 hours into the experiment corresponds to the change to

injection point 3 and again, an elevated concentration in the GC samples. The large peak from 16 to

22.5 hours appears to be disconnected to the rest of the kuswdue to minimal dilution of sparged gas

compared to the rest of the treatment period, as seen from the round 7 and 8 dilution data (Table 5.2 on

the previous page). It does not correlate to the measured concentration in the GC samples. Also, the PID

calibration was checked in the morning and afternoon and gave a response within 10% of the calibration

gas, so the instrument calibration was not the reason for this anomaly. PID readings other than this were

fairly consistent from one day to the next, hewn in Figure 5.7.
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Figure 5.7 PID concentrations for the first 50 hours of treatment

Note that some of the individual PID readings do not fit with the general shape of théndtigere 5.6
and Figure 5.7.e. at hour 50. These points are from when the instrument was removed from the
discharge line to check the calibration at 0 ppm and 100 ppm isobutylene, or when the instrument was

turned off temporarily to clear an obstruction in the tubing or filter.

The RD values for Figure 5.6 were divided by the dilution factor. However, since the dilution factor
varied significantly, an equation was determined for each line segment between dilution factors. This
provided a curve to normalize the PID data. When thi®ige, the high concentrations from April 30
disappear and the PID data is more aligned with the curve of the GC hydrocarbon data. Se€Figure 5.

This was done because D data points were only 2 minutes apatrt.
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Figure 5.8 PID concentrations foretfirst half of treatment normalized to dilution rates

5.1.4GC/PID comparison
The field plan originally specified the use of a PID in conjunction with samf@inGC analysiswith the
assumgpion that the curve of the PID concentrations collected every 10 seconds could be used to calibrate
the BTEXGC data. However, the changes in overall VOCg#E were relatively small compared to the
BTEX sampling rate and the resulting curves were gdgesall matche. The BTEX concentrations
were relatively low compared to the complete hydrocarbon mass as measured by TPH, so TPH was used
when comparing PID data to samples analyzed byT®BE curves matched better for later pericaftet
50 hours intdreatmeny, with a generally good fit with a 5:1 PID:TPH ratio. An exampl€iggire 59,

from June 1SeeAppendix Bl for daily comparisons of PID and lab analysis concentrations.
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Figure 5.9 June 1 PID and lab analysis concentrations

The BTEX and TPH dataevenot generally adjusted toetter fit the PID results. Three samples were
anomalously low compared to their respective PID curves:3WB-4 from May 4, 13BSVE-2 from
May 8, and 26BSVE-2 from May 14. These anomalies likely reflected the difficulty of keeping the
samples aitight during sampling, while filling vials, and during analysis, and so were remofiese T

samplesare circled in the daily VOC graphs in append. 1.

5.1.5Mass removal calculation
The mass lost through volatilization was calculated uEmgation 4.8. The offjas collectiorsystem
removedgas at the rate of anywhere fr@&% to 170 L/min(3 to 6ftmin) over the treatment periot
the flow rae varied over a certain time period, that value was divided by the number of samples to get
flow ratefor each shorter perio@he resulting mass extracted is based orpaifit average (hourly
sampling points) and removal of the points discussed tioeed.1.1 and 5.1.3. Calculation spreadsheets

are provided in appendix D.4. SEable 5.3 for details.

The cumulative mass lost is provided in FigurEO5Cumulative mass was calculated udtdugiation 4.8.

Note that the TPH mags presented on the secondary axis, as it is significantly higher than the others.
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Figure 5.10 Cumulative mass removal over the course of sparging

The figure shows that the mass of pentane removed had started to plateau, while the hexane mass lost was

still increasing at the end of the experiment. The curve of overall TPH mass removal showed the same

increase whethe second injector was startedgpproximately 100 hours), but the curve had started to

level off somewhat by the end of the experiment. The cumulative curve indicates that the mass removal

rate was declining, but that mass was still being removed.

As discussed in Section 2.6.2, the percent mass removed was based on a source determined using

Raoultds | aw. Cal cul ati ons

o fandtthe Eeersstoaumeticodre z o n e

generally much lower. Table 5.3 also includes the estimatedeseane mass based on the 2007 soll

cores.
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P/M- O- Total TPH
Pentane Hexane| Toluene| Ethylbenzeng xylene | xylene| P.HTEX| F1
total mass
extracted(g) 414 312 1.5 16.8 34.9 6.6 786 4590
eas&‘ggf Zon€ 563 622 246 267 182 | 194 | 2070 | 22300
% extracted 70 50 0.6 6 6 3 30 20
est.source zoneg B B a1 60 107 47 B B
mas$
% extracted -- -- 4 30 30 10 -- --

Table5.3 Contaminant mass removed via SVE sysieh= Raoul t 6s Law,

Note that benzene was not included in Table 5.3 because it was not detected in any of the air samples.
Benzene was not expected to be present in the sou
are not forthe same suite of analytes because thgadfwas not analyzed for the heavier hydrocarbons
measured in the soil cores, and the soil cores were not analyzed for the lighter hydsod¢éol@ver,

soil core data shothat the relative percentage of BTEXngmounds removed may be higher than

calculated based on Raoultdés | aw al one.

5.1.6Potential additional mass removal
Hydrocarbons were still being removed when the system was shut down, as discussed in.$&tion 5
Therefore, the curves indure 510 wereextrapolated out to determine how much more mass would be

removed if sparging had continued until 500 hours, approximately twice as long as actual treatment.
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Figure 5.1 shows that the cumulative mass removal rates had started to pleb&u5.4 shows the
extrapolated mass removal rates if treatment had continued up to 500 hours under similar conditions. The

Ra o ul t dimatelfoathe saurce zone is the only one considered here for simplicity.

P/M- O- Total TPH
Pentane Hexane| Toluene| Ethylbenzeng xylene | xylene | P,H,TEX| F1
% extracte({zgo hr) 74 50 0.61 6.3 55 34 31 21

mass extracted, g

(500 hr) 440 315 5 30 50 20 860 5000

est. source zonmass| 563 622 246 267 182 194 2070 | 22300
% extracted500 hr) 77 50 0.66 11 7.6 10 28 22
Table5.4 Extrapolated contaminant mass removed via SVE system (at 500 hours)

Table 5.5 shows that if treatment were to continue, the total source mass removal (as measured by the F1
fraction of TPH) would be less than 10% higher than the mass removal at the actual end of the

experiment.

As treatment continues, more effort (more air injected and extracted, and therefore longer equipment run

times) is required to remove less mass.
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5.2 Additional Mass Loss from Volatilization

The air flow rate outside of the box was estimated to be 3.4dghdiscussed in Section 4.2.3. The

samples taken from the air leaks outside the box do not have a simple relationship witlgéise off

samples collected at the same time, as thgadfcollected by the treatment system is an average

concentration of a och larger volume of air. For this reason, a weighted average of the air leak samples

was used to determine the average hydrocarbon mass removed via leaks. Mass was determined using

Equation 4.8. Table 5.5 shows that the leaked mass is insignificant @ahpdahe mass removed

through the SVE system. Even a leakage rate an order of magnitude above the rate calculated would not

have a significant effect on the calculated mass removal.

P/M- O- Total TPH
Pentane Hexane| Toluene| Ethylbenzeng xylene | xylene | P,H,TEX F1

total masgrom | 05 | 595 1.8 17.6 364 | 7.9 793 | 4598

system(g)
total masdrom | 5 45 | (42 ND 0.0063 | 0.012 | 0.0024| 0.88 7.7

leaks(g)
0,
% of total mass| ) | 0.1 - 0.04 003 | 003 | 01 0.2
lost from leaks

est.mass in 573 624 758 277 658 | 202 3090 | 22,900
source zon€g)

Tableb.5 Total contaminant mass volatilized
Again, only Raoultés |l aw estimates of thee source

estimatesnay be higher thathe actual source zone mass.

5.3 Biodegradation

Air samples were analyzed for,@nd CQ to determine the effects of degradation, as discussed in

Section 3.3.2.

5.3.10, and CO;, trends

The G and CQ concentrations over the treatment period are showrigure 5.12
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Figure 5.12 @and CQ concentrations over treatment period

Analyses for CQand Q were performed on a gas partitioner, as discussed in Section 3.2.2. The
instrument stopped working partway through the test, and onjyc@@entrations could be determined.

On June 5, sample analyses were delayed and so these samplesd@ 8durs into the test) were

suspect and were removed from the analysis. The gas partitioner was repaired for the samples 243 hours
into the test anbbeyond; CQwas then analyzed on both machines. The @ues were withiri0%for

each machine and not consistently higher or lower for one machine, so the values were averaged.

The first few hours of the test shows some scatter, which can be attribtiednfluence of the air

originally within the box but not necessarily from soil gas. As discussed in Section 5.1.1, approximately
37 minutes of sparging was required to flush the box. Frgpnoximately2 to 10 hours into the test, the

air concentratios were consistently 0.0314 % and 0.0476 % lower than atmospheriend@,

respectively. These are not believed to be from instrument error fpra8@amples of the injected air
generally had 0% COO, tracer samples were more erratic, with conceioimatbetween 20.67 and

20.85; however, these were higher than thegaff concentrations. These concentrations were taken as the
background soil values.

CO; concentrations are expected to be inversely correlated witbr@@entrations during aerobic
biodegadation of petroleum hydrocarbons, gd€used up and C{produced. SeEquation 3.1 and

Equation3.2. This correlation has been found in several field studies (Aelion and Kirtland, 2000; Yang et
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al., 2005). This can be difficult to see in FigureX5db it was assessed using the daily data. An example

is givenin Figure 5.13curves for thetherdays are provided in AppendixB

2.5 21

2 20.5
&5 17 —s—svecoz 20 N
8 ——atmospheric CO2 o)
< SVE 02 X

1 H atmospheric 02 / \. 19.5
0.5 19

0 18.5

8:00 10:24 12:48 . 15:12 17:36 20:00
time
Figure 5.13 June 2and CQ concentrations

The data do noth®w a clear inverse correlatidRather both sets are relatively close to the background
value at system startup in the morning, diverge from background during the day, and trend toward

background level at the end of the day, when the air sparging system had been turned off for at least two

hours.

After the results were adjusted as discussed in Section 5.1.1 and Section 5.1.3, they were plotted against
the lab TPH curve to examine possible trends. Spe€5.14. The data from only the first 180 hours of
the experiment were graphed in order to show the correlation betwe@®and TPH data more

clearly, as well as to show as much of thad@ta as possible before instrument breakdown.

Relative Q ard CQ, concentrations were determined by compatiregnto background concentrations

from the offgas samples collected prior to starting sparging at the beginning of the test. The normalized
O, concentration is the percent Qubtracted from the backgroundncentration of 20.90%. The

background C@concentration wabelow the MDL, so the percent CQlid not need to be normalized.
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Figure 5.14 Relative £and CQ concentrations plotted against F1 TPH

Figure 5.4 indicates that the offjas collection system did not start removing,@@til approximately 13
hours into treatment, which was the same time as maximum TPH peak. The relative percernenti€O
to drop sigificantly (e.g. CQ concentration returns to atmospheric concentrations) at the same time that
the TPH cocentration drops significantli.his was exemplified bthe relatively step CG; drops at 30

and 46 hours. Oxygen levels have similar spikes upwawh(d atmospheric concentrations) at the same
time. These indicate periods of dilution, usually from system startup. In general, flda@@ends to

follow the curve of TPH concentrations better while thal@ta tends to return to similaprmcentrations

One exception occurred at approximatetyir 140, when the TPH concentration and relative percentage
of O, droppedsignificantly. This corresponds to the first time the air sparging was switched to the last
injection port (12), which was partially blocidoy a tighter formation. One explanation is that the small
amount of air that was pushed into the formation pushed out some extrem&ly fmthat was

otherwise trapped. Thisiggestdhat the biodegradation will depend on permeability as well as

contaminant and @loading. It suggests that low permeability sections may not be receiving suffigient O

One concern with these trends is that thel@amay reflectinstrument erroto some degrediowever,
as discussed in Section 3.2.3, the concentratiean appear to reflect field conditions rather than

instrument error.
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5.3.2 O, removal and CO, addition from baseline
The G and CQ concentrations were reported as % by volume. These values were converted to a mass
concentration by using tHellowing equation

c=5&" 5.3

In Equation 5.3, C is the mass concentration (g/)i&G t he reported concentrati
is the gas density at atmospheric pangGFxure and 25
respectively, ide, 2008). This was converted to a mass of §dned and @lost usingequation 4.8.

Based on this, the total mass aofl@st was 10.2 kg and the total mass of,@&ined was 21.5 kg over the
course of treatment. The total treatment time for the W& 280 hours and for the @ata available was
235 hours. Since 45 hours of @ata were lost, the rate of @ass loss was assumed to be consistent

throughout treatment and the total mass pfoSt assumed to be 12.2 kg.

Kirtland et al. (2001) assuméidat 25% of the carbon in the system was converted into biomass, and 80%
of the CQ in the offgas was from mineralization and 20% from plant respiration, based on radiocarbon
measurements. The treatment area was covered prior to the start of plant gnovwtdmoval of the

treatment box showed minimal plant survival. However, removal of the outer walls found a large number
of ant colonies between the vinyl and the plywood, so ther@®s in this study are assumed to be 90%
from mineralization, with noantribution from plant respiration and some additional biological

component. Therefore, the total mass of,@&ned was adjusted to 19.4 kg.

Kirtland et al. (2001) also assumed that hexane could be used as an approximation of the bulk
biodegraded gasolimaass. In this case, the oxidation of the gasoline mass would be represented by

Equation 54.
CeHis+9.50, Y 6CO, + 7H,O (5.4)

CO; has a molecular weight of 44 g/mol, so the total mass efgaided would be 439.8 mol. Equation
5.4 suggests a 6:1 G@o gasoline ratio, so 780l (6.3 kg)of gasoline would be mineralized. If 25% of
the carbon from the gasolineeveconverted to biomass, as suggesby Kirtland et al., then 8¢y
gasoline was removexb a result obiodegradation. ©has a molecular weight of 32 g/mol, so the total
mass of @lost would be 38mol. Equation 51 suggests a 9.5:1,0gasoline ratio, so 40.1 mol 8kg)

of gasoline would react withOThe CQ biodegradation rate is therefore 6.6 times that of the O

biodegradation rate.
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The difference between,@nd CQ-derived biodegradation rates may be due to several factors. Aelion

and Kirtland (2000) suggest that differences in biodegradation rates may be due to errors in the amount of
carbon that is converted t@mass (i.e. less than 25% of carbon was converted to biomass),

mineralization of native organic carbon, or carbon precipitation from carbonate soils. In this experiment,
errors in biomass conversion are not sufficient to explain the difference in biddgégnarates, and the

aquifer contains minimal nehydrocarbon organic materiah addition, aquifers tend to resist changing

redox states because the aquifer material acts as an oxygen sink for anaerobic aquifers (Barcelona, 1991).
Therefore, the oxygeim the offgas may give a lower biodegradation estimate.

Another source of error is in Equation %gelf. Hexane has been suggested as the closest analogue for
weathered gasoline, as discussed, but if the residual gasoline has a different C:H histigtibtvaries
depending on where the contamination is, or if the gasoline is not completely mineralized, the gasoline

mass derived from the;@nd CQ measurements may be off.

An average of the £and CQ biodegradation rates suggest that 22% of thesmamoved was through
biodegradation. This is higher than the 15% suggested by Johnson et al. (1998), but withi2b¥te 15
range suggested by Hinchee (1991), and the 23% suggested by Kirtland et al. (2001). Yang et al. (2005)

found biodegradation ratep tio 78% during active pulsed sparging.

Yang et al. (2005) and Johnson et al. (1998) suggest that biodegradation should proportionally remove
more of the mass as the system continues to operate. This appears to be the case for this system. Figure 5
13 shavs that the @and CQ concentrations (and therefore mass removal calculated based on those
concentrations) were relatively consistent throughout the experiment while the mass removal rates from
volatilization decreased over time.

5.3.3 Individual compound biodegradation
Aerobic biodegradation rates from air sparging can be considered analogos#guasoil vapor
biodegradation rates, which have been studied previously. Compounds with a faster vapor biodegradation
rate should make up a larger proportidrihe biodegraded mass. Hohener et al. (2003) examined
biodegradation rates of a number of common gasoline components. Using column experiment results,
which were considered to be more representative than batch experiment results aedrstaEned

than field data results from lysimeters, they determined the following biodegradation rates for compounds

in the source area (based on Raoultdés law): <0.01

toluene, 3.28/day for mylene, and 4.94/day for 2,4-TMB.
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The overall mass of individual compounds biodegraded depends on a large number of factors that are
difficult to quantify, including the mass retained after volatilization at a given time and the interaction of

the air with various pockets of gdis@ residual. This is likely the reason why most air sparging studies
examining biodegradation, such as those by Johnson et al. (1998) Aelion and Kirtland (2000), Baker et al.
(2000), and Yang et al2Q05), report biodegradation rates only for the hydrbbon mass and not for

individual compounds. The biodegradation rates do indicate that more of the TMB and xylene are likely

to have been removed through biodegradation and that pentane and hexane are less likely to be removed.

5.4 Total Contaminant Mass Loss

The total mass removed via volatilization was calculated as 4.6 kg, 21% of the total mass estimated in the
residual source, as described in Section 5.1.4. The total mass removal via biodegradation was estimated at

4.9 kg, or 22% of the total estimatedss. The total contaminant mass lost is about 9.5 kg or 43%.

The mass estimate removed depends on the initial source mass, as discussed in Section 2.6. The total
percent removed could vary between 20 and 60 percent of the residual source mass. THegsevient
leakage outside of the box is much smaller than this variation and is not anticipated to significantly

impact calculations of the mass volatilized.

71



Chapter 6: Plume Impacts

6.1 Hydraulic Conductivity

In June 2007, additional slug tests were perforfraa the row 2 opeiscreen well$o determine the
hydraulic conductivity for each and thus deterndisehargehrough each wellSee Section 3.4.2 for
slug test methods and Figure 3.2 for well locatidiee dischargelatawerecompared to the results from
the multilevel wells to get a better understanding of concentrations downgradient of the source areas.

The Bouwer and Rice method (1976) was used to measure conductivity in welliR&Through E
andE10-R2-A through E. It uses the following equation:

2L ty,

where ¢ = casing radius, L = intake length,* radial distance between the undisturbed aquifer and the
well center, R= effective well radius, ¥= initial drawdown, and Y= vertical distance between the
water level in the well at time t and equilibriuhe effective radius is not determined empirically;

instead, the following equation is used to complgieation 6.1:

¢ 11  A+BIn[(D- H)/r]e
| = + UEN
"R i) I T

where H = the distance from the water table to the bottom of the intake, A and B are dimensionless

coefficients that are a function of L/rw (taken from a graph), and D = the saturated aquifer thickness. Y

Y., and t are determined from a graph of lttwarithmic change in head {h) with respect to time.

For these wells, the total aquifer thickness is 7y 1.5 in or 0.0381 mgr= 1.25 in or 0.03175
m; L=5.03m; L/ =132 (so A=5.4and B = 0.9) and the total well depth = 5.41 m.

Hydraulic onductivities fo each well are presented in Table 6.1. The GMT wells are located in a cell

that was not used for this work, so they are not discussed further. Slug test figures and data are presented

in appendix D.2.
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K (m/s)
Well ID falling head | rising head notes:
E10A -- 9.54E06
E10B - 1.60E05
E10B* 1.63E05 1.51E05 | falling head: poor line fit
E10C - 1.14E05
E10D - 9.54E06
E10E 1.36E05 1.51E05 | falling head: best fit line 0 above actual 0
GMT-A - 1.05E05
GMT-A* -- 1.15E05
GMT-B - 1.09E05
GMT-C 1.02E05 1.49E05 | rising head: poor line fit
GMT-D 1.85E05 1.75E05 | falling and rising head: poor line fit
GMT-E -- 1.18E05
-- indicates that line fit was not possible with the data
*repeat of initial test
Table6.1 Hydraulic conductivities for opescreened row 2 wells

Falling head tests were not performed on wells screened across the water table during testing, and the two
wells in whichthe tests werperformed had inferior results. Therefooaly rising head tests were
considered.

6.2 DischargeComparison

Contaminantischargavas measured using the opsareen wells and mutevel wells in row 2. See

Appendix D.5 fordischargecalculations.

6.2.1 Multi -level well masdischarge
The multilevel wells have been used to monitor the E10 plume since source empladédmemiass of
contaminants migrating through row 2 per unit of time was calculated Usingtion 6.3 below
(Augustine, 2007).

My=8 &R (63
i=1

In Equation 6.3, M is the masslischarggmg/day), gis the darcydischargeat sampling point | (0.03
m/day assumed for all points); i€ the concentration at sampling point | (mg/L), andsAhe cross

sectional area of sampling point | perpendicular to flow. The sample intervals are the same except for the
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bottom interval, which is significantly larger than the others. Therefore, thesgoenal area has been

calculated a$.216 nf for all points exept for the two deepest points, which were calculated to be 0.864

m>.

6.2.20pen screened sampling comparison
The operscreened wells were added to characterize diaskargeover the entire section of aquifer. The
open screened wells were added because slug tests can be performed. Hydraulic conductivity data from
the slug tests give a more accurate picture of the disslsargeover the entire screened interval.

Investigatos do not agreevhich method is the most representative for sampling ansgeened well. A
common method is to simply purge the well before sampling. EPA technical guidance suggests
monitoring the purge water for stabilization and collecting sampleg lmimflow methods (EPA, 1992).
Ontario Ministry of the Environment (MOE) regulations suggest that any methods that assure a

representative sample are acceptable, as long as the sampling is carried out consistently (MOE, 1996).

In order to determine whiabpenscreen samplinghethod was most appropriate for the Borden aquifer,

samples were collected using the methods described in SedibnSee Table 6.2 for groundwater
BTEX results.

Benzene | Toluene Ethylbenzene | P,M-xylene | O-xylene
multilevel 53.1 1613.6 1065.9 2122.1 800.2
method 1 54.4 883.7 1227.2 2452.4 830.6
method 2 12.8 256.5 185.0 369.0 143.1
method 3 10.1 133.3 114.9 215.8 74.5
method 4 9.9 167.6 133.8 270.0 92.1
Table6.2 BTEX concentrationgug/L) from well E

The first method produced significantly higher concentrations than the others. Methods 2 and 4 most
likely had lower concentrations because of volatilization from filling and transferring fxate larger
containers. Method 3 minimized volatilization but is less likely to be representative of the aquifer as a
wholebecause of the much smaller section of aquifer sangplddnay have inadvertently targeted a
section of relatively uncontaminatgdoundwater. Based on these results, Method 1 was used for post
treatment groundwater sampling of the opereened wells.
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6.2.30pen screened masdischarge
The masslischargdrom the operscreened wells is determined uskEguation 6.3. In this case, the wells
were screened below the water table so the esestional area, ;Ais based on the entire screened
interval (4.8 Mfor wells A and D, 3.6 fifor wells B and C, and 2.4%for well E). Note that for these
calculationswell E is considered to be within row 2, as it is 0.5 m directly behind well 3. The darcy
dischargeq, is calculated from Equation 6.4 (Freeze and Cherry, 1979).
dh
=-K— 6.4

g di (6.4)
In Equation 6.4, ghas units of m/day, K is the hydrautionductivity (m/day) from the slug test results,
and dh/dl is the hydraulic gradient (4.3510nitless] from Sudicky, 1986).

6.3 Immediate Plume Impacts

The average groundwater velocity is estimated at 0.09 m/day, so it would take approximatelyf80 days
groundwater in the center of the source zone to reach row 2. June 23 was the final day of sparging and the
day that the Sfwas injected, so groundwater samples were collected on July 31 (38 days after SF
sparging) for the mukltievel wells and August 1 for the opeoreened wells in order to intercept the

expected Sgplume. Results from this time would also be expected to yield the lowest hydrocarbon

values prior to any potential rebound, because tligrgiwater would be from a fulgparged source.

6.3.1 SFK; concentrations
Sk, data for row 2 is shown on Figure 6.1. Note that this cross section is shown facing downgradient with

well IDs from left to right to be consistent with previous work at this site
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Depth well ID
(m) 6 5 D 4 C 3/E B 2 A 1
1.5 0.2 2.6 0.4 <DL 11.9 0.5
168 | ND | <DL 0.2 5.5 1.7 0.2
1.86 | <DL | <DL 0.3 52.6 2.8 <DL
2.04 | <DL 1.0 18.9 43.9 25.0 5.3
222 | 0.3 0.3 22.0 17.4 43.8 16.1
2.4 ND ND 5.9 <DL 2.0 17.1
multi- 258 | ND 0.3 8.6 4.8 34.6 0.7
level 2.76 | <DL | <DL 33.6 <DL 5.3 <DL
wells 2.94 ND ND 55.1 20.8 7.7 40.3
3.12 | ND 0.2 31.8 5.5 156.1 99.1
3.3 ND 3.6 33.1 176.1 - 53.4
3.48 | ND 8.5 5.4 50.8 120.5 9.6
3.66 0.4 <DL <DL 23.1 9.4 1.4
3.84 -- 0.2 10.8 42.3 21.7 <DL
4.84 -- 1.5 1.1 400.4 1707 505.5
open screened wells 229.2 11.3 | 29.8 | 13.0 249.3
>1000=[ | 1001000=] | 10100=[  J110=[  |<1=[ |
not sampled § |
Figure 6.1 Cross section of Séoncentrations in groundwatgrg/L)

The method detection lim{DL on Hgure 6.1) is ug/L. Three intervals were not sampled because the
tubing was missing. Also note that opsgreened well E is approximately 0.5 m downgradient of the rest
of row 2, as iis directly behind multilevel well 3. Therefore, thesSBncentration may be lower than

expected because the bulk of the Slime has not reached the well yet.

Firgure 6.1 shows that most of the dissolved f&#m sparging is in the lower portion of ttreatment

area. The multievel wells on the left facing downgradient have the lowegtc8Rcentrations, which is
consistent with previous hydrocarbon res(iitecanu, 2007and show that the plume is not perfectly

centered in the cell. The highest camntcations of Skare generally at the bottom of wells 1 through 3,

with the peak concentration in well 2. The lack of 86verage on the left side of the well network is not
surprising because the plume is not centered within the cell; but rather, the center of the plume is closer to
well 3, as discussed by Mocanu and shown in thengament data in Figure 6.2Zhereforethe

groundwater flow would carry the §HBlightly to the right. However, the maximum concentration of SF

is to the right of the plume core, suggesting that mogan@E added via the injection wells on the right

side. This supports evidence presente@hiapter 4 that relatively little air was injected usitty kither

because of well construction problems or relatively-fievmeability aquifer material.
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6.3.2 Total hydrocarbon plume morphology changes
Figure 6.2 on the following page compares totalrbgdrbon (BTEX, TMB, and naphthalene)

concentrations in groundwater before and after treatment.

July 2008 total VOC concentrations

Depth well ID
(m) 6 5 D 4 C 3/E B 2 A 1
15 | 89 | 8.0 1.2 0.0 0.0 16.1
168 | 3.2 | 7.0 0.9 0.0 0.0 19.6
1.86 | 0.0 | 5.9 1.6 6.6 2.6 27.5
204 | 21 | 3.9 0.0 25.4 3.7 26.2
222 | 0.0 | 12.9 2.6 53.7 6.2 0.0
24 | 0.0 | 315 12.4 46.2 12.4 12.6
multi- | 2.58 | 0.0 | 1.9 19.6 42.6 12.9 15.5
level | 2.76 | 0.0 | 1.8 82.5 16.7 15.9 16.1
wells | 294 | 0.0 | 15.0 12.5 51.3 59.9 15.1
3.12 | 09 | 5.1 25.1 142 37.2 4.2
33 | 0.0 | 3.6 28.4 221 -- 25.4
3.48 | 0.0 | 0.0 31.8 3841 321 67.0
3.66 | 0.0 | 1.4 70.2 20775 5158 97.8
384 | 00| 14 3.8 19096 13117 54.2
484 | 0.0 | 1.6 43.6 14.7 11.3 0.0
open screened wellg 2.98 8.84| 652 | 169 24.7

June, August 2007 total VOC concentrations
Depth | 6 5 D 4 C 3/E B 2 A 1

1.5 [39.5] 0.4 1.5 4.8 0.0 44.5
168 | - [ 1.9 1.5 4.2 0.3 12.1
1.86 [315] 2.3 0.4 2.4 0.1 9.0
2.04 [ 20.7] 0.3 0.0 1.7 0.3 8.7
222 [16.5] 4.1 0.3 2.2 0.2 9.8
24 [117] 17 0.2 2.5 0.3 3.4
multi- [ 2.58 | 9.0 | 2.8 0.0 3790 0.0 5.7
level | 2.76 | 8.5 | 0.3 0.1 4.6 3.9 2.7
wells | 294 [ 9.1 | 2.2 0.1 20583 2.3 9.2
312 | 41 | 3.7 1.0 39916 1.2 2.4
33 [ 71 ] 12 0.3 30769 25.1 9.0
348 [ 32 ] 1.1 314 21872 95.4 0.4
3.66 | 3.0 | 1.3 335 4056 7590 1.9
384 [ 43 ] 1.2 346 24131 3170 -
484 | 32| 45 2.5 12.2 6.3 17.3
open screened wellg 368 7440| 4441 | 5711 177
>10,000 =[] 100010,000= ] 1001000 = |

10100=[]  120=[ ] <1=[] nosampie [ ]

Figure 6.2 Cross sections of total VOCs in groundwateflL() before and after sparging
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Figure 6.2 shows that the plume core remains in place after treatment. However, the area of maximum
concentrations is considerably smaller, with only three samples above 10 mg/L. The maximum total VOC
concentration aftetreatment is only 52% of the maximum concentration prior to treatment. However, the
treatment appears to have spread out the contamination so that the edges of the plume have higher
concentrations thatie concentrations befoteeatment.

The spreadingut of the plume core can be considered a negative qoagee if the treatment criterion

is the lateral extent of concentrations above a relatively low standard, such as the benzene EPA maximum
contaminant level, or MCL, of 5 ug/L (EPA, 2008). However, dlierage total VOC concentration

across the fence dropped from 1789 to 718 ug/L, a 60% decrease.

6.3.2BTEX plume morphology changes
Plume morphology changes are broken out by compound below. Only values for multilevel wells are
shown. Benzene plume morphgl changes are provided in Figure 6.3. Note that the color scheme is the

same as that used for Figure 6.2.

2007 Benzene concentratiopsy(L) 2008 Benzene concentratiopsy(L)

6 5 4 3 2 1 6 5 4 3 2 1

0.0 0.0 0.0 0.0 0.0 0.0 0.8 | 0.0 0.0 0.0 0.0 | 0.0
-- 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 0.0 0.0 0.0 1.9
0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 0.0 0.0 2.6 1.4
0.0 0.0 0.0 0.0 0.0 0.0 0.0 | 0.0 0.0 0.0 3.7 1.9
0.0 1.2 0.0 0.0 0.0 0.0 0.0 | 0.0 1.2 0.0 6.2 | 0.0
0.0 1.3 0.0 0.0 0.7 0.0 0.0 | 0.0 3.1 3.3 7.8 | 0.0
0.0 1.2 0.0 0.0 0.0 0.0 0.0 | 0.0 2.2 9.9 8.0 | 0.0
0.0 0.0 0.0 0.0 0.5 0.0 0.0 | 0.0 6.5 5.7 10 0.0
0.0 1.1 0.0 51 0.0 0.0 0.0 | 0.0 0.0 3.3 22 0.0
0.0 1.2 0.0 147 0.6 0.0 0.0 | 0.0 1.7 8.4 10 2.1
0.0 1.2 0.0 175 1.0 0.0 0.0 | 0.0 19 15 -- 7.4
0.0 1.1 7.0 170 1.2 0.0 0.0 | 0.0 9.4 88 30 25
0.0 1.1 9.1 59 63 0.0 0.0 | 0.0 46 127 56 52
0.0 1.2 8.1 168 49 1.3 0.0 | 0.0 2.5 68 62 22
1.4 1.3 0.0 1.4 1.3 0.0 0.0 | 0.0 0.0 0.0 0.0 | 0.0

Figure 6.3 Benzene plume concentrations before and after sparging

The benzene plume appears to have a much smaller core. Concentrations to the left of therelume ¢
facing downgradient have increased, and concentrations to the right facing downgradient have increased
as well. The increased plume concentrations in the center and right of the monitoring well network may

be due to increased mobilization of the sowrmee from the sparging.
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2007 Toluene concentratio L) 2008 Toluene concentrationsg(L)
6 5 4 3 2 1 6 5 4 3 2 1
80| 04| 04 0.6 0.0 16 0.0 | 0.0 | 0.0 0.0 | 0.0 | 0.0
-- 04 | 0.2 0.6 0.3 2.3 0.0 | 0.0 | 0.0 0.0 | 0.0 | 0.0
74 | 04| 04 0.5 0.1 1.7 0.0 | 0.0 | 0.0 0.0 | 0.0 | 0.0
40 | 0.3 | 0.0 0.1 0.3 1.2 0.0 | 0.0 | 0.0 0.0 | 0.0 | 0.0
3.6 | 0.9 | 0.2 0.4 0.2 1.7 0.0 | 0.0 | 0.0 1.0 | 0.0 | 0.0
22 | 04 | 0.2 0.3 0.6 0.8 0.0 | 0.0 | 0.0 27 | 0.0 | 0.0
1.8 | 0.3 | 0.0 0.0 0.0 1.3 0.0 | 0.0 | 0.0 16 | 0.0 | 0.0
16 | 0.3 | 0.1 2.8 0.5 0.5 0.0 | 0.0 | 43 1.1 | 0.0 | 0.0
1.8 | 0.3 | 0.1 | 9705 | 0.5 1.6 0.0 | 0.0 | 0.0 50 | 1.0| 0.0
1.1 | 05| 0.0 | 15727| 0.1 0.6 0.0 0.0 0.4 13 1.1| 0.0
1.2 | 0.0 | 0.3 | 10668 | 2.1 1.3 0.0 | 0.0 | 0.0 68 -- 1.5
0.8 | 00| 21 5364 | 7.6 0.4 0.0 0.0 3.1 | 1736 12 8.2
0.2 | 0.1 | 9.2 500 815 | 0.0 0.0 0.0 3.4 | 1120| 245| 9.1
09 | 0.0 | 11 3236 | 245 | 3.1 0.0 | 0.0 | 0O | 275 | 84 | 7.6
0.2 | 0.9 | 0.5 2.1 0.5 0.0 0.0 | 0.0 | 3.0 0.0 | 0.0| 0.0

Figure 6.4 Toluene plume concentrations before and after sparging

Toluene concentrations do not show much evidence of plume migration other than a slight increase in
concentration on the right side of the fence facing downgradient. The toluene concentrations dropped the
most of all ofthe BTEX compounds, and this is reflected in the significant drop in peak concentration and

core plume area.

2007 Ethylbenzene concentratiopgiilL) 2008 Ethylbenzene concentratiopgiiL)
6 5 4 3 2 1 6 5 4 3 2 1
8.0 0.4 0.4 0.6 0.0 16 0.0 | 0.0 | 0.0 0.0 0.0 0.0
-- 0.4 0.2 0.6 0.3 2.3 0.0 | 0.0 | 0.0 0.0 0.0 9.3
7.4 0.4 0.4 0.5 0.1 1.7 0.0 | 0.0 | 0.0 0.0 0.0 7.5
4.0 0.3 0.0 0.1 0.3 1.2 0.0 | 0.0 | 0.0 0.0 0.0 2.1
3.6 0.9 0.2 0.4 0.2 1.7 0.0 | 0.0 | 0.0 0.0 0.0 0.0
2.2 0.4 0.2 0.3 0.6 0.8 0.0 | 0.0 | 0.0 0.0 0.0 0.0
1.8 0.3 0.0 0.0 0.0 1.3 0.0 | 0.0 | 0.0 1.2 0.0 0.0
1.6 0.3 0.1 2.8 0.5 0.5 0.0 | 0.0 | 0.0 0.0 0.0 0.0
1.8 0.3 0.1 | 9705 | 0.5 1.6 0.0 1.6 | 0.0 7.3 4.6 0.0
1.1 0.5 0.0 | 15727| 0.1 0.6 0.0 | 0.0 | 2.2 22 5.2 0.0
1.2 0.0 0.3 | 10668| 2.1 1.3 0.0 | 0.0 | 2.0 23 -- 2.3
0.8 0.0 21 | 5364 | 7.6 0.4 0.0 | 0.0 | 3.2 244 25 6.1
0.2 0.1 9.2 500 815 0.0 0.0 | 0.0 | 3.5 | 2529 | 500 6.9
0.9 0.0 11 | 3236 | 245 3.1 0.0 | 0.0 | 0.0 | 2180 | 308 4.0
0.2 0.9 0.5 2.1 0.5 0.0 0.0 | 0.0 15 1.8 0.0 0.0

Figure 6.5 Ethylbenzene plume concentrations before and after sparging
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Ethylbenzene concentrations have a similar trend to the toluene concenshtwmsin Figure 6.4. In
this case, the plume appears to have decreased in concentration, but not moved.

2007 m,p,xxylene conc(ug/L 2008 m,p,xxylene conqug/L)

6 5 4 3 2 1 6 5 4 3 2 1

21 0.0 1.1 3.1 0.0 38 5.1 7.0 1.2 0.0 0.0 14
-- 1.5 1.3 2.7 0.0 7.7 1.8 55 0.9 0.0 0.0 1.5
18 1.9 0.0 1.8 0.0 5.8 0.0 | 43 1.6 3.8 0.0 5.5
12 0.0 0.0 1.7 0.0 6.0 21 | 39 | 0.0 20 0.0 13
9.2 2.0 0.0 1.8 0.0 6.5 0.0 11 1.5 45 0.0 0.0
7.3 0.0 0.0 1.6 3.0 2.7 0.0 29 7.7 33 4.7 7.6
5.4 1.3 0.0 3790 | 0.0 3.3 0.0 1.9 15 25 4.9 12
4.0 0.0 0.0 1.8 1.1 2.2 0.0 1.8 66 8.9 5.7 15
5.8 2.1 0.0 7391 1.6 6.0 0.0 13 11 23 26 13
3.0 0.8 1.0 | 15871| 0.0 1.8 0.9 5.1 18 64 19 2.1
4.7 0.0 0.0 |12785| 13 6.2 0.0 3.6 7.1 85 -- 14
2.4 0.0 126 | 10426| 47 0.0 0.0 | 0.0 11 1680 | 178 28
2.8 0.0 129 | 1973 | 3848 1.9 0.0 1.4 11 | 13596| 3188 | 29
2.5 0.0 122 | 13411 1511 | 8.8 0.0 1.4 1.3 | 13453| 9122 | 21
1.6 2.3 2.0 6.1 11 0.0 0.0 1.6 22 12 11 0.0

Figure 6.6 Total xylene plume concentrations before and after sparging

The total m/p/exylene plume concentrations changes were similar to those of benzene, with a smaller

central core but more spreading away from the core, especially in well 4.

Additional posttreatment sampling is recommaed to see if the plume morphology changes shown in
Figures 6.3 through Figure 6.6 represent a significant departure or if they are a continuation of gradual

changes over time. If the later is true, the loexgn impact of sparging would be indeterminate.

6.3.3BTEX massdischarge
BTEX massdischargdrom 2007 (before treatment) and 2008 (after treatment) was calculated as
described in Section 6.2. See Table 6.3 for BTEX concentrations and calculatatisclaages
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pretreatment (2007)
Benzene| Toluene | Ethylbenzeng P,M-xylene | O-xylene

maximum concentrationy(g/L) 175 15727 5310 11301 4570
averageoncentrationj{g/L) 12.5 627 311 706 202
multilevel discharggmg/day) 10.4 365 248 544 205
openscreerdischarggmg/day) 1.93 88.7 53.8 113 45.3

posttreatment (2008)
Benzene| Toluene | Ethylbenzeng P,M-xylene | O-xylene

maximum concentrationy(g/L) 127 1736 2529 9830 3766
averageoncentrationj{g/L) 10.2 48.8 80.0 405 163
Multilevel dischargémg/day) 7.80 30.3 86.2 511 195
openscreerdischarggmg/day) 0.121 0.504 1.78 6.05 2.82

% loss from 2007 to 2008
Benzene| Toluene | Ethylbenzeng P,M-xylene | O-xylene

maximum concentrationy(g/L) 27 89 52 13 18
averageoncentrationj{g/L) 19 92 74 43 38
multilevel discharggmg/day) 25 92 65 6 5

openscreerdischarggmg/day) 94 99 97 95 94

Table6.3 BTEX concentrations and mass discharges before and after treatment

In Table 6.3, the maximum and average concentrations were taken from the multilevel wells. Data from
well 6 were not included because historically the plume has bypassed the well and samples were not

collected.

Themaximum and average concentrations dropped significantly for all compounds except for benzene,
which had a much smaller difference in concentrations between 2007 and 2008. However, benzene
concentrations were significantly lower than those of the othepBddEnpounds to begin with. Toluene
had the highest initial concentrations and the
higher vapor pressure, which is significantly higher than that oftethgne and the xylenes. Figure 5.4

shows hat the toluene would peak in the-gtis slightly before the other compounds.

The masslischargdor openscreened wells was significantly lower than that of the aenNgl wells.

The operscreened masiischargés also significantly lower than the mildivel masalischargepost
treatment. One reason for this difference might be that the water level was significantly higher in 2008.
The operscreened wells are screened from 1 to 5 m bgs, so the top of the screened interval is 1.5 m

higher than the highesnultilevel interval. The plume core for all analytes is toward the bottom of the

monitored zone, so it is reasonable to expect that the higher water level would cause dilution at the top of

the well screen.
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6.3.4Non-BTEX massdischarge
The groundwaterralysis method discussed in section 3.2.2 was selected for consistency with previous
groundwater data. It was originally selected because the lighter hydrocarbons of interest (pentane, hexane,
and butane) have solubilities one to two orders of magnitudéesrthan BTEX compounds and would
not be expected to migrate downgradient in significant concentrations. However, as the air sparging
preferentially removed the lighter hydrocarbons, it would be expected that theiswesgeof lighter
hydrocarbons wald decrease significantly.

However, the analytical method does not quantify the lighter hydrocarbons because of interference.
Therefore, the TPH mass between the methylene chloride (used as a solvent) andnolnene
chromatographvas quantified for dected intervals to determine how much of the lower hydrocarbon
mass had been removed. TPH was calculated based on toluene. Many of theotaeetration samples
did not have sufficient mass to quantify, so the samples with the highest concentrate®nsedkir
sparging preferentially removes the lighter hydrocarbons through volatilization, so the lighter
hydrocarbons would be preferentially removed from the source. However, these undefined lighter
hydrocarbons may not be as soluble and thereforenmialye present in significant quantities in the

plume. Table 6.4 shows the calculated light hydrocarbon concentrations.

original values light TPH (ug/L)
2-13 | 2-14 3-10 311 312 3-13 314 | 4-12 | 4-13 | average
2007 | 764.5| 480.0 | 2221 | 2032 | 1944 | 536.8 | 2030 | 136.5| 139.3 1143
2008 | 656.1| 835.0 | 75.1 | 135.8 | 1037 | 1299 | 713.5 | 86.9 | 471.5 590
original values total GC concentrations (ug/L)
2-13 | 2-14 3-10 311 312 313 314 | 412 | 4-13 | average
2007 | 7230 | 3134 | 39916| 30,769 | 21,872| 4056 | 24,131 | 314.5| 35.1 14606
2008 | 5158 | 13117 | 1429 | 221.9 | 3841 | 20,775| 14.7 | 31.8 | 70.2 4962
light hydrocarbons as a % of total
2-13 | 2-14 3-10 311 312 313 314 | 412 | 4-13 | average
2007 | 10.6 | 15.3 5.6 6.6 8.9 13.2 8.4 43.4 | 396.9| 7.82
2008 | 12.7 6.4 5.3 61.2 | 27.0 6.3 4853 | 273.3| 671.7| 11.9

Table6.4 Light hydrocarbon concentrations in groundwater

The lighter hydrocarbon concentrations were approximately %2 thiegatenent concentrations.
However, the proportion of lighter hydrocarbons increased after treatment. This could be due to the
relatively low solubilityof the lighter hydrocarbons, or it could be a function of a relatively small sample

size. Therefore, the total light hydrocarbon analysis is inconclusive.
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As discussed above, the heavier compounds would be expected to make up a larger percentage of the
souce zone material after treatment and may dissolve into groundwater at a higher rate. TMB and
naphthalene were analyzed in groundwater in addition to BTEX compounds; see Table 6.5 for results.

pretreatment (2007)
1,35TMB | 1,2,4TMB | 1,2,3TMB | Naphthaleng

maximum concentrationy(g/L) 467 1567 379 504
averageoncentrationj{g/L) 31.8 113 25.1 31.7
multilevel dischargémg/day) 26.9 92.6 21.1 24.9
openscreerdischarggmg/day) 6.35 21.0 5.05 6.28

posttreatment (2008)
1,3,5TMB | 1,2,4TMB | 1,2,3TMB | Naphthaleng

maximum concentrationy(g/L) 708 2093 496 360
averageoncentrationj{g/L) 31.1 90.0 23.0 12.6
multilevel discharggmg/day) 40.15 118 29.4 14.8
openscreerdischarggmg/day) 0.383 0.982 0.30 0.11

% change from 2007 to 2008
1,3,5TMB | 1,2,4TMB | 1,2,3TMB | Naphthaleneg

maxmum concentrationi{g/L) 52 34 31 -29
averageoncentrationj{g/L) -2 -20 -8 -60
multilevel discharggmg/day) 49 28 39 -41
openscreerdischarggmg/day) -94 -95 -94 -98

Table6.5 TMB and naphthalene concentrations and mass discharges

Maximum concentrations and madischargegenerally increased for all TMB compounds and decreased
for naphthalene. According to Montgomery (2000), naphthalene (0.012 mm Hg) has a lower vapor
pressure than the TMB compounds2(inm Hg), so it would be expected to remain in the source zone
preferetially during air sparging and have an increased rdashargecompared to TMB. The lower
posttreatment values for naphthalene are most likely due to its higher biodegradability, as the three TMB
isomers are considered to be recalcitrant and have wergdgradation rates in Borden materials (Chen

et al, 2008).

As discussed in Section 6.3.3, the mdisshargadetermined from the opestreened wells in 2008 seems

anomalously low, most likely due to dilution effects from a higher water table.

6.4Long-Term Plume Impacts

The concentration and madischargechanges noted in Section 6.3.3 and 6.3.4 may also result from long

term changes in plume composition.

83



6.4.1 Contaminant discharge
Massdischargdrom five contaminants (benzene, toluene, L\8, o-xylene, and ethanol) in the E10
gate have been determined in row 2 (Mocanu, 2007 and Augustine, 2007) since source emplacement. See
Figure 6.3 for the benzene, toluene, TMB, and xylene trends. Note that ethanol is not included because it
was not deteted in any row 2 well starting in April 2005.
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Figure 6.7 Longerm mass discharge of selected compounds

For Figure 6.7, note that the 2007 {reatment sampling round is approximateB0ays from source
emplacement and the 2008 ptsatment sampling round is approximately 1400 days from source
emplacement. The loAgrm trends for each compound help explain some of the differences between the

pre and postreatment sampling discusba Section 6.3.3 and 6.3.4.

The benzene data shows minimal change between the last two sampling rounds because most of the mass
has already passed row 2. Raoultés | aw suggests t
source zone, as discussedection 2.6.1. Toluene concentrations also appear to be declining at the same

rate as prior to 2007.

Treatment appears to have slightly decreased-#yene masslischargeat row 2, as the trend from
2007 is slightly steeper than that of the last ssw#ata points. &ylene would require additional
monitoring to determine if this decrease is statistically significant. Likewise, the TIVIE3mass

dischargeappears to have increased at a higher rate than would be otherwise expected.
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6.4.2Hydrocarbon ratios
The comparison of maskschargesn the previous section was inconclusive, so the ratios of the various
compounds were compared as well to determine how the sparging may have affected the source zone.
The multilevel masslischargevas used becau#ieprovides a single representative value for the plume
for each hydrocarbon. The compounds analyzed in groundwater were the same as those used in Section
6.4.1. Benzene has the lowest mdisshargen the most recent sampling rounds, so the other conalsoun
were compared to benzene. Results are shown in Figure 6.8.
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Figure 6.8 Longerm mass discharge ratios compared to benzene

Benzene is included (a 1:1 ratio for each time period) for comparison to the others. In this case, a
comparison of the mass ratios doesnottrecatmemmass t O

dischargesnd the earlier ones.
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Chapter 7: Conclusions and Recommendations

The E10 source in the API gates at CFB Borden was remediated using air sparging coupled with an off
gas collection system. This project built on the results and used techniques defrelopsel/eral studies

in theBorden aquifer, especially those of Tomlinson et al. (2003), Nelson (2007), Fraser (2007), Mocanu
(2007), and Yang (2008).

7.1 Conclusions

The air sparging system caused some perturbation of the groundwater in the immedigtefibe
sparging points, as seen by groundwater mounding, water level changes recorded inside and outside the

gas collection box, and groundwater temperature changes at the bottom of the piezometers within the box.

The mosthydrocarbon mass was rensavwhen sparging the central injection point )l Both of the
outer injection points became blocked; althou@was pumped and cleared of obstructions, the other

point (I-3) never allowed sufficient air to remove much of the contaminant mass indéaif $he source.

The hydrocarbon concentrationsinthegfi s gener al ly behaved as predict
pentane concentrations peaking earlier than hexane concentrations. However, the BTEX concentrations in
the offgas remained much lower thhath throughout treatment. Hydrocarbon removal rates were slower

than initially predicted, and so the system was run for 98 hours of active sparging, three times longer than
expected. However, the mass accumulation curves showed that sparging hadtheapgbied of

diminishing returns, with less than 10% more mass removal after sparging for twice as long.

Biodegradation rates were determined fromga6CQO, and Q concentrations. Offlas CQ
concentrations increased angadncentrations decreased as expected for biodegradation, but did not
follow a simple decay curve. The mass estimate of source removal usjigaS@pproximately 7 times

the mass estimate using.O

The total mass removed via volatilization was 74 %0 @1Ifor pentane, 50 % (®1g) for hexane, 0.6 %

(1.5 g) for toluene, 6.3 % Tlg) for ethylbenzene, 5.5 98% g) for p,mxylene, 3.4 % (6.6 g) for-o

xylene, and 21 % (4.6 kg) overall. The total mass removed via biodegradation was 22% (4.9 kg). Visual
observéions and measurements of the bubbles outside the box indicated that less than 0.2%-ghthe off
was not collected. Tracer tests to corroborate this were inconcliiigeotal mass removed via air

sparging was estimated to be 45%.
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Groundwater samplesene taken when the meserated water would have passed through the monitoring
fence. The average BTEX concentration after sparging was 40% of tepgygeng concentration, with a
27% decrease in the benzene ndisshargea 92% decrease in the toluenassdischargea 65%

decrease in the ethylbenzene ndisshargea 6% decrease in the piylene masslischargeand a 5%
decrease in the-xylene masslischarge The masslischargdor the lessvolatile hydrocarbons increased
19% overall, as expectedokever, the hydrocarbon madischargechanges in groundwater before and
after treatment did not vary enough from lebegm rates to determine how much of a lbegn effect the
sparging had.

7.2 Recommendations

1 Groundwater sampling should be continuetbat 2 to determine if the pesteatment
concentration trends continue. This should includgef@fat least one more roun@roundwater
samples should be considered in highd lowwater table conditions to see if dilution impacts

hydrocarbon concentratis more in the fulhscreened wells.

i Source zone cores should be considered to determine how much of the source mass has been
removed. If cores are collected, respiration tests are suggested to help coimiegjradation

rates

1 The sealedbox methodf collecting soil gas appears to be an effective way to collegasff
from relatively small sources with saturated soils. However, there was no way to differentiate
flow rates or hydrocarbon concentrations from different areas usingntieod If the support
walls were to be sealed and extended below ground surface like the outer walls, the mass

dischargdrom different areas could be quantified.

1 The cumulative mass removal showed that the system was removing less and less of the source
mass as treatemt continued, yet slightly less than half of the mass was removed. Suggested ways
to increase mass removal include increasing the flow rate, either by using a larger blower or
putting the blower closer to the source zone; running multiple wells at thetsae and
installing an additional well in the area e2] which added a relatively small amount of air to the

subsurface.
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Appendix A: Initial treatment system and upgrades

A.1 Initial treatment system
The treatment system used to remediate the source zone ie@sordetail in Section 3.3. The SVE

design was changed substantially after the initial sparging test in January 2008. The first SVE system is
described in detail here. Figure A.1 and Figure A.2 show the system configuration schematic in plan
view; FigureA.3 shows the SVE system connections; and Figure A.4 and Figure A.5 are pictures of the

system during and pesbnstruction, respectively.
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Figure A.1 Treatment system schematic with trench containing coarser material.
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point and soil gas sample inlets within the fiistm of the drive point. The extraction poirgdthe same
construction as the air sparging w@leeSection 3.3or details) The top of the soil probe had a rubber
membrane that was pierced by a h&wet pressure transducer with a needle tip. A shopvas used to

exert a vacuum on the extraction point. The soil gas probes were placed at 0.2 m, 0.4 m, 0.8 m, and 1.2 m
from the extraction point. In order to ensure that any pressure changes were due to the influence of the
extraction point and not othpressure fluctuations, the target pressure change was 1 mbar instead of 0.25
mbar as suggested by the ACOE (2002).

The pilot test was inconclusive, with responses within the apparent range of atmospheric fluctuations.
However, the pilot test was not contieat under a sealed surface as planned for the actual experiment.
Therefore, the lack of pressure change in the observation wells was most likely due to air leakage (and

therefore loss of pressure) around the tip of the soil probe.

Pilot test aside, the ra of influencds problematic as a measure of how far apart extraction wells

should be. It indicates the existence of a pressure gradient toward the extraction well, or the potential for
air to move in that direction. However, it does not indicate the speed of ailriladdition, the standard
measure of vacuum generally considered as an indica&xtraction well influence (0.25 mbasgn be

easily overwhelmed blgarometric or groundwater level changesaterthan 1 mbar. The ACOE (2002)
suggests using pore gasaaty to determine treatment time using SVE. However, for this study the SVE

system is being used only as a soil gas containment method and not for soil remediation.

Based on this and the pilot test results, the maximum number of SVE points (6) consakerdtimately

used for the treatment system. These points were placed around the source zone, with one on either side
of the source and two points each upgradient and dadiemt of the source. Refer to Figd.@ and

Figure3.3 for details. The SVE palis were constrained vertically by the shallow depth to water; Brown

et al. (1994) suggest that the desired depth to water should be at least 1.5 m (5 feet), while the depth to
water at Borden varies seasonally from 1.5 m bgs to the ground surface.rltoardeimize the capillary

fringe and increase the effectiveness of the SVE system, a 20 cm trench was dug through the center of the
source area and filled with gravel. iAr msodo wer e

installed, the S¥ points were backfilled with clean coarse sand to keep them upright.

Six passive soil vapor monitoring probes were also installed to determine the lateral variation of soil
vapors across the source zone. The passive monitoring probes were the sahst amees used in the

radius of influence pilot test.
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Figure A.4 Trench and piezometer setup prior

injection, SVE, and soil monitoring point Figure A.5 Treatment system setup with vinyl
installation. (snowcovered) on ground surface

A.2 Changes made after first sparging round
The first air sparging test was conducted on January 21, 2008, with an initial water level of 0.7 m bgs.

After several minutes of SVE system operati@gan, water appeared in the SVE3 flowmeter, which was
shut off for the rest of the test. The other SVE points were set at the flow rate established in the sampling
plan. Approximately 5 minutes after starting air sparging, the water level was pushqutapragtely

0.4 m, into the SVE intakes. Once water got into the flowmeters, flow estimates were impossible to
determine. It was decided to pull up the SVE points so that the screens were moved from 0.5 m below
ground surface (bgs) to 0.1 m bgs. The discaér sampling points (MP1 through MP6) also had

problems with water entering the screens and were also moved so that their sample ports were located at
0.15 m bgs, at the same depth as the midpoint of the SVE intake stteemser, groundwater levels
increased during and after snowmelt, sortiidtiple SVE intake points were replaced with a single

exhaust porin the center of thaew offgas collectiorbox, which was positioned approximately &5

from the central air sparging point. The discrete ma&aguypoints MP1IMP6 were expected to be

underwater and were removed.

The PID sample port was originally placed between the vacuum source (a shop vac) and the manifold
where all the SVE lines came together. It was added to this location so that it sdretedltmass of

VOCs leaving the source and was next to the syringe sampling port for the lab samples. The lab samples
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were taken from here because at this point, the air had only contacted the inside of the Teflon tubing and
the flowmeters, minimizing asscontamination. However, the PID was unable to draw in air because the
internal pump for the instrument could not overcome thédt3rin force of the vacuum. The solution for

this was to add a thin piece of tubing to the exhaust hose just afteccthemnaand run this tubing to the

PID inlet. A potential problem is that the PID is no longer next to the sample port, and could be
theoretically contaminated by the ordinary vacuum hose and the shop vac that the air flows through
before reaching the tubingherefore, additional lab samples were planned to be collected from the PID
sample port to compare with the Aregularo sampl e
same problem as the PID, although the test was terminated prior to satimplmglet for helium. As the
helium detector is intended to take point samples, it was planned to use the same inlet port as the PID,
recognizing that this would cause a temporary and very small loss in PID data (2 or 3 points ahatime o
10 second sapte interval).

The other problem with the test setup was with the tracer delivery system. The heliun gad Btes

were routed through separate flow meters, then combined into one delivery line that fed into the main air
line from the compressor. The plan was to operate the flowmeters at as low a flow rate as possible so that
they could be increased lateroever, because these lines came together before the trunk line, pressure
differences caused one to cut off the other. The flowmeters had been selected with the idea that only low
flow rates would be used. However, these pressure differences causedreXtedsiations of the balls

in the flowmeters, causing them to get stuck in the top of the meters. The only way to knock the balls
loose was to stop air flow and tap the meters with a hammer several times. Stopping air flow meant that
the system had to bre-started again, and the end result was that the tracers were not added to the system
before it was shut down by the water in the SVE points. Based on this experiment, the tracer gas delivery
system was adjusted in two ways: the &&s removed so thahly one gas was bled in at a time; and a

larger flowmeter was addeHor theSF; tracer tests, the helium tank was replaced witatank, as

these tests were not performed at the same time.

Once sparging began, air shoittcuited to the closest opexreened wells (well C and to a lesser extent
well D in row 2), causing aerated water to spill over the well casing at a rate estimated at several L/min
for well C. This was addressed with a later iteration of the remediation plan whereby the wells in rows 1

and 2 were covered and included in the SVE area.
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Appendix B: Daily Results
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Figure B.22 May 15 water level and temperature
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Figure B.23 May 16 PID/TPH
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Figure B.23 May 16 water level and temperature
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