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Abstract

This study aimgo evaluate the ability of higlrequency (450 and 900 MHz) growpenetrating
radar (GPR) tanonitor the effects of an ethanol release over an existing gasalitiaminated
zone. In September 2009, 184of denatured ethanol mixture (E95) was released into an
unconfined sand aquifer directly over gasolmesiduals(E10) release the previousyear GPR
profiling prior to the ethanol releasedicated that theesidualgasolinecontaminated¢one was
largely confined tats initial release pointThe GPR profiling performegost ethanol release
observed strong shalloreflection events which pregatel laterally away from the treahn over

a onemonth period, at which point the maximum extent was established. The effects of the
ethanol were also observed with the 450MHz frequeityhe form of anapparentivelocity
pull-u p af a stratigraphic redictor. After the initial expansiomeductionin reflectionamplitude
andincreasing traveltimes within the trenchere observedntil the onset of winter conditions

and the development &fozen soil

Over the winter the presenceeathanol inhibited ta freezing process of the pore water in
the contaminated zontusresulting in a difference in the dielectric properties of the unfrozen
versefrozen zone The unfrozen zonevas significantly greater than the spatial extent of the
strong reflection evesthat were monitoredthrough GPRorior to winter The spatial extent and
depth of the unfrozen zone imaged by the GPR profivagconfirmed bya physical impedance
depth survey After thaw, evidence of the ethanol or gasoline was absent midisummer,
when the water table dropped to approximately 80cm. At this point strong reflection evests we

again observed tbughout the contaminated zone.
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1.0 Introduction

Contamination by immiscible organic liquids, also referred tcmasaqueous phase liquids
(NAPLSs), is widely recognized as a serious global groundwater quality iSSeenénico and
Schwartz, 1998). While the solubility of these substances asgically low (e.g., polycyclic
aromatic hydrocarbons or BTEX), the low concentrations needed to impact large scale water

quality make NAPLs a significant groundwater threat (Corseuil et al., 2004).

NAPLs can be divided into two categories the basis otfheir specific gravity. Dense
nonaqueous phase liquidONAPLSs) have densities greater than wateoymenon types of
DNAPLs include timber treating oils such as creosote, transformer and insulating oils containing
polychlorinated biphenyls (PCBsand a variety of chlorinated solvents such as trichloroethene
(TCE). Once released into the subsurfatteese contaminantsill migrate downwards through
the vadosezone into thesaturated zoneAs DNAPLs move downwardthey accumulate and
pool over permeabilitybarriersuntil there is sufficient pressure to overcome the barrigne
resulting residual poad can becomesignificant source of longterm contamination being

advected away bgroundwaterflow as a dissolved phase plume

Light nonaqueous phase liquidd.NAPLSs) are less dense than watexamplesof
LNAPLs include kerosene, diesel and gasolini contrastto DNAPLs, LNAPLs will not
migrate below théop of the saturated zomeie to buoyancy effects, but ratl@cumulate above
it as a fregphase contaminantausing a depressiaf the capillary fringe Rarker 1989. As
the water table fluctuatee 6 s mear ed zoned i sanduNARLtaedll wher e
potentially present within the pore space of the contaminated Zbeeesearch presented in this

thesis willaddresghis category of immiscible liquid.
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Subsurface contaminarsampling methds used for characterization includeethods
such adaking soilcoresor installing monitoring wells These techniquesre generally invasive
and can potentiallglisturb the immiscible contaminants in a way that causes further problems
(e.g., creating peferential pathways for NAPL migratipn In addition, by their nature, the
methods provide localized information that is often difficult to extrapolate spatially across an

contaminatedite.

In comparison, surfaceegphysical techniqueare very appealing as they cprovide
spatially extensive information about subsurface conditions in am@sive manner that has
minimal adverse impast The successful application of a particular geophysical method is
dependent on the contrast in gisverning physical properties that occurs between the clean and
contaminated regions. Given the very large difference in the electrical properties (i.e., electrical
conductivity/resistivity and dielectric permittivity) between water and NAPLSs, the \alohit
geoelectrical methods, such as electrical resistivity tomography (ERT) and ground penetrating
radar (GPR), to detect NAPLs in the subsurface has been examined by number of studies. In
particular, GPR has the capacity to provide higbolution spatiaimaging of the material
composition of the subsurfackence, there has been extensive investigatitmnthe use of this
technique for characterizing contaminated sités.overview ofthe use of GPR for contaminant

detectionwasgiven by Redman (2009



1.1 GPR Monitoring of Subsurface LNAPL Pools

Extensive summaries of GPR theory and applications are found in the following publications:
Daniels (2004), Annan (2005a, 2005b and 2009RR techniques are based on the propagation
of electromagnetic (EM)waves through the earth. In lolwss, noAmagnetic soils and
sediments, EM wave propagation essentiallydependent on the dielectric properties of the

subsurface.

The dielectric properties of materials are expressed in terms of dielectric permiftivity

(in Farads/meter or F/m). In geophysics, permittivity values are commonly expressed as the

normalized quantityk = ¢, called the relative permittivity wheres, is the dielectric

permittivity of a vacuum (8.8543 102 F/m). In particular, the permittivity of common NAPLs
(k=2 -4) are very low compared to the permittivity of watér= 80) (Lucius et al., 1992).
Hence, the displacement ofter by these immiscible liquids can significaritypactEM wave

propagation and the GPR signature of the LNAPL affected zone.

1.1.1 Constant Offset and Common Midpoint Reflection Profiling

GPR surveys can be divided into four main types: common offset, common midpoint, common
source, and common receiver. For the purpose of this thesis, the common offset and common

midpoint will be discussed as they were the types employed during dataionllect

Common offset surveys use a fixed spacing between the antennae; these antennae are

typically orientated parallel to each other but perpendicular to the profile line. The system is



moved along the line with data collection being continuousoratafd i nt er v al (6st e

1.1). Stepped data collection allows better signal quality as the system is stationary during data
collection. As the system moves, traces are collected at each location and plotted parallel to each
other resulting ina two-dimensional reflection profile ofthe subsurface (Figure 1.2). Any
differencesin the dielectric properties of the ground result in energy being reflected back to the
receiver appearing as an event on the traces. The time between the EM wave transmission,
reflection and reception is referred to as the two way traveltime and is measured in hanoseconds
(ns). The common migoint survey (CMP) uses a different method to collect reflection data
where the antennae and the receiver are moved apart sequentiallgpatified increment
(Figure 1.3). By increasing the horizontal distance at a constant rate, the increasiwgytwo
travel time can be used to calculate EM wave velocities, as wélleadepth to a reflector. An

example of a CMP radar survey is showrrigure 1.4.

1.2 GPR Monitoring of Subsurface LNAPL Pools

There is a significant body of literature that currently exist on the application of GPR for
detecting and monitoring of LNAPL in the subsurface; a list of these papers is given in Table
1.1. Thesepapers report the findings of controlled releases into -packed tanks and field
studies characterizing accidental releases under natural conditions. In addition,k@mam
studies repoed the effects of bidegradation on the GPR signature of matuMAPL release.
Notably, the GPR monitoring performed as the first part of this overall project described by
McNaughton (2011) is the first loAgrm GPR monitoring experiment done in actual aquifer and

subjected to natural conditions over the annualecycl



1.3 Gasoline/Ethanol Interactions

Gasoline isa significant sourcef groundwater contamination and ¢emmon and wide spread

use throughout the world has resulted in both accidental and intentional reRaseto 2000,

methyl tertiary butyl ether (MTBE) was added to gasoline as a fuel oxygenate; however, it was
soon recognized that MTBE is a ubiquitous contaminant in both surface and ground waters. As a
result of consumer complaints and health risks, tmted States Environmental Protection
Agency (USEPA) called for an alternate fuel oxygenate to be used. Ethanol was found to be an
appealing replacement as it is a renewable biotbased alternative whidmas less of a negative

impact onthe environmentn theeventof anaccidental release.

North Americanhassince embasced ethanol as a fuel additive with gasolipgically
containng up to 10% ethanol by volumeand is increasingly ef erred t oTheas figa
ethanol is produced and stored in laogpacity, aboveground storage tanks. During storage,
the ethanol is denatured through tuidition oftoxic additives by at least 2% volumeypical
additives (e.g., unleaded gasoline or rubber hydrocarbon solvent) are designed to render the
ethanol unfitfor human consumption (Rice et al., 1999). The ethanol is then distributed to
blending terminals via tankera,procedure that was identified Byce et al. (1999) as the source

of highest risk for a bulk ethanol releast the environment

Upon release ethanol will be primarily confined to the capillary zone due to its
buoyancy but is expected tobe mobilized and dissolved with a fluctuating water table.
Conversely, gasoline is almost ampletely immiscible with waterhence these fluidswill
normally exist as two distinct phases in the subsurface. While ethanol is miscible with both

water and gasoline, ethanol will preferentially partition into the aqueous phase, reducing the



polarity of the aqgueous -spohlavseen (Rine évahed@I9¥his k n o wr
process increases the water solubility of BTEX component in the gasoline. When largesamount
of ethanolarepresent, all three phases (i.e., ethanol, gasoline and water) can become completely

miscible merging into a single pha@ice et al., 1999).

Additionally, the presence of ethanol significantly reduces surface and interfacial
tensions This changecanreduce capillary fringe thickngsas well as the volunseof the
LNAPL films and residual LNAPL retained within the vadosene (Ryan and Dhir, 1996).
Finally, the reduced surface and interfacial tensions increases the mobility of gasoline
(McDowell et al., 2003). This behaviour was observed in a tank experiment performed by
McDowell et al.(2003 where the addition of ethanoi a preexisting gasoline release resulted
in a significant reduction in LNAPL pool heighextent and shapd his reduction was due to the
ability of gasoline to now invade smaller pores, thus increasing the saturation of the gasoline
within a smaller wlume of the systemAccording to McDowell et al. (2003)his contraction of
the LNAPL poolcould result in less pool surface area being exposed to groundwater, lowering
concentrationslissolvedover a longer time framé&imilar behaviouwas confirmed ¥ Yu et al.
(2009) who performed an additional tank experiment gadsport modeling which showed
reduction of the LNAPL pool, and higher nagueous phase saturatioithin the contaminated

zone

Once the ethanol and BTEX are dissolved in groundwadtierfate and transport in
groundwater is dependent on advection and dispersion, as well as any removal processes such as
sorption and degradation. These processes both contribute to natural attenuation, and their
understanding is criticdbr predicing the spread and extent of a dissohgthse plume. With
respect to biodegradation, it has been found that the presence of large concentrations of ethanol

6



in the groundwater systems will significantly affect this process. Ethanol is readily degraded
underboth aerobic and anaerobic conditiptiaus it will be preferentially removed relative to
BTEX, consuming nutrients and electraaceptors (Mackay et al., 2008hese factors limit the

natural biodegradation of BTEX, thereby resulting in a source oftiermg contamination.

The buoyancy, csolvency and interfacial tension effects make characterization of sites
contaminated by releases gdsolineethanol mixturesnore difficult than sites contaminated by
pure hydrocarbons Changes in capillary fringe ight due to an ethanahduced reduction in
surface tensigrand mixing effects due to water table fluctuations would further complicate the
determination of the rate of mass removal and LNAPL volume trapped in the vadose zone.
Theseresearchguestions a being examinedn contaminant hydrogeology (i.e., Powers et al.,
2001;McDowell and Powers, 2003; Corseuil et al., 2004; Zhang et al., ZL§ro etal., 2007;

andFreitaset al, 2011a,b)

1.4 Problem and Objectives

Despite the ongoing research iikee characteristics and migration effects of sequential gasoline
and ethanol spills in hydrogeology and geochemistry, there has been very limited re®earch
date evaluating GPR as an effective tool maonitor high ethanetontent fuel releases and
interacions with preexisting gasolingi.e., OsterreichetCunha et a).2004; Glaser et al., 2010;
Henderson et 312009 Henderson et al., 20L0This previous research has been performed at
the laboratory scale and has neglected the effects-sbleencyand gasoline remobilization, as
well as the impact of a fluctuating water table and sed$emperature changes on the evolution

of the contaminated zones.



The research presented in this thesis was performed to address the major knowledge gap
that existan hydrogeophysics regarding the capacity of GPR to monitor the effects of ethanol
released into a prexisting gasolineontaminated¢one. The starting point for this work was the
controlled E10 (10% ethanol / 90% gasoline) gasoline release into thefinecoBorden aquifer
conducted byMcNaughton(2011) Freitasand Barker (2011) anéfreitaset al, (2011); this
release occurred one year earlier and was subjected to an annual cyes#twfitonditions. In
thisthesis E95 (95% ethanol / 5% gasolingas release into the subsurface and monitored using

high frequency GPR (450 MHz and 900 MHZz) over the course of one year.

The specific objectives of this research t&re

1 Evaluate the ability of GPR to characterize the initial remobilization of the
gasolire by a subsequent ethanol release;

1 Assess the capacity of GPR to monitor the evolution of the sequential gasoline
ethanol release over an annual cycle of unfrozen conditions

1 Observeand characterizthe effects of the wintdreezethaw cycle on the GPR

sgnature of the seauntial gasolineethanol release;



Table 1.1- A list of previous studies concerning the use of GPR for characterizing and nmgnitdAPL releases

Setting of Release Type of Release Contaminant

Biodegradation Reference

Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Field
Tank
Tank
Tank
Simulation

Accidental
Accidental
Accidental
Accidental
Accidental
Accidental
Accidental
Accidental
Accidental
Accidental
Controlled
Controlled
Controlled
Controlled
Controlled
Controlled

Hydrocarbons (fuels)

Jet and Diesel Fuel

Hydrocarbons (BTEX)
Hydrocarbons

BTEX, TMBs, Chlorinated Solvents
Hydrocarbons (fuels)

Jet Fuel
Gasoline

Gasoline and Diesel

Benzenes
Diesel Fuel
Gasoline
Diesel Fuel
Kerosene
Gasoline
Gasoline

Yes
Yes
Yes
Yes
Yes
Yes
No
Yes
No
Yes
No
No
No
No
No
No

Sauck et al., 1998
Werkema et al., 2003
Atekwana et al., 2000
Atekwana et al.2010
Bermejo et al., 1997
CheAlota et al., 2009
Jordan et al., 2004
Lopes de Castro arigranco 2003
Orlando 2002
Cassidy 2007
Daniels et al., 1995
McNaughton, 2011
Bano efal., 2009
DeRyck 1994

Kim et al., 2000

Yu et al, 2009




Direction of travel

Figure 1.1 Schematic diagram of a GPR reflection profile survey with th
transmitter and receiver at a constant offset. The system is moved along the
line at a fixed step size, and a sounding taken at each position.
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Figure 1.20 Example of a GPReflection profile data, showing the direct ground wa
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Direction of travel

Figure 1.3" Schematic diagram of a GPR common midpoint survey with {
transmitter and receiver incrementally incregdiheir separation with each
new position.
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2.0 Methodology

2.1 SiteDescription

This study was conducted at Canadian Forces Base (CFB) Borden located approximately 100 km
North of Toronto, Ontario (Figure 2.1)Numerous internationallyecognized hydrogeological
studies have been performed over the past 30 years in the unconfined aquifer at this site (Sudicky
and Illman, 2011). These studies have covered a wide range of hydrogeologic issues, such as
contaminant transport and fate (eldackay et al., 1986; Rivett et al., 2001), geostatistics (e.g.,
Woodbury and Sudicky, 1991), dispersion (e.g., Freyberg, 1986; Sudicky, 1986), remediation
(O'Hannesin et al., 1998; Bell et al.,, 2003), surface wgiteundwater interaction (Abdul and
Gillham, 1989 ; Jones et al., 2006) and aquifer response to pumping tests (Nwankwor et al.,

1992; Bevan et al., 2005).

The unconfined Borden aquifelis a foreshorg prograding glaciolacustrine sequence
from the Pliestocendake Algonquinthat was depositedppoximately 12,000 years before
present (Bolha, 1986. Sedimentary structureaclude horizontalto nearhorizontal laminated
sand beds as well as crdasinated sand beds with dips exceeding 10 degrébs aquifer is
locally heterogeneous due to bedsd lenses of fing medium and coarsgrained sand
(MacFarlane et al., 19835udicky (1986) descrilokthe heterogeneity within the aquifer as thin
laminations approximately 0.010.10 m thick and typically continuous over a scale of 3 m,
resultingin spatial variability in hydraulic conductivityThe aquifer unit is approximately-78

m thick in the vicinity of the experimental site and is underlain by a clajfegquitard.

12



Major hydrogeological characteristithat have been measdteéy prevbus researcher
are given in Table 2.IThe water level in the Bordeaquifercanvary by approximately 1.5 m
annually(Corant, 1991). Given this rangethe water tablewithin the test cellcanvary from
approximately 1 m depth to above surface lelling the annual cycl@cNaughton, 2011)
Both laboratory measurements of the water confgassure head relationship by Nwankwor
(198) and field observatioswith a netron moisture probe by Bevan et al. (200%)icated that
the static moistureprofile for the Borden aquifer can be generally descridgdhaving a 0.3 m
thick tensionsaturated zone (i.eapillary fringe)locateddirectly above the water tableln
addition, te transitionzone over which the moisture content decreases upwsard®sidual

saturatiorextends an additional 0.4 m above the capillary fringe

2.2 Test Cell Description

The releasavas performed in &ell, open at both ends to allow hydraulic connection i
natumal groundwater flow regimeThere are threadjacentcells at this site (Figure 2.2), which
areconstructed using sealed st@ding that is anchored into the underlying aquitard. The cell
dimensions ar@1l mx 7.5 mx 7 m (lengthx width x depth). They are oriented approximately
parallel to aveage ground water flow direction to allow for the cells to be subject to a natural

flow regime (Mocanu, 2006).

A variety of sampling instrumentation used for the geochemical analysis of the gasoline
and ethanol releases were installed in the test cellnlete description of these installations

are found in Freitas (2009) arfereitasand Barker (2011) This instrumentation included
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multilevel water samplers, soil gas samplers, pressure transducers and a glass well designed for a
downhole camera systemh& down gradient end of the test cell consisted of a reactive barrier as

well as a pumgandtreat system for handling any dissolved phase contaminant.

2.3 Previous Gasoline Spill

The previous gasoline release occurred on August 21,;260&eophysical monitorings
describedoy McNaughton (2011) For this release, a 1.5 m (length) x 0.8 m (height) x 0.2 m
(depth) trench was excavated and lined with a 0.5 mm plastic sheet. With the water table at 0.5
meters below ground surfa¢ebg9 at the time of releasehe excavation trench depth resulted

in complete infiltration of the gasoline directly into the tension saturated zone. The E10 mixture
was prepared on site and consisdéd 71 L of API gasoline standard @1, 9 L of MTBE (9 L)

ard 20 L of pure ethanol; in addition, 0.1 g/L of @kdO dye was added to make this mixture
visible in soil cores. Upon complete mixing, hie plastic liner was removed, permitting
infiltration of the E10 mixture into the ground; the trench was coveréanibvolatilization of

the E10 mixture duringhe infiltration Infiltration of the E10 into the soil took 5 hours;

afterwards, the trench was repacked with the excavated sand.

GPR surveys were performed using a pulseEKKO 1000, manufactured by Sensors &
Software Inc. in Mississauga, ON. Both the 450 MHz and 900 MHz antenna were used to
acquire data. Six reflection profiles were collected at each frequency; three measuringh4.5 m
length which were parallel to the cell walls, and three measuring i@ fangth which were

perpendicular to the cell walls. Additionally, CMP soundingerecollected with both 450 and
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900 MHz antennan both parallel and perpendicular orientations at four locations. In total, each
survey date consisted of 12 reflection prediland 16 CMP soundings. Geophysical surveying
lasted until June 26, 2009, resulting in 20 survey dates, includibgckground data set

performed one day prior to the gasoline spill.

It was found that the 900 MHz antennas performed better at directyyrignghe shallow
contaminatedone.High-amplitude reflection events developed immediately after the release in
the vicinity of the trench and expanded latgratiuring the initial watetable lowering.
Conversely, the 450 MHz antennas allowed for the evaluation of the effects of gasoline induced
velocity changes on the imaging of an underlying stratigraphic reflecting boundary (i.e., a
velocity fipull-upo feature). Comparison of the 900 Mkand 450 MHz results showed that they
provided consistent characterizations of the LNARIntaminatedzone extent and its temporal

evolution.

2.4 Ethanol Release Bthodology

September 2, 2009 (Day 0), the 200 L of E95 mixture was released into aeab&ench as
described above. Since that water table was located at 0.59 m bgs at the time of release, it was
anticipated that release occurred above the tension saturatedTzen&95 mixture consisted of

175L ethanol (99.9% purity,rbm Commercial Acohols Inc.), and theemaining9 L a mixture

of selecteccompounds simulating gasoline: 82¥%xane, 1% fluorobenzengand 7% 4bromo
fluorobenzeneThis mixture was chosen to have the characteristics of the denatured ethanol that

would be typically transported and stored as biofuel, yet containing different components to aid
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in differentiationfrom the preceding gasoline release. To aid in theaViglentification ofthe
E95releaseaelative to the E1@eleasan the extracted soil cores, the ethanol mixture was dyed
yellow with Fluorescein The components were mixed the lined trench and allowed to
infiltrate into the vadose zone over approxietpatl.5 hours. Once the E95 had completely
infiltrated, the trench was refilled with clean sand as required by the geochemical experiment

methodology to avoid the presence of gasoline above the released ethanol.

2.5 GPR Survey Design and Monitoring&tiegy

The GPR profilinggrid consisted o8 reflection profile linesthe plan view of these lines is
shown in Figure 2.3Lines 2, 3 and 4 were each 6 m in lengthg are positioned across the
width of the cell prpendicular to groundwater flow. Linds B and C were 4.5 m in length
running parallel to groundwater floalong the cell axis. All six of these lines were used to
monitor the previous gasoline release. For the ethanol release, Lines D and E were added to
provide more information about thenmediate trench argaach measuring 1.8 m length

parallel to groundwater flow

In addition to the reflection profiling, CMP soundsgere done at six locations to
obtain subsurface EM wave velocity information. The locations of the CMP soundings are
denoted in Figure 2.3, with the maximum antenna separation being 1/Boar. of the CMP
locations werethe same ashoseduring the earlier gasoline monitoringowever,two new

locationswereadded in thémmediaterench area.
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In this study, GPR survewsere performed from July 28, 2009 through to October 01,
2010, spanning 430 days. Prior to the releas@egtthanol, five GPR surveygere performed
in order to establish preelease contons. Twentyfive GPR surveg were done aftethe
ethanol release. The dates and the corresponding time elapsed adtbatitdreleaseare given
in Table 22. During each GPR survey date, all eight reflection profiles were acquired using two
different sets of frequency antennas (i.e., 450 and 900)MB&P sounding were also collected
with perpendicular antennae orientation at all six locations with both antenna sets. In addition,
CMP sounding collected with parallel antennae orientation were collected atixalbcatiors
with the 900 MHZ antennaet. This acquisition program resulted in a total of 34 GPR profile

lines and CMP soundings being collected during each GPR survey date.

2.6 GPREquipment

The GPR system used to collect data was a pulseEKKO 1000 manufactured by Sensors &
Softwarelnc. in Mississauga, ON. The pulseEKKO 10B80equipped with shielded antennae

that permit applicationsn enclosedenvironmentgi.e., antenna design focuses energy into the
ground, thereby limiting above ground reflections that may interfere with subsuefeents)

There are a number of acquisition parameters that need to be selected for GPR acquisition; Table
2.3 lists the values of these parameters used in this project. The time window is the overall time
period, in nanosecondss), for which the unitecords arriving events at the receiving antenna;

this window must be long enough to record the arrival of the desired events. The sampling
interval is the time increment in picoseconds (ps) between discrete signal measurements during
recording; its vale must consider acquisition effort and the potential of temporal aliasing. The
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stack is the number of times each trace is superimposed to enhance the signal to noise ratio of the
GPR data. Antenna separation, in metres, is a constant offset distaneerbée antennas

during the reflection profiling. The pulseEKKO 1000 has a bracket system to maintain a
recommended offset; these brackets were used in this project. The step size is the spatial
increment the antennas are moved for each trace. Focti@fieorofiling, the step size is the
distance the antenna array is moved between samples, while step size for the CMP sounding is
the incremental increase in the antenna offset distance as traces are collected. The choice of the

step size must consideotgntial spatial aliasingffectsas well as acquisition eiency:.

2.7 GPR Data Processing

Following data acquisitionn the field GPR data requireprocessg to enhancesubsurface
reflection events anduppressandom noise.lnitially, the data was downloaded from the data
loggerto a desktop computer using WINPXFER (Sensors & Software Inc.). Subsequently, the
data wadmported into EkkoView Deluxe v1.85ensors & Software Inc.) whesach line was
renamed to include the date, surveymber, and a unique identifier of tpeofile line and survey

type. The datawastheninspected to ensure tlodrrect survey parameters (i.start and stop
positions, number of tracesd step size) were in the header féesl that therevere no blank
tracespresentin each data setin the very infrequent cases when blank traces were found, the
EkkoView Deluxe softwarewas utilized to replace these blanks by interpolating between

adjacent traces.
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Once the datguality had been verified, zertime adpustments were made bmththe450
and 900 MHz reflection profildata.This procedure was done to ensure that the first break from
the GPR reflection was positioned at O tigrebygiving the profiles a consistent start time.
This adjustment was accomplished using tRepick Timezero toolin EkkoView Deluxe
software withthe default £ 5%amplitudethreshold value.Next, he overall time window was
reducedto -5 ns to 40 ns for 900 MHprofilesand-5 ns to 65 ns for 450 MHprofiles. This
shorenng of the time window reduced the amowxcesgime data that did not contain useful
information about the subsurfagcand produceda consistent time range for comparison of

individual profiles for each antenna frequgnc

The remander of the posacquisition data processing of the reflection profiles was
performed in the ReflexW version 5.5 software package developed by Sandmeier Softiaare.
following five processing steps were performadhis order:dewow, bandpass filteringain
function, running average spatial filtering and mean filtdihe parameter values selected for
each processing step asemmarized in Table 2. Two differentobjectives guided the past
acquisition processing performed on the reflection profile3he 900 MHz profiles were
processed tenhance the reflection events frahme shallow LNAPLcontaminatedzone. In
contrast, he 450 MHz profiles were processedingprove the imaging othe reflection event
from a deepercontinuousstratigraphic boundarynderlying theentire test cell These two
contrasting processing objectives combined with the differing antenna frequencies resulted in

two ses of processing parameter values.
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2.8 GPR 450 MHz Reflection Data Tirr@cking

The 450 MHz datareused to evaluate the change in traveltime for the reflection from a laterally
continuous stratigraphic interface underlying the test cell. Similar to the gasoline, the dielectric
permittivity of ethanol k ~ 25) is lower than that of watek ¢ 80). Hemwe the displacement of
water by gasoline and/or ethanol will result in increased EM wave velocity within the
contaminatedone, over the reflecting interface. In turn, this change decreases traveltime of the
stratigraphic reflection event and producespparenpull-up of the reflector directly below the

contaminatedone. Figure 2.4 show an example of this velocity-ppleffect.

By determining the change in traveltime relative to the background data collected prior to
the ethanol release (Sept 0B®), we can infer the presence of dwntaminatedzone. The
stratigraphic reflection at approximately 45 ns shown in Figure 2.4 was easily identified on all of
the reflection profiles obtained from the cell. The traveltime to this reflection was deéstmi
using the event picking raue in the ReflexW package. Thisaveltime datavasdifferenced
with corresponding traveltime data obtained from therplteasebackground survey obtained on
Day-1 (Sept 01, 2011). Because the stratigraphic interfaibeeid in location, these changes in

traveltime indicate velocity changes in the overlying subsurface.

However, these traveltime measurements are complicated by the fluctuating water table
and moisture profile. These changes in water content would lextexpto add a unique bulk
shift to the traveltime of the stratigraphic reflection across the entire survey for a given date. In
an attempt to compensate for these water table fluctuation effects on the traveltime
measurements, the 450 MHz reflection pno§ along Line 4 were used to estimate the bulk

shift. This process was felt to be reasonable given the lack of release induced impact seen along
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this downgradientline duringand afterthe gasoline release (McNaughton, 2011) and observed

in this experiment prior to thenset ofwinter conditions.

Figure 2.5 shows the comparison of the shallow reflection event imaged by the 900 MHz
profiles, the reflector puip on the 450 MHz profile, and changes in 450 MHz traveltime for
Line 3. It can be seemhat there is a good correlation of the 900 MHz higftectivity evensand
the stratigraphic pulip effect as plotted with the 450 MHz reflector. By applying this technique
to all six lines and using the software package Surfer to interpolate betwegnvéinousplan
view maps were created to visualize the spatial extent and magnitude of the travaltatiens

These results are presented in Section 3.
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Table2.1 - Estimates of Bordeaquifer properties

Average groundwater velocity 0.09 m/ day”

Horizontal Hydraulic Gradient
Magnitude range 0.00350.00653"*®
Magnitude annual mean 0.004%
Direction aanual nean N 21° E©

Hydraulic Conductivity
Range 5x107 7 2x10* m/s®
Geometric mean 7.2x10° m/&
Standard deviation of natutalg ~ 0.62
Porosity

Mean 0.33
Coefficient of variation 0.08

A Mackay et al, 1986
B Sudicky, 1986
€ Martin, 2004
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Table 2.21 Dates/ime dlapsed of GPRurveys

Background Dates Monitoring Dates
Data Date Day | Data Date Day
M20 28Jul09 -36 [EO1 2-Sep09 0
M21  18Aug-09 -15 |EO2 3-Sep09 1
M22  25-Aug-09 -8 EO3 4-Sep09 2
M23  31-Aug-09 -2 EO4 5-Sep09 3
M24  1-Sep09 -1 EO5 6-Sep09 4

EO6  7-Sep09 5
EO7 9-Sep09 7
EO8 11-Sep09 9
EO9 14-Sep09 12
E10 18Sep09 16
E1l 23Sep09 21
E12 30-Sep09 28
E13 7-Oct-09 35
E14 21-Oct-09 49
E15 13Nov-09 72
E16 14-Dec09 103
E17 11-JanlO 131
E18 26-Janl0 146
E19 2-Mar-10 181
E20 3-Apr-10 213
E21 30-Apr-10 240
E22 23-Junl0 294
E23  6-Aug-10 338
E24 9-Sepll 372
E25 1-Oct10 394
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Table 231 Survey parameters used during the collection of the GPR data

Parameter 900 MHz Antenna 450 MHz Antenna
Time Window 50 ns 80 ns
Sampling Interval 100 ps 200 ps
Stack 64 64
Antenna Separation 0.17 m 0.25m
Profile Survey Steysize 0.02m 0.05m
CMP Survey Steize 0.02m 0.02m
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Table 2.4 GPR processing steps and parameters used in ReflexwW

Processing Filter 900 MHz 450 MHz
Parameters Parameters

Subtractmean (dewow) 1.11ns 3ns

(timewindow)

Band Pass Frequency 100/200/1600/2000 | 50/100/1250/1550

(Lower cutoffLower plateaWwpper platealdpper cutofy

Gain Function 0ng0.8/10/100 0 ng0.045/10/500

(Start timeLinear gainExponent/max gain)

Running Average
(Average traces/Start time/End time)

3/-5 ns/40 ns

3/-5 ns/65 ns

Mean Filter
(Mean range)

5

8
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Figure 2.1i Location of Canadian Forces Base Borden, Ontario Canada.
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Figure 2.4- Example of 450 MHz reflection profile along Line 3, showing the veloi
pull-up of the stratigraphic reflection at approximately 45 ns (Arrow). Botfapde
postrelease profiles are shown for comparison.
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3.0 GPR Data Analysis and Interpretation

This section examines the evolution of the contaminated asabservedn the GPR reflection
profiing data sets acquired during this experimértie temporal evolution of the ethanol
contaminatedzone was monitored for93 days after theelease This extended monitoring
period permitted observationof remobilization processes, as well as the effects of seasonal
variation in subsurfaceonditions on thecontaminatedzone. In this study, sasonalsoil
conditions included the developmentaofrozensurfacelayerduring the winter perioénd water

table dynamics associated with groundwater rechavgats

Due to differences in resolution and depth of penetration,GRR resultshave been
divided into two sections based on antennae frequency (i.e., 900 MHz profiling in Section 3.1
and 450 MHz profiling in Section 3.2). While the 900 MHz profiling provided better imaging of
the shallowcontaminatedzone, the 450 MHz profiling had better depof investigation,
permitting the analysis ad velocity pultup effecton a stratigraphigeflection from underlying
interfaces. In additionsoil cores and an impedance depth survey were colletigdg this

experiment for comparison with the GPResle results are presented in Section 3.3.

An important element of this experiment was the impact of the varying water table.
Figure 3.1 shows the water table measurements obtained from pressure transducers located in a
monitoring well in the test cell wh the GPR monitoring dates superimposed. The summer of
2009 is characterized by a generally declining water table that is punctuated by precipitation

events that reswdt in substantial water table rises. This behaviour can be seen on three
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occasions prioto the release on Sept 02, 2009, with the most dramatic rise occurring on Aug 10,
2009 where the water table rose to 0.21 mbgs. The resulting water table rises due to these
precipitation events elevated the saturated zone to the level of the releabettren the start of

this experiment was delayed until a suitable lower water table level was obtained. These
conditions were achieved in early September when the water table lowered to 0.62 mbgs, at

which point the ethanol was released into the subseirfac

Throughout the experimental monitoring period, the test cell was subject to naturally
occurring seasonal change in both temperature and groundwater flow conditions. The main
features of these conditions are as follows. During the remainder of Septftebéhe ethanol
release, the water tableascharacterized by a continued decline to a maximum depth of 0.75
mbgs. In early October, the water table rose approximately 10 cm and fluctuated between 0.65 to

0.70 mbgs level through the October and Novenpleeiod

A consistent water table decline to a depth of 0.92 mbgs was observed over the
Decemberfebruary period. During this period, frozen conditions in the-sedace developed
at the test site. These frozen conditions drastically altered the GPpBnsesand providka
unique data set spanning January to early March. The spring thaw in the middle of March
produced a drastic increase in the water table, from 0.92 mbgs on Match0541 mbgs on
March 14". The water table fluctuated about thigher level through the spring and underwent a
progressive decline during the following summer and early fall of 2010. These water level data
are punctuated by shorter duration peaks that are most likely due to individual precipitation

events.
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3.1 900MHz Profiling Results

Of the eight reflection profile lines collected, the respitssented in this chapterill focus on

900 MHz reflection profiling data frorhines B, 3 and 4. Line & oriented along the axis of test

cell and crosses the center bétrelease trench, while Line 3 is oriented perpendicular to the cell
and is located along the down gradient edge of the release trench. Both of these lines clearly
show the effects of the ethanol release on the GPR response. In comparison, Line 4swhich i
located approximately 1.5 m dovgradient of the release trench is unique in that it is the only
GPR line not impacted by original gasoline monitored by McNaughton (2011) or the initial

expansion phase of the ethanol release of this study.

3.1.1 Preérelease Distribution of Gasoline Residuals

Prior to theethanol releasen Sepember2, 2009 five backgroundsPRsurveys were performed

on Days -36, -15, -8, -2 and -1 to characterize thpre-existing geophysical signature of the
emplaced gasolinffom the initial release in August 200Bhese lackgroundreflectionprofiles

for Line 3 given in Figuré&.2 showa series of multipléigh-amplitudereflectionevents directly

below the release trencfi.e., between positions 3.00 m to 4.35mjkewise, background
profiles from Line B shown in Figure 3.3 display similar reflection events beneath the trench
location between 2.80 m to 3.70 m. These multiple reflections are believed to represent the
approximate position of the pestablished gasoline resaluzone. h the previous gasoline
experimentoy McNaughton (2011)t was concluded that thgasoline pool remained stationary

with the majority of the mass contained within the arearaf belowthe initial release trench

This hypothesis is supported bye reflection profiles collected along Line 4 (Figure 3.4) which
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show no anomalous reflection events, and thuswidence of gasoline residual fraime initial
gasoline release. This interpretation is consistent with background GPR reflection datedolle

prior to the ethanol release.

3.1.2 Ethanol Release amitial Remobilization of the Gasoline

Since the release trench had to be packed with clean sand after the ethanol release to avoid the
presence of gasoline above the ethanol phase, thasean inherent contrast in electrical
properties between the trench fill and the surraogdontaminated soil. This contrast affected

the nature of the direct ground wave (i.e., the event that travels along the surface between the
antennas). These eftsoof this can be seen readily in fiestrival events of the poselease GPR

profiles for the position located on the trench; these positions are denoted by green lines in the
figures. However, it appears that this fill had minimal impact on the imagfinige underlying

contaminated zone and the stratigraphic interfaces.

Immediately after the release on Sept 2, 2009, significant changes were observed on the
900 MHz refletion profiles in the gasolineontaminatedone below the trench. These changes
can be seen in the profiling done along Lines 3 and B (Figures 3.5 and 3.6, respectively), and are
absent along Line 4 (Figure 4.7). The haynplitude events located betweerd® ns below the
trench that were infercedue to the gasoline residuals in the-priease imaging appear to shift
downwards and somewhat contract in lateral extemh Day O to 7 This response appears to be
consistent with the capillary fringe depression and gasoline redistribution edseteboratory

test cells (Feitas, 2009)

34



After this time, the amplitude of these events below the trench significantly dissipates.
While there is still a limited zone of substantial reflectivity below the trench on Line B (Figure
3.6) through Day 49, theeflectivity below the trench along Line 3 (Figure 3.5) is almost
completely reduced. It is possible that this behaviour is a manifestation of taveocy
effects of ethanol on gasoline@.§g. McDowell et al., 2003). This phenomenon would be

expectedo reduce the contrast in electrical properties across interfaces in the contaminated zone.

In addition, highamplitude shallow reflection events were observed along the trench
peripherywhich progressively mowlaterally away from the trench. This leé movement was
observed on the reflection profiling through Day 28 which corresponded with the lowest water
table depthobservedn the Fall of 2009 after the release. At this point, these events reached a
maximum extent of 1.80 m to 5.60 m along LinéF8yure 3.5) and 1.95 i 4.85 m along Line

B (Figure 3.6).

Theselateraly exparding eventsalso occurred on the other survey lindsere the initial
gasoline release was imaged by GPR profiling., Lines 2 and C), seen in Figure 3.8 all
cases the maximum lateral extent of these events is greater than the dmghareflectivity
feature observed after the initial 2008 gasoline releaperted in McNaughton (2011)In
addition,these events were observed to develop on Line A (FigureM@Jaughton (20114lid
not report the appearance of such an edening monitoring of the gasoline migration. After
the early October water table rise, these events cease their lateral movement on the GPR

reflection profiles and exhibit a progressive dasesin reflectivity.

In contrast to these results, the reflection profiles acquired along Line 4 (Figure 3.7)

shows no significant changes in GPR response during this initial monitoring period. These
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results are analogous to that reported by McNaughtdhl(Rfor the initial gasoline release. In
both cases, the lack of change in the GPR images is inferiadicated that immiscible phase

displacement did not occur along Line 4, which is further down gradient from the trench.

3.1.3 Long-Term Evolutionof the Ethanol Release

Figures 3.93.11 show selected reflection profiles along Lines 3, B and 4, respectively, during
the later portion of the geophysical monitgy period from Day 51 to the end of the experiment
on Day 394. During this period, chamga the geophysical response appear to be strongly

influenced by watertable variations and the occurrence of the seasonatfraezeycle.

For the remainder of the Fall of 2009, the shallow lateral reflection events on the GPR
images obtained along Liee€8 and B continue their progressive decrease in reflectivity. The
charactestics of the reflection profiles change radically with the development of frozen soll
conditions. These conditions were first encountered on Day 103 (December 14, 2009). On this
date, the diminished amplitude of direct ground wave events (i.e., the first arrivals) can be
observed at the ends of profile Lines 3 and B; this direct ground wave behaviour is indicative of
the presence of a thin frozen surface layer (Steelman and€2@@9). The contrasting higher
amplitude direct ground wave event over the location of the shallow lateral events that developed
after the release indicate lateral variations in the development of very shallow ground frost.

Similar direct ground wave #tures were also observed on Day 103 along Line 4 (Figure 3.11).

During the course of the winter period (i.e., January 11, 2010 (Day 131), January 26,
2010 (Day 146), and March 02, 2010 (Day 181)), a generally strong and laterally extensive

reflection eent was observed to forthat progressivly migrated downward on the profin
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Figures 3.93.11. The characteristics of this event are consistent with the reflections from the
base of the frozen soil zone (Steelman et al. 2010). This event exhibitedigtayeltimes
beneath a zone of differing direct ground waharacteristicswhich indicate lateral variation in

near surface conditions. In addition, the frbase event initially varied in amplitude laterally

such that it appeared to be discontinuiom 4.2 mi 5.2 m, along Line 3 on Days 131 and 146.

This discontinuity wasbsent on Day 181 (March 02, 2010), during which frest-base event
appeared to have migrated deeper into the subsurface. This observation is further discussed in

Section 3.22.

The changes in the direct ground wave characteristics and delayebdsestraveltimes
appear to be due to lateral variations in the freezing process. Their location on Lines 3 and B
coincide with the shallow lateral high reflectivity events thateligped after the release but have
somewhat greater lateral extent. For exambpiee 3 showsthe post release event on Day 49
which covers the interval 1.9 m 5.6 m, in comparisorthe feezingzone anomaly seen on Day
146 extends from 1.6 5.9 m. Futher, these freezing zone anomalies were also observed on
Days 131181 along Line 4 (Figure 3.11). This appearancedd@hdepressedreezingprocess
anomaly was unexpected since reflection profiling done during earlier unfrozen conditions gave
no indcation that Line 4 had been impacted by the ethanol release. If it is assumed that the frost
zone base is located at a relatively constant depth on any particular survey date, then the delayed
traveltimes would be indicative of unfrozen conditions. Thesaditions were confirmed

through the use of a physical impedance measurement, and are further discussed in Section 3.3.2

By early April, the snow had essentially melted and the ground had thawed. This release
of stored water resulted in a sharp inee@ the water table (i.e, an increase from 0.92 mbgs to

0.41 mbgs) as shown in Figure 3.1. With the capillary fringe extending 0.3 m above the water
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table, it would be expected that saturated conditions waaNgalmost reached the surface. The
water tdble fluctuated about this shallow level through to the early summer pandds
capuredby the profiling done on Days 2484. Throughout this period, the reflection profiles
exhibit significantly decreased reflectivity, providing little aifiy indication of the contaminad

Zone.

The nature of the reflection profiles radically evolvedtlas water table underwent a
progressive lowering during the remainder of the monitoring périedFall of 201Q. On Days
338394 in Figures 3.11, it can be seen that extensiugreases imeflectivity develogd on
Line 3, B and 4, respectively. The lateral extent of these events corresponds with the locations of
the frozen soil anomalies which are greater in extent than thabséithmediate postelease
events imaged on Day 28. The presence of the-dangplitude events on days 372 and 394 along
Line 4 (Figure 3.11) is another indication that the impact of the ethanol relehsegghiicantly

moved in the dowsgradient direction during the later pion of the monitoring period.

3.2 450 MHzReflection Profiling Results

Selected 450 MHz reflection profiles for Lines 3, B, and 4 are displayed in Figures 3.12, 3.13,
and 3.14, respectively; the dates shown are Days 0, 5, 28, 49, 3384rat38ell g the day

prior to the spill (Day1) as an example dofie background profileThedirect ground wave event

(i.e., first arrival) and the continuous stratigraphic reflection event at 88 ns can be
consistently seen on the 450 MHz reflection profile®ulghout the monitoring period. While
similar featurs are visible in the shallow zone directly impacted by ¢tleanol release (i.e.,
down to 15 ns) on the 450 MHz reflection profiles, they are less well resolved due to the lower

38



frequencyresolutionandare alsgoartially obscured by the superpositiohthe direct akground

wave arrival.

The traveltime of the deeper stratigraphic reflection undergoes a general decrease after
the ethanol release when compared with therplease profiling. Sincéis interfacenas afixed
depth t his traveltime decrease, -upommaorfl y hree fsd rrra
reflection is due to an increase in EM wave velocity of the overlying material. This velocity
increase would result from the digpement of lower velocity pore water (~0.033 m/ns) by
higher velocity fluids such as air (~0.30 m/ns), ethanol (~0.067 m/ns) or gasoline (~0.19 m/ns).
Velocity pull-up features have been documented by previous Borden DNAPL (Brewster and
Annan, 1994) anttNAPL (DeRyck 1994) experiment&n addition, comparison of the 900 MHz
and 450 MHz profiling results clearly shows that there is very good correlation betheen
locations of the velocity pulip and the shallow reflection event. Hence, it is reasensbl

assume that the velocipull-up can be used to infer the extent of tesmtaminatedone.

In Figures 3.12 and 3.13, the velocfull-up is seen on profiling from Lines 3 and B,
respectively. Immediately after the release (Days 0 and 5), scatter@agjydbelow the release
trench partially obscures the deeper stratigraphic event. This scattering progressively diminishes
and thepull-upis clearly visible on the profiles for Days 28 and 49. Analogous to the 900 MHz
profiling results for the followig spring and summer period, there is little, if any, evidence of
the pull-up during the seasonal water table high in June (Day 338), yet it reappears once the
water table had fallen during the summer period (Day 394). For the profiling along Line 4
(Figure 3.14), it can be seen that there is no appg@hup in the early period after the release
(Days 049). However, there are traveltime variations below the location of the emergent

reflection events observed on the 900 MHz profiles after the watkr Itakeredon Day 394.
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This velocity pultup is further evidence that tlkentaminated@onehadmoved down gradient to

Line 4.

To quantify the traveltime change of the continuous stratigraphic reflector found between
40-50 ns on the 450 MHz data, its tedtime at each sounding position along the profile line was
differenced with the corresponding value from the background data set collected eh. DAy
positive traveltime difference indicates higher velocities relative to background conditions, and
thus the presence of a higher EM velocity material overlying the interface. Conversely, a
negative traveltime difference would indicate a slower EM wave velocity conditions relative to

background.

An example of these traveltime differences for Line 3, arevshio Figure 3.15 for the
dates corresponding to the profiles given in Figure 3.12. It can be seen that both the magnitude
and lateral extent of the traveltinpaill-up increases from the date of ethanol release until Day
28. This response is maintainedabhgh Day 49. During spring high water table conditions
following the major seasonal rechargeent, the velocity pulip hadessentidly disappeared
(Day 338). Once the water table undergoes the season summer drop, the traveltope pull

reappeaed (Day 39H).

To investigate the spatial variability of the traveltime differences for the deep
stratigraphic reflection event, planview diagrams were created from the 450 MHz traveltime
differences determined from each 450 MHz profile relative to the correspondingrbach
data from Day-1. The traveltime difference measurements from six lines (Lin€sakd 24)

were imported into Surfer version 9 (Golden Software Inc.), and contoured over the area of the
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test cell using the kriging interpolation method. The planvieweltime differences shown in

Figures 3.163.18 cover the entire monitoring period including the multiplerptease surveys.

The planviewmapfor the cell in Figure 3.16 shathe traveltime differences in the pre
release surveys prior to the chodesckground reference on Da¥. The local variations in
traveltime observed during this prelease period are generally on the order 6f2L.ns which
are relatively small compared to the release inducted changes described bebremndasive
over thesurvey area. A possible source for these variations is localized water content variation

in the near surface associated with soil heterogeneity.

Once the ethanalhasrelease on Day 0, themasan immediate effect on the traveltime
planviews whichis clearly illustrated in Figure 3.17. Téketraveltime differenceincreases in
magnitude and spatial extent during the initial phase covering the remobilization of the gasoline.
Planviews for Days 0 through 4 show preferential accumulation along tgeadjent side of the
trench whereas planviews for Days 5 to 12 show pdl-up occurring over the entire release
trench area and into the surrounding region. The greatest magnitude of traveltime difference was
measured on Day 21 and gradually decreattesnards through Day 49. The spatial extent of
the pull-up continues to progressively increase through Day 49. At this point in thegleate
monitoring, the movement of the traveltime difference appears to be roughly equivalent in both

the upand dow-gradient directions relative to the release trench.

The longer term evolution of the traveltime differences during unfrozen conditions in
response to the changing water table levels are shown in Figure 3.18. The spatial extent of the
pull-up appeardo stop expanding by Day 72 and is relatively unchanged on Day 103 prior to the

onset of frozen winter conditions. However, the magnitude of the traveltime variation does
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appear to continue its progressive decrease over this time. Dayd921show theraveltime
difference changes during the spreagrly summer high water table conditions and it
subsequent progressive drop through the entthe@monitoringperiod During the water table
high stand (Days 21394), there is little, if any indication ofaveltime differences consistent
with the earlier monitoring data on Day 103. As the water table lowers (Day3%@38the
traveltime differences progressively-eenerge, though the magnitudes are well below the pre
winter values. Further, its spatiaktent is much large particularly in the down gradient

direction.

It should be noted that the traveltime difference measurements for the frozen conditions
are not included in this section. Since the EM wave velocity of ice\{i&Q.17 m/ns), is much
higher than water, the basis for the velocity contrast between the etimartaminated¢ones and
the unimpact regions is probably no longer valid during these condition. The traveltime

difference data from this period will require a level of analysi®hdythe scope of this study.

3.3 Comparison of GPR Profiling Results with Other Data

While it is quite apparent from the reflection profiling results presented in the previous chapter
that GPR strongly responds to the evolving subsurface conditioissjnitportant to compare
these geophysical responses to other measurenaewot observations obtained during this
experiment. For this experiment, two sets of independent data were specifically acquired to
further our understanding of the GPR results. Titst set is a series of soil cores taken during

the initial evolution of the contaminated zone that was observed after the ethanol release. The

42



second set of data beirige validation of the depressed frozen eohy physical impedance

probing. These autiary site investigations are discussed below.

3.3.1 Soil Core Comparisowith GPR

On October 30, 2009Day 58), four soil cores were taken along Line 2 to compare the
gasoline/ethanotontaminatedzone inferred from GPR reflection profiling to geochemically
sampled values. The cores were collected at the 1.80 m, 2.40 m, 2.85 m, and 3.70 m positions
(i.e., Cores 1 to 4, respectively) along the survey line. The location of these cores were
intendedo give a crosssectional view of the&ontaminatedzone perpendicular to the hydraulic
gradient, outward from the axis of the release trench. These cores were sampledi & 8rom
intervals to a total depth of 72 cm. The sampling procedure and geochertecpietationare
described in Freitas (2009)he results are presented in Figure 3.19 with the GPR profile data

collected 9 days earlier on Oct 21, 2009 (Day 49).

At the time of coring, the water table was located at 0.585 m depth below the surface.
The analysis of Core 1 shows the absence of both gasoline and ethanol, with the possible
exception of the very minor amounts of ethanol at the surface. In addition, there appears to be a

fully developed capillary fringe above the watertable at this lonati

In contrast, Cores 2 through 4 all contain significant amounts of gasoline and ethanol that
extend from the surface to depths of at least 0.40 meters. Significantly reduced water saturation
were also found at all three locations. Qualitatively, éh@ses show an overall increase in total
gasoline and ethanol massarthe trench axis. In addition, it can be seen that the amount of

gasoline, and to a lesser extent ethanol, below the water table increases toward the trench axis.
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A shallow reflectimm event of the type described in Section 3.1.2 can be seen on the 900
MHz reflection profile in Figure 3.20 extending from 1.6 m to 5.8 m along Line 2 on Day 49.
However, the nature of this event changes at its periphery from relatively horizont&.Qi5
m) to having significant apparent dips (i.e.,-2.6 m and 5.%.8 m). The lack of ethanol and
gasoline in Core 1 indicates that these dipping events are likely diffractions. Diffraction events
are scattered signal that are generated by shaepalaboundary between the clean and
ethanol/gasolinecontaminatedzone and distort the imaging of this boundary using surface
reflection profiling. This result demonstrates that determination of the lateral extent of the
contaminatedzone fran the 900 MH reflection profiing needs to consider the effects of

potential diffraction events.

The velocity pullup determined using the deeper stratigraphic event found on the 450
MHz reflection profiles extends from 2.0 m to 5.6 m along Line 2 on Day 49. Thralaxtent
of the pultup is consistent with the location of tkentaminatedzone as defined by these soil
cores. In addition, the variation in the ethanol and gasoline cergeen in the cores appears to
be qualitatively related to the 450 MHz veltycpull-up seen in Figure 3.18. In this figure, the
traveltime difference increases with proximity to the trench, indicating higher concentrations of

gasoline and ethanol contained within the unsaturated zone.
3.3.2 Physical Impedané&&obingComparisa with GPR

Physicalimpedanceprobing was performedo establish the top of the wintene frozenzone
this was conductedn two days (i.e., January 26, 2010 and March 08, 2010). This method
which is similar to that used to determine active zone thickness in permafrost (e.g., Arcone and

Delaney, 2003)was performed using a steel rod inserted by hand into the ground until rejection
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occurred. It is assumed that the rejection happens at pheftthe frozen zone. Depth to the
frozen zone was recorded upon removal of the steel rod, and repeated along each of the lines at a

10-20 cm sampling interval.

Comparison of the GPR 900 MHz profiles and the recorded depth to the frost zone found
very gad correlation between these data sets. This correlation is seen in Figures 3.21 and 3.22
where the depth data closely follows the form of the frost table top as imaged by the 900 MHz
reflection profile along Line 3. The apparent window observed in the @8R coincident with

the absence of freezbaw interface.

Figure 3.33 shows January planviews based on the interpolated probing rod depths and
measured traveltimes to the frozen layer as determined from the 900 MHz reflection profiling.
Goodcorrelation between the GPR and impedance probe data can be seen with both images
exhibiting very similar extent and shape the unfrozen zone, as wat@Espondingaps in the
ground freezing. Furthegood correlation can be seen in the March planvigiwsn Figure 3.34
Onceagain similar shapsandlateralextent of the urfrozen zone as well antinuity of the

frost tablewereobtained from the two data sets.
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Figure 3.2° Background 900 MHz radar profiles acquired between July 28
release. The release trench is indicated by the green line.
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September 1, 2009 showing emplacadadjne residuals prior to ethanol release. The rels

Figure 3.3 Background 900 MHz radar profiles along Line B acquired between Jlily 2§
trench is indicated by the green line.
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Figure 3.13 450 MHz radar profiles along Line B acquired during unfrozen conditions d
the entire monitoring period showing the variation in traveltionehe underlying
stratigraphic reflection at ~ 45 ns. The release trench is indicated by the green line.
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