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Abstract

Reagent injectiondesigned to providan stiu mass destruction of soil and groundwater
contaminantsare commonly prone to failure due tmadequate distribution of the injected
reagent Reagent injectiondn particularin situ chemical oxidation (ISCO) injectionsgquire
contact between the treadémt reagent and targeted contaminant to allow for mass destruction in
source zones and plumesSubsurface heterogeneities that exist at all spatial scales prevent
remediation specialist from accurate prediction of reagent distribution in the subsurézes,

when significant site characterization and hydraulic testing has previously taken place

A prototype probe system was developed to jpi@vealtime monitoring of thedistribution
of injected reagents. This thesis focused on laboratory testirfte (fystem to verifyhat the
design was capable afdicating the presence of an injected reagent in the. fi€keimperature
and twewire dipole resistance sensors weteveloped with lowcost materialsto provide
feedback on the electrical conductivitigC) signatures produced by tigal reagets mixed as
salt solutions.Sensors were attached to ts@as of PVC conduiaind wired to alata acquisition

systemto control measurements and stdega.

The temperature sensor was found to accurately respontemperature changes in
comparison to a commercial datalogger. Measured temperature differences between the
constructed sensor and commercial dagdogwere relatively constant, indicatirtbat the

constructed sensor coubé calibrated to measurentefrom acommercial logger.

Static cell experiments were conducted in beakers with varying concensatiim chloride
(NaCl), potassium permanganat&kMnO,;) and sodium persulfateN&S,Og) solutions to
detemine dipole resistanceensor response to varatsin EC. Different fixed resistors were
wired with the dipole sensor circuit to determitiee impact on sensor readingResults
indicated a nonlinear correlation between wice dipole resistance sensor response and
increasing EC. &ch constructed dipole sensor behaved uniquely. Raw sensor response was
calibrated to EC by accounting for the influence of the fixed residdata was fit to aecond
order polynomial with form y = aEG bEC + ¢ with r? rangingfrom 0.921.00 forexperiments

with 4-6 measurement points. alibrations wereccurate within the range of EC for each static



cell experiment; trends extrapolated beyond the measurement range were suligeiticans

error. The choice of fixed resistor did not appearlterahe accuracy gbrobe calibrations.

Flow cell experiments were designed to analyze dipole resistance sensor response to
continuous changes in ECEC breakthrough curves (BTCs) were produced by injecting NacCl
tracer solutions into the flow celllnitial flow cell experiments conducted in an open water
system showed agreement between dipole sensor measurement and handheld EC measurements
on the rising limb of BTCanddivergence between the two datasets on the falling limb of BTCs.

To resolve these ssies, a more sophisticatethk with a porous mediunwasbuilt andtested to
compare sensor response frorpretotype probe anda commercial EC dataloggelEC BTCs

were measurednder two scenarios: (1) conditions with deionized water (DI) circulatirog ¢fir

the tank as the background solution, and (2) conditions with a simulated groundwater solution
with elevated EC circulating through thank as the background solutiorBTCs produed
agreement between EC recorded by the commercial logger and dipistarree measurements

for both the rising and falling limbs of BTCResults indicatd he dipole resistance sensor was
not capable of resolvinfine changes in E@at occurred during breakthrough calibration of

all in situ measurements from thexperiments with porous mediugonfirmed the simulated
groundwater experiments were subject to significantly less variathtly the deionized water
experiments The calibration applied to the simulated groundwater measurements produced

BTCs that matchivery closely with those recded by the commercial logger.

Two field trials were also conducted during ISCO dtijgns at contaminated sites where
probes were installed in existing monitoring wellBhe feld trials did not successfully correlate
dipole resistance sensor measurements with oxidant concentration. Observations from the

second trial indicated the dipole sensor measurements correlated with EC of water samples.

This work has provided a theoretical representation ofviwve dipole resistanceensor
response to EC and has verified expected results through laboratory experitnesdsanialyzed
the influence of temperature and choice of fixed resistors omiveodipole resistance sensor
reading, has extensively tested sensor response tall{Dg static cell and BTC experiments
and has displayed the prototyp®lpe is capable of indicatirthe presence of injected reagents
that have an EC signaturé-urther esearch avenues inclugéot-scale testingn the field and

developing a desigrof use with a diregpush rig.
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Chapter 1: Introduction

1.1 GENERALINTRODUCTION

Groundwater contamination sources are varied and include current andgpeasitural and
industrial activities. In situations that involve poisburces, the contaminants are typically
distributed between source zones and plumes. When toxic substances are present, the resulting
subsurface contamination may exceed regulatory standards prompting thlemeednrup of

both the source zone and mobile dissolved phase plume.

For deeper sourcesemoval of contaminants through excavation proves to be impractical due
to high costs (Davis, 1997) which necessitatemasitu treatment approach. This is padiarly
importantifnolaqueous phase | iquids (NAPLS) are pres
groundwater pump and treat was used almost universally as auglgachnology to remove
mass from the source zone and to contain the dissolved phase piMhile pump and tredas
been shown to work well for plume containment, it is very ineffective for mass removal from
source zones The limitations of pump and treat prompted the development and testiigeof
mass extraction technologies such ag gapor extraction andh situ air spargingthat were

deemed to be more cost effective (Mackay and Cherry, 1989; Krembs et al., 2010).

An alternative to mass extraction technologies are those that piovéitea mass destruction.
The objective of arnn situ mass destruction technology is to create reaction conditions where
contaminants are immobilized or degraded into-toxic end products when they are contacted
or intercepted A commonly used method to create the required reactive zonedistribue
reagents in the subsurface by a graféy or pressurized inggion. Both microbial and chemical
reactions can be used to treat a wide range of organic, inorganic, and metallic contaminants. For
efficient and effective treatment, the selected reagemist be delivered into the situ reactive
zone and the resulting biogeochemistry must be close to optimal for the desired reaction(s) to

OcCcur.

The injection and distribution of treatment reagents is a challenging task due in part to the
uncertain suhsface geological and contaminant characteristics, and the role of heterogeneities

that exists at all spatial scales. Hydraulic conductivity is perhaps the most critical property since
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this will impact the ease at which a reagent can be delivered. Gvaterdlow characteristics

can affect reactive zones by controlling the rate at which the reagent will spread and mix with the
groundwater. Failure to properly delivibie reagent and provide acceptable reactive zones is the
major cause of failure fanany types of treatment technologidsor in situ chemical oxidation
(ISCO) in particular, inadequate distribution of oxidants caused by low permeability zones,
heterogeneity, and oxidant consumption by aquifer materials and/or DNAPLs has resulted in

poorremediation performance (Siegrist et al. (eds), 2011, p.21).

To mitigate failures caused by poor reagent distribution, recent trends have shown consultants
and researcheiavesting more time, effort, and money on monitoring programs before, during,
and after injection eventqCavé et al., 2007; Halihan et al.,, 2011; Harte et al., 20I2)is
research effort is focused on the development of-eifsttive field methods to aid in our
understanding of reagent delivery capabilities at actual contamingsd Sipecifically, the aim
is to developa suite of instrumens which can be used to provide feedback on remediation

progress and effectiveness duringsitutreatment.

Monitoring the subsurface distribution of injected reagents is a difficult task seecha
acquisition of high resolution data, both spatially and temporally, often results in unacceptably
high costs. Although muHevel wells have been shown to provide accurate vertical
discretization at heterogeneous sites (Einarson, 2086 scienists and engineers often resort to
sampling programs planned around existing screened wells at a site. A significant risk to this
approach is apparent reagent deliyeryeagent may be assumed to be delivered over the entire
vertical length of a well seen when in reality the reagent concentration mixed in a well is from
an isolated locationMonitoring screened wells for reagent breakthrough can lead to diminished
remediation performance or even failure when hydraulic fracturing and-ghaiting during
pressurized injections lead to preferential flow paths intersecting with monitoring well screens
(Suthersan et al., 2011).

In addition to considering weltype, remediation specialists must decide on an optimal
combination of field and laboratorynalyses to track injected reagents. Several types of
commercial field kits are available for directly determining the presence of chemical oxidants or
providing surrogate parameters such as pH, dissolved oxygen, alkalinity, iron, sulfate, chloride,

mangarse, potassium, sodium, etc. as a visual indication of concentration. In addition, water
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samples are regularly tested for parameters such as pH, electrical conductivity (EC), temperature,
oxidationreduction potential (ORP), and dissolved oxygen usinglineld field meters (Palaia

et al.,, 2011, p.491). Field mass spectrophotometers are another instrument available to
praditioners for providing close to reime data during injection events (Halihan et al., 2012).
Although traditional laboratory sampl approaches are always expected to be a staple of
monitoring programs at contaminated sites, continually improving field measurement techniques
provide operational economies that can be exploited by project managers. As a result, multiple
efforts are arrently pushing to develop technologies which can enhance monitoring capabilities
while lowering cost¢Cavé et al., 2007; Halihan et al., 2011; Harte et al., 2012, etc.)

1.1.1 Previous work monitoring reagentinjections

Various geophysical methods have beempleyed to monitor reagent injections at contamitate
sites. Nyquist et al. (1999) used surface direct current (DC) resistivity to monitor a
permanganate injection recirculated between two horizontal wells, while Halihan et al. (2011)
used electrical resiivity imaging (ERI) to monitor a pilescale ISCO sodium permanganate
injectionextraction procedure with vertical wells. Harte et al. (2012) used borehole DC
resistivity and surface electromagnetic (EM) methods to motteaistribution and transpodf

a full-scale sodium permanganate injection at a site previously treated by ISCO. In addition,
Lane et al. (2006) monitored the injection of vegetable oil emulsion (VOE) as a carbon substrate
using a combination of cro$®le radar to track the reageand conventional geophysical tools

to characterize the site. These studies showed various degrees of success in mapping the
distribution of injected reagents when background surveys were compared to surveys conducted

at various intervals after the injeans.

1.1.2 Advantages of in situ monitoring

In contrast to geophysical methods, this research is focused on monitoring approaches that can
be used to provide feedback on the distribution of reagents utimesglor close to redgime.

Realtime data collectin can allowemedigion specialists t@ptimize injection programsn the

fly, rather than waiting until an injection is complete before undertaking a geophysical.survey

In situ monitoring devices have an advantage over the methods described above because they can

provide continuous data without requiring extensive site visits and labour, which is typically the
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largest component of monitoring costs (Palaia et al., 2011, p.48®ases where an injected
reagent has an electrically conductive signature, EC measurements can be used to monitor
reagent distributionln situEC measurements directly measure changes in pore water EC, which
can be used to infer the presence of arctgd reagent. This can result in significant -cost
savings if devices can be deployed efficiently without damaging probes. Adtffadden
comparing geophysical methods to dirant situ approaches is measurement resolution;
geophysical measurements gaovide highresolution data spatially, but are limited temporally

by the number of site visits that are made. Converselgitu measurements can provide
continuous temporal measurements, but are limited to the locations where measurement devices
are nstalled. As a result, the benefitsinfsitu measurements are maximized when monitoring
devices can record data at multiple depths and can also be installed in several locations

surrounding injection points.

When considering ISCO remediation programssignificant problem associated with
monitoring oxidantsin situ is the high oxidtion potential of the reagentAlthough several
commercial transducers and probes currently available can monitor the chemical and physical
signatures of ISCO injections, dfe is substantial risk that monitoring equipment may be
damaged when it comes in contact with an oxidant. Due to the high cost of these probes and
transducers, the benefits that réale monitoring data can provide during an ISCO event are

often overlo&ed.

Early efforts to develop a probe for situ monitoring of oxidant injectios are described by
Cavé et al. (2007yvhere simple EC and ORP sensors attached to a polyvinylchloride (PVC)
conduit were installedh situ by jetting The study found a strgncorrelation between sensor
response and the presence of permanganate injected into a sand aquifer during an experimental
field test confined to a sheet pile box. In particular, the EC sensors not only responded to the
presence of oxidant, they also slemva linear relationship between sensor response and

potassiunpermanganatéKMnO,) concentration.

These results indicate promise for deploying simple Edbgs to monitor fulscale reagent
injections, although detailed analysis of how these sensqrsmés$o changes in the factahat

influence EC is not currently available.



1.2 OBJECTIVES

1.2.1 Researchfocus

This research is focused on trevdlopment and testing of a suite of instruments that can be used

to characterize reagent delivery prograssl enhancéhe efficacy ofin situ treatment systems.

Existing characterization approaches are often time consuming and costbfteandrovide data

that isspatially and temporally limitedAs a result, this work is focused orogiding near real

time field datadescribing reagent delivee and subsequent transport &low remediation
programs to be optimized. Reahe feedback has the potentialdecrease both treatment time

and operational costdor remediation programs while providing greater degree of
understanding about reagent delivery at sites and whether or not acceptable reactive zones can be
expected. The information can be used to prevent-@egign ofin situ treatment systems or

temper treatment expectations.

The end goabf this project is to design a probe device that can be strategically installed as an
array within and surrounding an situ treatment zone as shown kigure 1.1. Each device
would be installed with a suitable dirgmish methd (vibrating hammer or Geoobé
depending on the required depth. The device would be equipped with a variety of monitoring
sensors designed to collect appropriate data for the chemical reagent investigated. A key goal of
this research effort is to design a system that is bdhstand inexpensive. To facilitate ease of
use and rapid assessmdhg spatiabistribution of devices shouldrovide informatio that can
be used to vertically discretizeagent distribution over large areabhis effort has focused on
designs tha&re suitable for use during ISCO, but could also be used with other reagents.

1.3 BACKGROUND

1.3.1 Parameters of interest

Sensors which directly measure reagent chemicals or byproducts\dtalseen studied in this
research A brief literature search confirmed féwno commercial sensors have been developed
that directly measure reagents injected for remediation. If available, it is unlikely commercial

sensors would meet project goals of lowst, robustness, and potential for installation with a
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directpush syste. In addition, a sensor specific to a reagent component or byproduct could
limit the design to a single reagent. This research is focused on a system which would be robust
enough to monitor several types of geats and has concenteaton measurementapameters
thatindicate the presence of an injected reagent, but do not directly measure a specified chemical
compound. This approach allows more generalized sensors to be used or constructed which

significantly reduces overall costs.

There are several gsogate physical and chemical parameters which can provide valuable
information about the presence and concentration of an injected reagent without directly
measuring the reagent itself. Parameseish as ECtemperature, ORP, and pH provide various

degees of information specific to a reagent.

Temperature anBC were selected as parameters of focugHis research These parameters
were chosen because sensors that were low cost and small enough for a drill rod design could
easily be constructed. Rgents such as chemical oxidants are often packaged as dry salts that
dissociate when mixed in solution. The resulting reagent solutions have a high ionic
concentration signata that can be detected by an EC measurem&@ measurements are
dependent omeasurement temperature, making the inclusion of a temperature sensor a logical
addition. Details describing the sensor selection process and why specific parameters were

excluded from prototype designs can be referenmcéghpendixAl.

1.3.2 Conceptual model of electrical conductivity breakthrough

A conceptual model of sensor response during and after a reagent injection can be developed for
the probe arrangement shownHigure 1.1 assuming each measurement point contains an EC
and temperature sensor. Fasiagle monitoring point, breakthrough of reagent concentration is
expected if the probe is installed within the injection zone of influence. The monitoring point
will reach a breakthrough of reagent concentration at some time during or after the injéction
ambient groundwater flow conditions exist, reagent concentration at the monitoring point will

then decrease.

For the scenario of an ISCO injection, the conceptual model can be exterabesitter EC

breakthrough because oxidants are typically mixedadt solutions that have elevated EC. A



baseline EQreading at a monitoring point should increase to a maximum value, which would
correspond to the maximum concentration of oxidant, and then return to background levels after
the injected slug has passed. This conceptual model ignores natural chacactefisti
hydrogeologic media and physical and chemical impacts of chemical oxidation. Natural
gradients at a location may be too low to move an injected slug away from a monitoring point,
reaction byproducts may form that block pore spaces and alter trangooxidant, and
previously immobile pore spaces containing high conductivity solutes may become mobilized,
altering EC readings. In addition, reactions between contaminants, oxidants, and natural

groundwater constituents have the potential to altezrobd EC.

Although the conceptual model ignores some complex factdrsis understood that
monitoring locations in the zone of influence surrounding an ISCO injection point generally
experience an increase in EC. If groundwater at the monitoring isombbile and/ofin situ
conditionscause reactions which use charged ions to produce stable compibend€ increase

would be followed by a decrease in EC at a time after the oxidant injection.

1.3.3 Electrical conductivity theory

Electrical conductance desgues the ability of a material to allow electdarrent to flow through

tandi s inversely related to the mediumbs res

conductance and resistance are related to the electric current travelling through a ameldilnen

el ectrical potenti al applied to create the cu
W

v R (1)

whereR is resistance ilmhms,| is electric current in amp¥/ is electric potential in volts, and

is electrical conductance in microsiemens (Miller et al., 1988 ,p.1; McCleskey, 2010, p.4).

Electrical current can flow through solid materials such as metals, or through ionic solutions.
Electrical conductance through metals is a result of electromshwelan move freely between
atoms, travelling through the lattice structure of the metal when an electric current is applied.
lonic conductance does not depend on the transport of electrons, but is a measure of the

movement of charged ions travelling thgh water (McCleskey, 2010, p.3). Pure water



conducts a negligible amount of electrical current due to dissolvedr@@ equilibrium with

the atmosphere and the slight dissociation of water molecules (Robinson and Stokes, 1965, p.3)
This allows calcwdtions of conductand®r electrolyte solutions to only considdissolved ionic
speciesand neglect the contribution from dissociated watéfater quality investigations are

typically only concerned with ionic conductance, which is also the focus dhdss.

Specific conductancg.sp), preferentially called Aconduct.i
practice today (APHA et al., 2012, p52) and denoted dsC in this thesis, describes the flux of
current travelling through a unit cressction ofa medium. In practice, the conductivity of an
ionic solution can be measured using alternating current (AC) and a Wheatstone bridge or a
conductance meter and probe (McCleskey, 2010, p.4). EC is described by the following
relationship:
Q
0

0 00 0 (2)

whered is the distance between electrode plateis, the crossectional area of the plates, dnd

is ionic conductance (Millero, 2001, p.101). Conductivity is reported in units of
Siemens/length, where length is typically cm and Siemen is the reciprocal of ohm. Conductance
is typically reported with units o Before Siemens were adopted as #itial Sl unit in

1972, the reciprocal of ohms was typically reported as mho (CPGM, 1972).

A conductivity probe measures conductance of a solution and then relates it to EC. Spacing
and crosssectional area of the probe electrodes are not considersituadly, and the ratio
(d/A)is definedas the cell constan€}. For calibration of a conductivity probe in the laboratory,
the cell constant is determined using a standard potassium chloride (KCI) solution of known
conductivity €Cy). Standard solutns are measured over a range of concentrations with
electrodes that have been precisely constructed and therefore have known vatLasdiéx
When a conductivity probe is calibrated in the laboratory, the electrical conductance of the

standardLy) is measured.ECs is already known, allowing the cell constant to be calculated as

shown in Eq. 3:
. 00



whereC typically has units c (Robinson and Stokes, 1965, p.95; APHA et al., 20125p)2
The calculated cell constant allows the unknown electrical conductivity of a sola@gnto be
reported based on the conductance measured for the unknown salytigPHA et al., 2012,
p.2-52):

006 060 4)

Experimental results are typically reported using EC rather than electrical conductance
because EC considers the contribution of the measurement device cell cohstamheasuring
the electrical properties of ionic flwkrough a unit areaThis allows standardized comparison
of measurements made with different devices. Conductance measurements alone do not isolate
the influence of the cell constant which prevents direct comparison between experimental results

from different probes.

Several properties influence EC. Solution temperature, combined with the type of ions
present, total concentration, mobility, and valence contribute to measured values (APHA, 2012,
p.252). For natural waters, temperature is known to @mfie EC in a nonlinear relationship
that is described blillero (2001, p.303) Although many models exist, for temperatures
between 3 and 47°C, this relation is commonly approximated linearly:

086 06 p GY cu (5)

where EC is the electrical conductivity (mS/cm) at temperatu@C), ECe is the electrical
conductivity at a reference temperature, typically 25 °C, an(’C*') is a temperature
compensation factor that is specific to the reference temper&@orensen and @ss, 1987
Hayashi, 2004; Ma et al., 2011). The literature cites multiple values for the temperature
compensation factomg, ranging from 0.0187 0.025, although a value of 0.0191 is commonly

used (Hayashi, 2004). This value is close to the rule ohlthused in many groundwater
studies where EC is assumed to change 2% per degree Celsius difference from 25°C (Robinson
and Stokes, 1965, p.87).



1.3.3.1lonic mobility

As mentioned above, EC is a function of solution temperature as well as the type and
concentrabn of ions in solutionThis is because EC describes the movement of ions through
water. lonic mobility(u) describes the ability of an ion to move through solution. This motion is
restricted according to the drag force caused by fluid viscosity argizéhef the ionic particle.
The mobility of an ion under an electric field of unit strength is described as:

V]
0 = 6

5 (6)
wherev is a constant drift velocity, anl is a unit electric field (Robinson and Stokes, 1965,
p.42; Millero, 2001, p.93). The drift velocity is a terminal velocity that the ion reaches when
viscous drag force from the solution is equal to the force created by the electric field.  This

allowsSt okeb6s | aw for i onic solutes to be applie

L
¢ -

whered is solution viscosity, andis particle radius (Robinson and Stokes, 1965, p.43; Millero,

0

(7)

2001, p.107). Under normal conditions, which excepts cases of high intenkighdrequency
electric fields, the acceleration of the ion
force is the product of mass and acceleration does not need to be considered to describe the
movement of the ion (Robinson and Stoké&$®5], p.42). The ions travel at a constant velocity,

which is a function of the particle radius and solution viscosity. The particle velocity is
proportional to the electric fi elthbaysqllto e d, \
describe resistee to the flow of current (Robinson and Stokes, 1965, p.42). Therefore, ionic
mobility describes the validity for developing the conductance term in (Bg. where
conductance is the inverse of electrical resistance, because velocity is ultimatetyi@ foh

particle radius. Eq(7) also shows particle mass does not affect ionic movement caused by an

applied electric field, explaining why conductivity is independent of this parameter.

10



1.3.3.2Total dissolved solids

Total dissolved solids (TDS) in groundwater rdated to ECbecause dissolved constituents
typically carry an ionic charge. As a result, groundwater is an electrolyte solution with
measurable EC (Freeze and Cherry, 1979, p.84). As reported by Davis and Dé96ést
p.98) the major ions Na Mg*, C&*, CI, HCOs, and S@ typically account for greater than
90% of TDS for natural waters This allows for a linear relationship between the two

parameters:
"YO'Y Q06 (8)

whereTDSis expressed in mg/IEC is uS/cm, and. is a linear conversion factor ranging from
0.54 t0 0.96 (Hem, 1970, p.67).

1.3.3.3lonic strength

lonic strength is a measure of ion interactions in solution and describes the intensity of the
electric field in the liquid (Snoeyink and Jenkins, 1980, p.75Y. difate solutions, ions behave
independent of each other. As concentration increasegnanteractions also increase which
causes the activity of ions to decrease (Tchobanoglous and Schroeder, 1987, p.51). lonic
strength of a solution, a term firsttroduced by Lewis and Randll921) can be determined
according to
. p o .
- 0 aq
c N (9)
whereC; is molarity (mol/L), andz is the charge of ionic species (Snoeyink and Jenkins, 1980,
p.75; Tchobanoglous and Schroeder, 1987, p.51).néeideal solutions, where the sum of the

volumes of individual components does not equal the total volume of the mixed solution, ionic

strength can be calculated by using mass per kg of water, rather than molar concentration:
. P :
- a aq 10
c (10

where m is molality (mol/kg) (Freeze and Cherry, 1979, p.90). Because EC describes the ability

of a solution to conduct an electric curranhile ionic strength is a measure of the intensity of
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the electric field acting on a solutioEC and ionic strengthre naturally interrelated. Lind
showed a linear relationship existed betw&®hs and ionic strength for purgalt solutions, as
shownin Figure 1.2 (1970). Figure l.2indicates the following relationship for solutions

composed from a single compound:

06 Gt WEEi 0WEDO (11

wherep is ionic strengthECsi s el ect ri c al c o n d mis the slopetofytheat 25
line, and the constant describes thmtgrcept for each curve (Lind, 1970). In addition to the
relationships produced by Lind, ionic strength is commonly related to EC for natural waters that
contain many different dissolved corsénts:

‘ep® pm 06 12

whereECsi s el ectri cal conductivity at 25 UC in
Tchobanoglous and Schroeder, 1987, p.91). The relationship between ionic strength and EC also

indicates that ionic strength idated to TDS. Combining Egs. (8) and (12) gives:

[ o) EQT[ YOUY (13)
As mentioned irsection1.3.3.2 Hem foundk. for natural waters to range between 0.54 and
0.96, although values above 0.75 were typically found to be cases with high sulfate
concentrations (1970, p.67). Commercial conductance/TDS meters commonly use a conversion
factor of 0.64, based on data refedrby Langelief1936), resulting in

e pmt YO'Y (14)

1.3.4 Factors affecting in situ measurements

Soil properties are known to influenée situ EC measurements and therefore need to be
considered for the probe system described in this thesis. For a sensor installed in direct contact
with soil grains, pore fluid EC and temperature provide a component of the overall EC

measurement, while soil ctaateristics account for the rest of the recorded value. Soil properties
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known to influencein situ EC measurements include porosity, water content, soil structure,
particle shape and orientation, partisiee distribution, cation exchange capacity, and
wettability (Friedman, 2005).

Surface conduction of a soil has been shown to significantly contribute to EC measurements
for soils with high specific surface area, ®hen the pore fluid has low ionic conductivity. The
component of the overall measuremeaused by specific surface area of the switeases as

soil porosity decreases (Klein and Santamarina, 2003).

1.3.5 Examples of dipole resistance sensors used in environmental monitoring

Dipole resistance sensors have been used in several water resources applications. Studies have
highlightedthe benefits of high resolution EC profiling for lithologic characterizatiai\(®od

et al., 2005) determination of groundwater velocity at theicetre scale (Labaky et al., 2009;

Devlin et al., 2012), monitoringp situ moisture content (Gawande et al., 2003), and monitoring

the distribution of injected oxidants (Cavé et al., 2007).

The most welknown directpush electrical conductivity instriants are the Direct Image
conductivity logging tools produced by Geoprobéhttp://geoprobe.coin These instruments
feature both dipole and foetectroderesistance sensors that are calibrated to report EC.
Although Geoprobehas developed several diféet commercial instruments, early design
discussions by Christy et §l1994)still describe the fundamental characteristict tire true for
modern Geoprobénstruments and angther type of dipole or fouelectroed sensors used to
measuren situ EC. Four-electrodesensors have two main advantages over a dipole system;
conductance measured by the sensor correlates linearly with EC compared to a polynomial or
power relationship fothe dipole system, and foetectrodesystems measure a volume that can
penetrate several centimeters into soil whereas dipole systems provide acatitact
measurement (Christy et al., 1994). The first consideration is not a significant concern because
a trend line can be fit to calibration data to provide an accuratécpom of EC, rather than
using the linear celtonstant fit used for fowelectrodesensor calibration. However, direct
contact measurements are a limitation for dipole sensors that arm el because the sensor
is only providing a contact measunent, there is a risk geologic media could obstruct the device

and prevent it from providing a representative measurement of pore water EC.
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Limitations of the dipole system in comparison to the foire system did not outweigh other
design factors conséded for this project. A dipole design is smaller than the-fate setup,
requiring half the amount of wires and electrode contacts. This is a significant consideration for
designs using diregiush drill rods; standard Geoprobe rods have a 3.175utside diameter
but only a 1.50 cm inside diameter at the threaded @melasurement made by author)

Although Geoprobéevices have a proven track record of producing dipole devices for-direct
push probes, these designs are significantly different frasetiised here. Geoprolukevices
use a single circular contact fdreir devices, while this researblas focused on designs using
two wires. The Point Velocity Probe (PVP), first designed for a dpesh drill rod by Labaky
et al. (2007) and then fueth refined as a design with PVC pipg Devlin et al.(2009) uses
dipole detectors very similar to the twwre designs described here PVPs provide a
measurement of groundwater velocity by injecting a small volume of sodium chloride tracer
through a pdrin the probe and then measuring an EC breakthrough curve at the dipole sensor.
PVP measurements are used to calculate groundwater velocity based on the shape and timing of
breakthrough curves and geometry of the probe. The success of PVPs accuraselsingie
groundwater velocity at the centimeter scale suggests this type -ofiteralipole sensor design
should be capable of accurately measuring changing concentrations of electrically conductive

reagents.

1.4 THESISOVERVIEW

This study focused on laboratotgsting of lowcost dipole resistance sensors that can be used
for in situ monitoring of injected reagents, including chemical oxidants, and is meant to provide

a more detailed understanding of how the probes respond to changes in pore water EC.

This thesis consists of six chapters plus references and related appendices. This first chapter
introduces the topic of reagent injections at contaminated sites and discusses how enhanced
monitoring during these events is required to deal with subsurface hestertyg It proposes
research goals for this thesis to develop the early stages of a probe system capable of monitoring
reagent injections situ. Temperature and electrical conductivity are identified as parameters of
focus. Relevant background infortimam and theory related tm situ electrical conductivity

measurements is included.

14



Chapter 2 describes the design process for a prototype probe. Design constraints and
desirable probe characteristics are discussed. Construction methods, diagngms, and

datalogger programming are included.

Chapter 3 covers early laboratory tests to verify the effectiveness of the prototype probe
design. It describes static cell and flow cell experiments analyzing temperature and dipole
resistance sensor pEmses under various conditions. The chapter ends by identifying issues

related to accurately measuring electrical conductivity breakthrough curves.

Chapter 4 summizes a set ofaboratory experiments designed to resolve the breakthrough
curve issues ewocntered in the previous chapter. Analysis of data and sensor response

characteristics are discussed.

Chapter 5 gives an overview of two separate field installations of prototype probes in existing

wells during ISCO events.

Chapter 6 concludes this worly summarizing lessons learned, the current state of probe

development, and potential future research.
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Figure 1.1: Conceptual model of probe installation
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Chapter 2: Probe Design

2.1 DESIGNCONSTRAINTS ANOCONSIDERATIONS

The oxidation potential of chemicals commonly used for ISCO necessitates that the developed
monitoring devices used during injecti@vents are resistant to degradation. The required
degree of oxidation resistance is related to the material cost, required maintenance, and the
quality of data generated. Sacrificing a piece of equipment to material degradation after a
number of uses maye economical if the device is legost and provides information which aids

in optimization of a remediation program. Cost considerations should include whether normal
usage would require a device to be regularly refurbished and/or calibrated, and th# amo

parts and labour required to perform maintenance. The above costs are generally related to the
robustness and durability of the design. A second major design constraint related to cost is the
installation method and associated equipment and labour

Determining the presence of injected reagents, specifically chemical oxidants, does not
necessarily require a value of oxidant concentration to be produced. Designs that meet research
objectives range from systems that can simply indicate the prestmaceoxidant, to systems
that can produce a reliable oxidant concentration. Measurement uncertainty alstonieeds
considered. This research focused on developing a system which can simply indicate the
presence of an oxidam situ using highresdution time-series data which show differences
before, during, and after an injection. This approach allows for less sophisticated sensors to be

implemented thereby reducing probe costs.

Materials used for a probe system need to be capable of prosidinlg measurements in the
presence of oxidants at injection concentrations. ldeal construction materials are those which are

low cost and do not degrade in the presence of chemical oxidants.

Implementation of the probe monitoring system includes: ecempmnstallation; monitoring
before, during, and after the injection event(s); removal of equipment, and data collection,
analysis and interpretation. Time saved during any of these stages reduces the overall costs of
the monitoring program. Therefordyet focus is on designs where probes can be installed
existing wells or with the use of direptish technology. For the case of dirpush
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implementation, a cost is associated with using a dpesh rig to install and remove probes.
Additionally, adirect push monitoring system may reduce the number of monitoring wells that
need to be installed. In some cases, sites with unconsolidated media and shallow target treatment
zones may allow for installation with jackhammers, preventing the need farca jplirsh rig.

Probe design was planned to take place in two stages:

1. PVC prototype with sensors attached to conduit. Field installations take place using
existing monitoring wells or by jetting.
2. Directpush design with sensors attached to drill rod. Riedthllations would take place

with direct push rig or jackhammer.

The first design stage is the focus of this research effort and is meant to confirm a prototype is
capable of adequately monitoring the presence of an injected reagetut The work n this
thesis has focused on testing sensor response under various conditions to verify scientific theory
related to the temperature sensors and dipole resistance sensors. During this stage, consideration
was given to direct push implementation and tloeeefresearch focused on prototypes and

sensors which would potentially be compatible with a drill rod.

The second design stage is largely related to construction methods and will tackle the
practical challenge of using the scientific knowledge learndtarfirst stage to create a robust

probe design suitable for industrial use. This design stage is beyond the scope of this thesis.

2.2 MATERIAL SELECTION

A basic test of how persulfate affeclifferent materials was conducted to aid in selection of
construdon materials for prototype probes. The test was meant to provide a basic indication of
how different materials respond to harsh environments, hence persulfate was the only reagent
tested. Several materials, describedrable 2.1were selected, cut intpieces, and placed in
glass containers. The containers were then filled with 2% (20 g/L persulfate) or 1% (10 g/L
persulfate) concentration sodium persulfate solutions. Material degradation was visually
monitored for a period of three weeks. Tests ware conducted to determine if material
properties such as tensile strength, brittleness, etc. changed. Samples were stored in a dark place

to avoid photodegradation of the oxidant.
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A summary of the \dual monitoring results is provided Table 2.1 further details can be
referenced inAppendix B1. Several of the tested materials commonly used to construct
groundwater maitoring devices such as aircratble, syringe tubing, polyisoprene, PVC, grade
304 stainless steel, marine epoxy and silicone dicshotv signs of physical degradation when
exposed to 2% or 1% persulfate solutions. The most significant material degradation was
observed for the copper conductor wires. The test results indicated that copper wires exposed to
significant persulfate conon&rations will degrade, and therefore may not be an ideal choice for
field probes. Results suggested aircraft cable may be a better choice than copper wire for the
exposed conductor section oftwo-wire dipole resistancesensor It was also observed the
compound OxGard Antioxidant Compound (Gardner Bender Model -@00B) reduced

degradation of copper wire causedgdgysulfatedout was not able to fully prevent damage.

2.3 PROTOTYPESENSORDESIGNS

2.3.1 Temperature sensor construction

Campbell Scientifiglass beadBetaTherm 10K3AXhermistors were purchased from Campbell
Scientific Canada at a cost of CAN $15 each. The temperature sensors were prepared by
clipping the wire leads of the thermistor to shorten them by approximately 2 cm and then
solderingthe ends to copper wire. Heat shrink (Plastronics Model Ha(F1/16) was used to
protect the bare wire. The glass bead end was dipped in Performix Plasti Dip rubber compound
(Model 1160106-C) to create a water proof sedfigure 2.1shows an examplef @ completed

temperature sensor.

The probe was designed withe temperature sensor embedded in sidewall of a PVC conduit.
After the temperature sensor was constructed, a hole with similar diameter as the bead end of the
temperature sensor was drilledtive sidewall of a section of PVC. The temperature sensor was
fit snug in the drilled hole and then sealed with marine epoxy (Marine epoxy (LePage, Model 10
00397). However, many of the laboratory experiments were conducted with temperature sensors
strapped to the outside of the PVC conduit, rather than installed in the sideemlF{gure 3¢
This was done to reduce time required for experimental testing as the process of embedding and

sealing a temperature sensor in the PVC conduit was time comgsuifine expected difference
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in response between temperature sensors embedded and sealed in PVC compared to those
strapped to the outside is the embedded sensors would be a slightly slower response time because

of the layer of epoxy used for the seal.

2.3.2 Dipol e resistance sensor construction

Two-wire dipole resistance sensors were constructed using PVC pipe and copper lead wires.
Typically, 18 gauge copper lead wires were usdthough tests were also conducted with
different gauge wires ranging frobd to22. Prototype probes were constructed with a variety of
PVC pipe sizes, detector wire lengths, and orientations. Detectors were created using copper
wire and stainless steel cable. Each detector was pulled through two holes drilled in the PVC
sections tareate a length of exposed detector for each wire. For most cases, a groove was filed
between the two holes to allow the detector wires to lay nearly flush with the PVC surface. The
copper wire leads were run through the inside of the PVC and out toftlse that they could be
connected to the datalogger. Marine epoxy (LePage, ModeD397) was used to seal the
holes where detector wires were exposed to the outside. The PVC bottom of each sensor was
capped and sealed with silicone (GE Model SE2183)2r marine epoxy (LePage, Model-10

00397). An example of a constructed dipole sensor is shofigtine 2.2

Initial prototype designs used copper wire detectors. Although copper wire is not resistant to
chemical oxidants, it was sufficient for prelmary laboratory tests using sodium chloride which
were conducted to verify that the dipole sensors were capable of measuring solutions with
varying EC. The copper wire detector design was created by simply stripping the end section of
a lead wire (typicdly 2 7 3 cm), pulling it through the inside of the PVC section, and then
tucking the detector end back into the PVC through the second drilled hole. The size of each
detector was dictated by the spacing of the drilled holes. Detector wire lengthdipmed to
prevent excess stripped wire lying open inside the PVC conduit.

Stainless steel cable was used in more advanced prototype designs to provide protection from
chemical oxidatia and corrosive environment&hort sections (<10 cm) of cable weré tbe
used as detectors. The cable was attached to the copper leads using electrical wire crimp

connectors. After the detectors were pulled through the inside of the PVC sections, excess wire
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was trimmed. The flexibility of the stainless steel caBlevall as challenges for soldering made

working with stainless steel detectors more time consuming than construction using just copper.

Laboratory experiments were conducted with multiple probes, many of which had different
detector geometry. The lengthpacing, and orientation of detector wires were varied during
probe construction to determine if changes in detector geometry would significantly alter
measurement results. Detector lengths were varied between 1 and 2.5 cm, while detector spacing
was vaied between 0.3 and 2.5 cm. All detector geometries tested appeared to be capable of
providing precise measurements. In general, it was found the smaller detector geometry of 0.3
cm spacing and 1 cm length appeared to provide the most reliable rasuligre were some
instances where larger detectors (e.g., 2.5 cm length, 2.5 cm spacing) did not appear to be as
responsive. The effect of changing sensor geometry was investigated during initial

experimentation and is not analyzed in detail in thisishes

2.3.3 Probes for field installations

Field installations were designed with the same construction methods described above, with
additional features. Field probes were constructed with a longer PVC section to allow sensors to
be positioned below the watebta to a depth inside monitoring wells aligning with the screened
interval. Marine epoxy (LePage, Model 1I397) was used to seal capped ends rather than
silicone. Polyethylene sampling tubes were attached to the outside of the PVC conduit with zip
tiesto allow water sampling at the same location as sensors. The downhole ends of the sampling
tubes were wrapped with Nitex screen held in place by steel wire to filter coarse particulate from
samples and prevent clogging of the tube. Stainless steelwabléastened to the top of the
probes to allow them to be hung at specified depth within monitoring wells. Electrical cables for
the field probes were also significantly longer to allow an atlgpeend connection with the

datalogger. An example is shownFigure 2.3

2.4 DATA COLLECTION

A data acquisition systenCampbell ScientificCR1000% was used to communicate with the
sensors and store sensor responsEdas systemis capableof progranming several types of

sensors as well as reversing signal pblatd avoid potential voltage offsets due to sensor
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construction and wirin@f dipole detect@®. LoggerNet softwaréCampbell Scientific, 2011a,
p.31) which allows the user to program the datalogger and collect recorded data was installed on
a laptop compter Oell Inspirion®1420, Intel® T5450 1.67 GHz processor, 2 GB RAM).

The BetaTherm 10K3A1 thermistors used to construct the temperature sensors were the same
as those used with Campbell Scientificbos T109
p.1). A 24. 9K q precision resistor, similar
also used for temperature measurements. The CR1000x has several Campbell Scientific sensors
and probes programmed into the logger memory which can be selsmgdGRBasic. This
allowed the constructed temperature sensor to be programmed in CRBasic as a T109 sensor that
provides output igC.

Two-wire half bridge measurements were used to measure resistance of the liquid and porous
medium contacting théetector wires of each probe. These measurements relate a returned

singleended voltage to the excitation voltage as given by:
p & (15)
w -

W

whereVyis the excitation voltagé/; is the singleended voltage returned to the sensor, sl

unitless measurement value (CR100x User Manual, 2011, p.E&ch measurement was
programmed to filter 60 Hz noisand to reverse measurement polarity to cancel any voltage
offsets which could potentially influence records. Collected data was stoe8CII tables.

The ratio between excitation voltage and sensor return voltage is related to a fixed Rsgistor,

that completes the electrical circuit, and a variable resiBpmvhich is the sensor resistance.

The fixed resistor was wirdoetweerthe singleended voltage por¥/;, and a ground. Multiple
sizes of fixed resistors were tested during
24 . 9Kk Y, Preéninary Jesting showed a half bridge circuit produced significantly less

measuremermoise in comparison to singended voltage measurements (data not shown).

When the dipole resistance sensor is immersed in liquid, the sensor resi&ansea
measurement of the electrical resistance of the fluid between the two detectorFigres. 2.4
depicts the wiring diagram for each dipole sensor. The relationship between the measurement

(X), sensor resistanc®&d), and the fixed resistoR{) produces
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(16)

Working with the wiring approach ifrigure 2.4and Eq. (16) is logical when collecting EC
measurements because conductance is the inverse of resistance (Millero, 2001, p.101). When a
sensor is wiredsashown inFigure 2.4 an increase in EC results in a higher measurement value

for X becausdi; decrases.

The wiring diagram shown iRigure 2.4and the resulting relationship frolg. (19 create an
expected relationship between sensor readidp &nd probe conductance, where probe
conductance is the inverse of resistance measured by the fRjisdtigure 2.5was developed
from EqQ. (16) and shows ho¥ is related to probe conductance based on the choice of fixed
resistor R). The figure can be used to determine an approdRatewire with a dipole sensor.

As mentioned irsectionl.3.5 probe conductance for a dipole resistance sensor is p@iro

EC based on a nonlinear fit. If the user knows the expected range of values for their EC
measurements, and has already determined polynomial calibrations for different fixed resistors,
anappropriateR: can be selected so that sensor measurements do not fall on the asymptotic ends
of the senseconductance curves Figure2.5. It should be noted that a noticeable reduction in
measurement resolution was not observed for results inhegstwhen measurements were
collected close to the asymptotic ends of the theoretical curvésgure 2.5 However,
experiments were not designed to assess changes in measurement resolution and accuracy over

the measurement range (X <1
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Table 2.1: Materials exposed to persulfate and examined for degradatien2% persulfate solution added to sample, L = 1% persulfate
solution added

Sampler Description

Observed Results

1

13

Aircraft cable,galvanized, 116 x 7x7
Aircraftcable(1), coated with OxGard

Copper conductor wire

Copperconductor wire, OxGard

Plastic syringe tubing

Polyisoprene nothatex condom (small piece)
Polyisoprene nothatex condom (large piece)
Iron nail with hardened marine epoxy on end
Schedule 40 PVC

Schedule 8®VC

Grade 304 stainless steel

Grade 304tainless steel, coated with @ard

Nail with hardened silicone on end

No chang for H or L

No change for H or L

Liquid turned blue. H: wire degraded, only small wire strands le
vial. L: wire partially degraded, some wire strands on bottom of \
Liquid turned blue. H: wire broken in half, some small strands o
bottom of vial. L: some degradation, wire strands on bottom of \

No change for H or L
H and L: Initial expansion of material, some edges splitting sligh
H and L: Initial expansion of material, some edges splitting sligh
H and L: Significant dgradation and rusting of nail, epoxy in tact
No change for H or L
No change for H or L
No change for H or L

No change for H or L

Significant degradation and rusting of nail for both H and L, silic
appeared to stay in tact.

*Samples 48,13: 25 mL vials with teflon septa us&hmples 92: 250 mL jars with plastic caps
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Heat shrink covering
connection between
thermistor wires and
copper wire

Rubber compound to
seal glass bead

Figure 2.1: Temperaturesensor constructed from BetaTherm 10K3A1 thermistor, heat shrink, and
Dip rubber compound.
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Detector wires
sealed with
marine epoxy

PVC cap sealed
with marine epoxy

Figure 2.2: Exampleof constructed twavire dipole resistance probe
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Sensor cluster

Sampling tube

Sensor wire
bundle

Installation
cable

Figure 2.3: Field probe schematicTemperature sensor shown was inserted in rubber stopper, which was force fit into the drill€thneie.
designs used temperature sensor fit directly in P8ensos sealed with marine epoxy (LePage, ModeldD397) and silicone (GE Model
SE2184 24¢
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Figure 2.4: Wiring Diagram for resistance sensor
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Dipole Sensor Response for Different Fixed Resistors
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Figure 2.5: Expected relationship between dipole sensor reading (X) and probe condu
(mS) for various fixed resistors. Probe conductanasalsulated as the inverse of resistai
measured at the dipole sensor (L/R-or a dipole resistance sensoyjRrelated to EC throug|
a secongbrder relationship.
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Chapter 3: Laboratory Probe Tests

3.1 OVERVIEW

Laboratory experiments aeecommon component of environmental research and design because
they allowtests to be conductathder controlled conditions. For hydrogeological investigations
such as subsurface characterization, solute transport, or remediation design, various types of
laboratory analysis are capable of providing empirical data needed to understand physical and
chemicalprocessesvhich may occur in the field. Batch tests, soil columns, flow cells, and
sandbox tests are common laboratory approaches applied to prdeicheaition about physical
transport properties of groundwater constituents, characteristics of aqueous, dissolved, and
sorbed phase contaminants, and information about the interaction between contaminants,

groundwater, porous media, arenediatiortechnolaies.

Laboratory tests were designed to determine if the prototype sensor system described in
Chapter Zould be programmed to record measurements, and provide data which could indicate
the presence of reagents in the subsurface with enough resolution and accuracy to understand
relative changes in reagent concentration. Hence tests were designed to ndetieni
monitoring capabilities of the developed temperature and dipole resistance sensors. The two

maingoals of the laboratory tests kee
1. Determinef temperature fluctuations coulte monitored
2. Determine capabilities of dipole resistance sensors
a. Quantfy how measurements respond to changes in temperature

b. Determine if EC can be considered to be a relevant representation of reagent

concentration, specifically oxidant concentration
c. Quantify how measurements respond to changes in EC

To achieve these goalseveral static cell and flow cell tests were conduct€dree sets of
static cell experiments wemnducted with (1) DI water, (2) sodium chloride solutions, and (3)

chemical oxidant solutions mixed in beakers. Static cell experinested both the temperature
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sensor (section 3.2) and two wire dipole resistance sensor (section 3IBi%)chapteralso
describes flow cell testsonducted withan openwatertank (section 3.3.2) Experimentdn this
chapterwere performed under condihs that varied parameters such as salt concentration, flow
rate, temperaturesjze of fixed resistorsaand time. The results fromeilstatic cell and flow cell
experimentsin this chapteded to further laboratory testing with aone refined flow system

which isdiscusgd inChapter 4

3.2 TEMPERATURETESTS

To confirm that the constructed thermistors were capable of recording temperature and
temperature changes accurately, static cell tests were conducted by suspending sensors in
beakers filled with DI. A ontrolled experiment was conducted with replida#akes, each with

1000 mL ofDI water, over a 24 hour period. Schlumberger Mnvers, model DI501, were

hung in eaclbeaker A thermistor constructed according to the methods desdnb€tapter 2

was strapped to each Mifiver leaving the bead end exposed close to the-Minér sensor

port. Temperature records fluctuated during the test due to the diurnal heating cycle from the
furnace system in the laboratory buildinDBata collected by the comstted temperature sensor

was compared to temperature recorded by the-Blimer. Product specifications state the Mini
Diver does not require caliation (Schlumberger, 2012a, p)3it was assumed the transducer
was suitable to be used as a temperastendard for comparison with the constructed

thermistors.

Figure 31s hows a rel atively consi st entiDivdriafidf er enc
thermistor in Replicate 1, with temperature differebe¢éween the two measurements ranging
from 0.1471 0.22¢C. Replicate 2vas slightly less consistent, with an average difference of 0.13
eC, and range between 0.0®.2 ¢C. When a simple calibration is applied to the constructed
temperature sensor data by shifting records for each replicate by the avfeageags of 0.18
and 0.13eC, respectively, differences between the new datasets aneDiwn loggers is less
than the reported MirDiver accuracy of +/0.2€eC for all measurements (Schlumberger, 2012
p.13). These results demonstrate that thestroicted thermistors are capable of accurately
measuring changes in temperature and that minor calibration may be required to shift records to

match a temperature reference.
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3.3 DIPOLERESISTANCESENSOREXPERIMENTS

3.3.1 Static cell

3.3.1.1Static cell with DI

The response of dipole sensors to DI water was tested with a measured volume of water and
probes placed in the beaker. In some cases, thermistors were attached to the outside of the PVC
probes, directly above the resistance detectors to monitor tempechamges. An example of

an experiment conducted over a 10 day period &0 mL beakers, 500 mL of DI, and 24.9k

ohm resistors is shown ifigure 32. Sensor construction details for all static cell experiments

are listedin Table 3.1. Figure 3.shows the two different dipole sensors behave similarly, but
sensor response at each probe is unique. Sensor readings fluctuated as the solution temperature
changed with diurnal changes in the laboratory temperatimeaddition, there isan upward

trend inthe dipole measurements that correlate with increasing temperature. From the period of
February 19 onward, temperature does not increase and dipole measurements are more stable.
However, due to the fluctuations in temperature and the increase in sdkmiperature over

time, the experiment frofRigure 32 does not conclusively show whether upward drift in dipole
resistance measurements is present. It is possible the changes in dipole measurements are a

product ofbothincreasing temperature and upwadrdt.

Changing temperature should not be expected to produce a linear effect on dipole
measurements. Althoudhq. (5) shows EC response to temperature is a linear relationship,
dipole resistance measurements do not respond linearly to EC, explainirfgguny 32 does
not show a consistent dipole response for a unit change in temperature. However, as shown in
Figure 25, sensor value (X) has a decaying relationship witimit change in probe conductance.

As sensor value increasesyy potential upward drift in measurements is maskbéén showing

sensor value on a linear axis.

An important point to consider when anahgFigure 32 is the scale of sensor values shown.
Dipole measurements (X) can range betwedn the values recorded during experiments with

DI are at the low end of this range because EC is minifa@ure 2.5shows a small change in
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EC at this rang@roduces a relatively large change in measurement value (X). Consequently,
any fluctuations or drift in dipole measurements observédguare 32 representittle change in

EC. As a result, potential upward drift Figure 32 would only introduce minimal error into
dipole sensor measurements (X) used to represent EC.

Dipole measurements Figure 32 were collected to three significant digits after the decimal
and are provided for illustration purposes; later experiments included more significanatiagit
the decimal which increased measurement resolution. Water volume in beakers wasdtid fo

influence measurements wheipole sensors were completely submerged.

3.3.1.2Static cell with NaCl

Probes were placed in statiells with varying NaCl concentian to observe dipole sensor
responses to changing EC. Initial experiments placed probes in a single beaker and monitored
sensor response over time, while later experiments moved probes between beakers with varying

NaCl concentration to analyze sens@p@nse to changes in EC.

3.3.1.3Static cell with NaCl: Sensor response over time

The experiment shown ifrigure 33 consisted of five different dipole resistance probes,
constructed according to detailsTable 3.1land wi red with 2 4lacedinkY f i x
five separate solutions of NaCl (BDH, BDH02B60G. EC of each solution was measured

with a handheld meter (Thermo Orion; model 1219000 with 013010MD conductivity probe).
Temperature sensors, constructed according to the methods descrikithpter 2, were

strapped to the outside of the PVC probes, directly above the dipole sensor, similar to what is
shownin Figure 34. For the duration of thexperiment, the dipole resistance detectors and the

temperatursensos were submerged in the NaCl sabati

Figure 33 indicatesthat the resistance sensors recsigificantly different valus when EC
of the measurement solution is elevated. Measured values for each probe increased as EC of the
solution increasedalthough Probe 3 and Probe 4 show neigigytical measurement value (X)
for static solutions of 7.06 and 8.97 mS/cm, respectiveithough sensor response to each

solution was unique to each sendéigure 33 shows that, in general, when resistance sensors
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are constructed similarly, higher E@sults in higher measurement value, regardless of the

Sensor.

Figure 33 also indicates the influence of measurement solution EC on resistance readings was
greater than the influence of changing temperature. A temperature change of 1°C over the
duration of the experiment did not affect measurements in comparison to the magnitude of

changes caused by EC differences at the mS/cm scale.

3.3.1.4Static cell with NaCl: Sensor response to change in EC

Data from experiments such as thadeown in Figures 3 and 33 confirmed the dipole
resistance sensors were capable of measuring aqueous solutions and were sensitive to
temperature and EC. Further static cell experiments were conducted with NaCl solutions to
determine sensor response to changes in EC. Similar topsesxperiments, solutions with
varying EC were prepared with laboratory grade NaCl (BDH, BDH&EHE5) and were
measured with a handheld meter (Thermo Orion; model 1219000 with 013010MD conductivity

probe). Probe construction details for all static eefieriments are describedTiable 3.1.

Probes were placed in a beaker, left to stabilize and record measurements for at least 15
minutes, and then moved to a successive beaker with different EC. Probes moved to a beaker
with lower NaCl concentration thathe previous beaker were rinsed with DI water to mitigate
altering EC of the beaker. Static cell experiments with varied EC are summarizadle 3.2.

Results for Experiments-B , where all probes were wired wi
shown inFigures 36 and 36. Figure 35 shows data collected by eagtobe produced a similar
response to changes in EC. Proldes showed very close replication of measurements for
Experiments C and D. There was some divergence between Experiments A arferdbhés 1
and 2 which is illustrated ithe top two panels dfigure 35.

The contrast between Experiments A and B showRigures 3.5 and3.6 point to several
sources of experimental error which could account for the differences between measurements.
Differences in calibration of the handheld EC meter between experiments could introduce error,
although it is unlikely this could account for such a large difference. Temperature was not

monitored during the static cell experiments with varying EC and possible that the NaCl
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solutions for Experiments A and B were different temperatures. However, static cell solutions
were typically in the range of 20 °C for all experiments. Based on the rule of thumb that EC
changes 2% per degree difference from 25R6binson and Stokes, 1965, p.87), even if the

NaCl solutions for Experiments A and B had a 5 °C temperature difference, it would only
account for a 10% shift in EC. Shifting any of the curves for Probes 1 and 2 laterally by a 10%

change in EC does notquide a match between Experiments A and B.

A plausible explanation is there was some type of physical damage to the probes which
caused sensor response to be altered. It is possible the copper wire detectors corroded between
Experiments A and B, which tl@lace 11 days apart. In the time between experiments, Probes
1 and 2 were used for other experiments with high concentration NaCl solutions. It is possible
that this extended period of exposure affected the detector surface, causing a change in
measureent properties of the sensor. The magnitude of probe response to EC is less for
Experiment B. It would be expected that corrosion or rust on detector wires would increase the
resistance measured by the sensor (ie: causing a reduction in measurenee)uadcause the

amount of current that would travel between the detectors would be reduced.

Corrosion or degradation of the detector wires is not the only possible explanation for altered
detector response. Because the probes were left to log datanometended period of time, it is
possible salt precipitated on or around the detector wires and altered the response for each
detector. The reverse excitation setting used with the datalogger program should avoid this type
of sensor polarization issueytbit is not unreasonable to suggest that salt precipitation had an

effect on recorded data.

Whether detector corrosion, precipitation of salt on/surrounding detector wires, or a
combination of both were to influence measurements made by a probe, itseeutdunlikely
that multiple probes were affected in the exact same way. Whatever caused the differences in
measurements between Experiments A and B did not alter the trends observed duriagteach
Figure 36 shows that the data collected during Expemt A was very similar for Probes 1 and
2; Experiment B showed the same agreement for Probes 1 and 2; and Experiments C and D
showed the same trends for Probes during each respective experiment. If something were to
physically change the detector ®grand alter their response to an aqueous solution, it would be

expected that the degree of damage or change for each probe detector would be somewhat
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unique. The results iRigure 36, where all probes in a single experiment shared common sensor
responsg to changes in EC, would suggest that something other than physical damage to the

detector wires accounted for the differences between Experiments A and B.

The similarity in data collected by multiple probes during the same experiment combined with
the ontrasts in probe response between different experiments suggests some characteristics of
the wiring and datalogging program used for each experiment could have an influence on probe
response. For example, two experiments that used the same dataloggamprould send an
identical excitation voltage to each excitation port; if the experiments had different numbers of
wires connected to the respective ports, it could potentially alter response of a sensor.
Experiment A used two probes (1 and 2) excitedugh a single port, Experiment B used three
probes (1, 2, and 3) excited through a single port, while Experiments C and D used four probes
(4,5, 6, and 7) excited through a single port. All experiments used a 2500 mV excitation at each
port. BecauseXperiments C and D show such close agreement, while differences exist between
A and B, the number of probes excited by a single port provides a systematic explanation of the

differences between data recorded by each probe.

3.3.1.5Probe calibrations for static ¢ ell with NaCl

The static cell data ifigures 3 and 36 is specific to the fixed resistor {Rvhich prevents the
measurement values (X) from being directly calibrated to EC using a simple function. This is
because the measurement value (X) lumpdixteel resistor (R and resistance measured at the
sensor (R together. Calibrating dipole resistance senor measurements to a fit with EC is
desirable because it removes the influence of the fixed resistor and allows data to be reported to a

real parametr, EC, rather than measurement value (X).

To produce a calibration function where EC is the dependsidble,Eq. (16) is rearranged
to solve for R To present the data as a parameter that correlates with EC, the Probe
Conductance term introduced Bigure 2.5can be used, where Probe Conductance is the inverse

of Rsand has units of Siemens:

01 & HBE Q6 a)o*‘mé%m —— P a7)

rA) Y
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Figure 3.7shows the static cell data for ExperimentAplotted as probe conductance vs.
EC. Severaldifferent simple models were fit to the data and evaluated to determine which trend
minimized the correlation coefficienf.r A second order polynomial with fory = aEC + bEC
+ ¢, where a, b, and c are constants was found to produce the best overall fit for all sets of
measurementsFor the fitted polpomialfunctions, f ranged between 0.9155 and 0.9994 for all
probes tested during ExperimentsDA (Table 33). The polynomial fit is adequate for EC
calibration when all measurements are within the range of calibration péiigste 3.7shows
when the fit is extrapolated beyond the range of calibration points, it may peak and then begin to
decline, which wou not accurately represent sensor response. This shows a calibration may

only be accurate for EC that is within the range of calibration points.

When a fit is made to a set of data, it is possible to predict solution EC for any measurement
value (X). Ifa probe has been found to produce repeatable measurements (ie: Proioes 4
Experiments C and D), a single calibration could potentially be used several times. However, the
exact cause of the differences between Experiments A and B is not fully underatoser
should be careful when attempting to apply a previedstgrmined calibration to a new dataset.

The calibration fitin Figure 3.7for Probes 1 and 2 is muclifferent for Experiments A anB,;
using the wrong calibration would introduce significant error into results. The bestdretho
minimize this potentiaérror caused by differences in probe response frontadgy would be

to calibrae probes to several EC measurement points duriagheuse. However, if a user does
not have enough time to develop a new calibration but wishes to use a predetesigined
model, a calibration check with-A measurement points should be performed to verify sensor

response fits the calibration modeirzpused.

3.3.1.6Influence of fixed resistor, Rt

The impact of the fixed resistor,,Rused with each probe was also tested experimeritally

verify the theoreticalrends predicteth Figure 2.5. Figure 3.8hows static cell Experiments E

and F where Probes, 4 5, and 6 were wired with 22.0,
respectively. In comparisao Figures & and 36, Figure 3.8shows the senseneasurements

(X) weremuchloer t han those recorded with th8® 24.9
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In addition, the change in measurement value (X) for a unit change in EC is much greater in

Experiments E and F compared to the previous

analyzing the data frorRigures 35, 36, and 3.8n the context ofFigure 25, it shows the 24.9

kY fixed resistor produced data that was on
curvein Figure2.5 whil e the smaller fixed resistors
was closer to the vertical asymptogad of the sensor response curv€onsequently, a unit
change in EC irFigures 3 and 36 produces a small change in sensor reading (X), while the
same unit change in EC Fgure 3.8 produces large change in sensor reading. In addition, for
both E ad F, the size of the fixed resistors{Rvas shown to shift the measured data upwards.
This is also consistent with the expected relationship ffaqure 2.5where measurement value

(X) at a constant probe conductance (which would indicate constanhlS)upwards when the

size of the fixed resistor increases.

Figure 3.8also shows the same type of difference between Experiments E and F that was
observed between Experiments A and B; curves recorded during Experiment F have lower
values than what wagcorded by Experiment E. Because detector response was reduced for the
later experiment, it is logical to assume corrosion of detector wires caused the differences in
response for Probes 4, 5, and 6. Similar to Experiments A and B, for the time between
Experiments E and F, all probes were left exposed to high concentration NaCl solutions, which

created a potential for corrosion or salt precipitation.

The exact same wiring configuration was used for Experiments E and F, where all four probes
were conne@d to a single excitation port. As a result, differences in wiring configuration

cannot directly explain the differences in probe response between the experiments.

To remove the influence of the fixed resistors and further analyze the differences between

Experiments E and F, measurements were rearranged according to Eq. (17) and reported as probe

conductance Figure 39 shows Experiments E and F plotted with data for Experiments C and D.

A second order polynomiabhs described above, is fit to the data E and F to provide a
comparison of which Experiment is in closest agreement with C and D. Interestingly, no
consistent source of error was found in the data: for Probe 5, Experiments C and D match best
with the fit for F; for Probe 6, C and D match besth the fit for E; and for Probe 4, C and D

fall in the middle of the fits for E and F. There appears to be no correlation between the size of
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fixed resistor used and the placement of the data in comparison to C and D. This indicates the
different fixed resistors did not introduce significant error into the measurements, and that the
differences observed between Experiments E and F are likely caused by the same factors which
caused the differences between Experiments A and B.

These results combined with the observations feattion3.3.1.4 indicates alterations to
detector wires caused by corrosion or salt precipitation provides the most consistent explanation
to account for changing probe response between different expesintémivever,as mentioned
in section3.3.1.4 it would be unlikely thathanges in detector response caused by corrosion
and/or salt precipitation would affect each probe in the exact same WMy suggests the cause
of differences between measuremenith the same probe may be attributed to something other

than what has been discussed above

3.3.1.7Static cell with oxidants

Static cell experiments similar to those describedséction 3.3L.4 were conducted with
chemical oxidants (permanganate or persulfate verify that the dipole resistance sensors
responded to reagents typically used for ISCO in the same manner as they did for NaCl
solutions. Beaker solutions were prepared by mixing dry sodium pers(Sigima Aldrich,
216232500G, Oto 20 g/L) or paassium permanganat8igma Aldrich, 22346&%00G 0 to 30

g/L) with DI water. A handheld meter was not used to measure EC of the solution in each
beaker to avoid damaging the meter. Consequently, oxidant test results are plotted with oxidant

concentratior{g/L) on the xaxis, rather than EC (mS/cm).

Results for tests with persulfat@&Experiments G and H), are shownFigures 310 and 3.1,
while results for a test with permanganate, Experiment I, is showfigare 3.2. The
irregularities in curve shapfor Probes 8 andl during Experiment Ghown inFigures 310 and
3.11 are a result of poor rinsing when probes were moved from a beaker with high persulfate
concentration to one with a lower concentration. For these curves, theSiddtd points sivo
higher sensor readings than what should have been observed for the reported oxidant
concentration. This expected probe mse is verified in Experiment,Hvhere the bottom
panel ofFigure 3.1 shows the response curves for Probes 8 and 9 fall betise thf Probes 4,

5, and 7. Figure 3.D indicates the response from each probe was consistent for Experiments G
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and H. Figure 3.2 shows a static cell experimewtith permanganatéExperiment I)produced

results similar to the persulfate and NaCl solugaperiments. One point to note is the response
from Probe 7 during Experiment | was below what was expected based on the persulfate results.
Figures 310 and 3.1 show Probe 7 produced readings similar to Probes 4 and 5. However, the
readings for Prob& during Experiment | were well below what was observed for Probes 4 and

5. It is possible this difference is a result of damage to the probe from the persulfate used in
Experiments G and H, but the difference could also be from the same source tifegrcaused

the differences between Experiments A and B discussed above.

Static cell results indicatetthe dipole resistance sensors had the same response to chemical
oxidant solutions as was observed for NaGlutions. This confirmslipole resistance asor
measurements can be correlated with oxidant concentratioalsmderifiesNaCl is a suitable

surrogae for oxidants in the testirgfforts in this thesis

3.3.2 Flow cell experiments

A series of tests were performed to determine how the temperaturepaiel réisistance sensors
respond to moving water and simulated EC breakthrough. Experiments described in this section
were conducted with an open water flow cell and consisted of scenarios with either recirculating
DI or with an injected pulse of NaCl sdilon. Controlled EC breakthrough was created by

switching the feed solution from DI to an NaCl solution.

3.3.2.1Tank construction

Plastic inlet and outlet fittings were attached to a rectangular plastic tub with dimensioms 54

L X 39cm W X18cm H and sealed with silicone (GE Model SE2184 24C). The inlet and outlet
fittings were centered along the short sides of the contamdnrgights of6 cm and 12 cm,
respectively. Tubing was connected to both fittings. A peristaltic pump was usedra dow
through the system (39 cm/hr averaged over entire water volume) and water level in the
container was held constant at the height of the outlet for all tests. The outlet tube was
configured to recycle water back to the inlet reservoir durists tevith only DI, or to waste
outlet water when salt solutions were usétigure 3.B shows the experimental apparatus with

an example of laboratory probessitioned in the tank foa test. Although the figure shows
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laboratory probes built with two inctliameter PVC, it should be noted tradt of the tests

discussed in this thesigere conducted with one inch diameter PVC probes

3.3.2.2Recirculating DI

The first series of experiments conducted with the open water tank were recirculation of DI
water over an eéended period of time. Temperature apdistanceneasurements were logged
during the tests. Thermistors were attached to the outside of PVC probes and aligned adjacent to

the resistance sensor as showfigure 34.

Test records for the flow cell viatrecirculating DI produced results similar to the static cell
experiments with DI. An example of data collected during one of #xgseriments is showim
Figure 3.8. Two probes, similar to the one depicted on the left sidégqfre 34, were insertd
into the tank. Probe 1 was placed at the tank centerline, approximately 15 cm from the inlet,
while Probe 2 was placed approximately 10 cm from the tank outlet at the tank centerline. The
di pol e sensors were wired ocitytcdicul®2ed asIhe floy rafer ec i s

through the entire crossection of the tankwas 39 cm/hr.

Similar to the observations frosection3.2, the two temperature sensors tracked temperature
changes the same. The average difference between the two tempuessueements was 0.36
°C, with a range between 0.32 and 1.86 °C. Temperature differences were larger at the beginning
of the test. Part of the difference was a likely a real temperature gradient between the upstream
and downstream end of the tank dudhte reservoir equilibrating with room temperature. The
consistent difference between temperature measurements later in the test indicated a difference in
calibration for each sensor. If a temperature standard were available, the calibration method
descibedsection3.2 could shift measurements for each sensor to match true values.

Figure 3.8 showsdata collected by the dipotensos was stable; measurements did not drift
significantly and only changed with a corresponding temperahaege. Figure 34 doesshow
a small upward trend over time, which is consistent with observationsHrgune 32. The
amount of upward drift was significantly less than what was observdedore 32, supporting

the argument that most of the upward trenBigure 32 was caused by increasing temperature.

42



A point to note is the full range of temperature fluctuation throughout the experiment shown
in Figure 3.8 was 2.9 and 3.€C for Probes 1 and 2, respectively. These fluctuations would be
abnormally large temperature changes over such as short period of timesitargroundwater
measurements. The relatively small effect temperaturegehaad on the measuremeins
Figure 3.14 indicatedin situ measurements may not be significantly influenced by temperature
fluctuations. The influence of temperature on dipole resistance sensor measurements is

investigated furthein section 4.33.

These est results for a flow system wiil circulation confirmed the prototype design was
capable of logging stable measurements in an environment with relatively high flow velocities

for groundwater (>35 cm/hr).

3.3.2.3Breakthrough experiments

Eachbreakthrough curveB(TC) experiment started with Diater flowing through the system
while dipole resistance probesollected baseline measurements. NaCl feed solutions were
mixed to various concentrations {530 g/L) in volumes of 6 L. At the beginning of each test,
signified by Time O, the feed solutioat the tank inlet was switched from DI to the NaCl
solution. The inlet feed was switched back to DI after the NaCl solution was pumped into the

tank. Effluent from the outlet was discharged to waste.

Dipole resistance probessed during the experimentgere set to take readings every 30
seconds. Data collected by the probes were compared to EC measurements recorded with a
handheld meter (Thermo Orion; model 1219000 with 013010MD conductivity probe). The
handheld EC measurements were collected insgidetank by placing the conductivity probe
close to the dipole sensors and then recording EC at various time intervals throughout each
experiment. For cases when multiple dipole probes were collecting data inside the tank, the
handheld probe was used teaoed EC at the location of each dipole senddipole probesvere
generally placed in two location$b cmfrom the upstream end of the tank d@f@icmfrom the
downstream end. Probes were offset from the tank centerline approximately 2 cm so the wire

detectors were situated directly in line with the inlet.
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EC readings collected by the handheld probe were not stable due to the design of the tank.
The NaCl solution tracer was injected into the tank through the inlet port with a peristaltic pump.
This prodiced a pulsating flow effect with continually changing EC, particularly at the front of
the tank. To deal with this, EC readings were recorded as a range of values over 15 to 20
seconds for each measurement, with the midpoint of this range used as sheeth&C value.

More variability was recorded for measurements at the upstream probe location in comparison to
the downstream probe. Higher flow rate increased the range of EC values reported when
monitoring at the front of the tank, although it did appear to have a significant influence on

the range of measurements observed at the back of the tank. This indicated more mixing had
occurred between the tracer and the rest of the tank solution at the back end of the tank compared
to the front. More deils of the characteristics of handheld EC measurements are described in
TableC2

Several BTC experiments were conducted in the open water flow system. A subset of these
experiments is described Table 35. Results and conclusions from other BTC ekpents not
shown are consistent with what is observed for BYCBTC-E. Sensor construction details for
probes used to collect data for BIAL 1T BTC-E is shown inTable 34. A difference from
previous experiments is the probes used for BYCBTC-E (Prdes A and B) were constructed
with two dipole resistance sensors; one larger horizontal sensor similar to those used in the static
cell experiments, and one smaller vertical sensagure 34 shows both sides of Probe A. Both
sensors on each probe weet to collect data during BFE& 1 BTC-E. Results from other BTC
experiments where probes only used a single sensor (not shown) indicated adding the second

dipole sensor to the same probe did not influence experimental results.

BTC-A is shownin Figure 315 where Sensot (larger)and Senso2 (smalle) are the two
dipole sensors on Probe(8ee Table 3)4 All tests showed a consistent trend where the dipole
sensor measurements matched fairly well with handheld EC measurements for the rising limb of
the BTC, but did not correlate well with decreasing EC on the falling limb of the BTC. Although
Figure 3.5 shows decreasing measurement value (X) after the EC peak, the values do not return
to baseline readings at the same rate as the EC measurements. Similar results are also shown for
BTC-B i BTC-E in Figure C1 Controlled parameters for the initial flowelcexperiments are
described infableCL
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Several attempts were made to modify the BTC experiments to account for the divergence
between dipole sensor readings (X) and EC measurements. Analyses considered potential
calibration error introduced by the ltreld EC meter, the influence of flow conditions created
by the peristaltic pump and inlet port, corrosion of the copper wire detectors, the potential
collection of ions on detector wires, and the differences between open water conditions and
experiments sing porous media. A discussion of these efforts is presented below, while a
further investigation relating results from this thesis to data observed by other researchers is
provided inAppendixCL1.

3.3.2.3.1 Calibration error in handheld meter

Calibration of the handheld EC meter was investigated to determine if it could explain tailing
described above. For all experiments, the handheld EC meter (Thermo Orion; model 1219000
with 013010MD conductivity probe) was only calibrated to asingle 483/ ¢cm st andar d,
than a curve of multiple standards. Therefor
but it is possible error was introduced as values moved from that point. Poor probe calibration
does not satisfactorily explain the tag measurements because the handheld meter was able to
provide a good match with dipole measurements on the rising limb of the BTC. Calibration of

the handheld meter would not be expected to change during a BTC. Therefore, even if error in
the initial handheld meter calibration, true situ EC associated with an EC meter reading on the

rising limb of the BTC should match true situ EC at the time when the handheld meter

recorded an identical reading on the falling limb of the BTC.

3.3.2.3.2 Tracer injection atinlet

Another factor of uncertainty that was investigated was the experimerdap sghere the
injected tracer solution was pumped directly into the tank at a single inlet point using a peristaltic
pump. This experimental design created disturbed flomditions along tank centerline that
were different than those observed by the sidewalls of the tank. In additeonse of the
peristaltic pump to directly force water into the tank created a pulsating flow effect at the
injection point. This design déd uncertainty to the experiment because static flow conditions
throughout the tank could not be assumed. Uncertainty associated with tank flow conditions

made it difficult to provide strong conclusions about probe performance, but did not provide an
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expanation about observed divergence between EC and dipole sensor measurements on the

falling limb of BTCs. Two observations support this statement:

1. Measurements matched well on the front b&kach BTC:
Pulsating flow created by the peristaltic pump idolbe expected to create more noise
on the risinglimb of a BTC when new traces iinjected into the system, compared to
the falling limb of the BTC wherall of the tracer is in the system and has been mixing
with the background solutionThe BTC experimants found strong agreemerdtlveen
both sensors on the risitglf of breakthrough, which indicated the pulsating flow was

not directly causing the tailing.

2. Differences in the amount of divergence between dipole sensor measurements and EC was
not observedvhen comparing the upstream and downstream probe location:

Flow was more disturbed at the front of the tank than the back ertdrbiflentflow
conditions were influencing the tailing observed, it is expected more tailing would occur

at the front end fothe tank. This is supported by the handheld EC measurements that
showed more variability in measurement range at the front of the tank in comparison to
the back (see TableC2). The degree of tailing appeared to be consistent for
measurements at bothdmof the tank, which suggested the disturbed flow conditions

were not a direct cause of the tailing phenomenon.

These observations indicated pulsating and disturbed flow through the tank could not directly
explain tailing between EC am@sistance sensoneasurements. However, the agmform
conditions in the tank made it difficult to make further conclusions about the direct source of the

tailing.

3.3.2.3.3 Copper wire detectors

Corrosion of the copper wire detectors was another parameter investigated as r@atiorpiar

tailing. Potential corrosioduring each BTCexperimentappeared to be unlikely over such a
short period. In addition, if this process were taking place, it would be expected differences in
sensor response would be observed from experimaxp@eriment because the probe was left in
damp conditions in the tank for a number of days. Differences in measurement properties of the
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probe over time were not observed, indicating detector wire corrosion did not directly cause the

tailing observed.

3.3.2.3.4 Colkction of ions on probe detectors

A more likely explanation for tailing related to the probe detectors was the attraction of cations
and anions to the detectors caused by electrical current induced by excitation voltages during
each sensor measurement. réasonable hypothesis would be electrical current caused ions in
solution to attach to detectors over time while the probe was running, which lead to a change in
probe response during the BTC.

The CR1000x logger was set to filter 60 Hz noise from theratierg current (AC) power
source. Even if this setting were not used, this type of error would not be expected to grow over
time because AC power line noise cycles imasoidal relationshipRigureC3). When using a
2500 mV excitation, the 60 Hz filter uses the %2 cycle integration showigure C3 to cancel
out noise (Campbell Scientific, 2011a, p.55). Because noise in this sinusoidal relationship does
not grow over time, it indicates noise frometAC power source was not responsible for the
tailing effect observed in BTG i BTC-E.

The excitation reversal, RevEX, setting on the CR1000x was used for BTC experiments,
where each dipoleneasurementvas repeated with opposite polarity; a positive vatag
excitation followed by an equal magnitude negative excitation. This setting performs two
separate tasks: stray voltage offsets are cancelled, and sensor polarization is avoided. Stray
voltage offset is a consistent bias that could be present in arseAs example provided by
Campbell Scientific is a sensor returns 5.003 mV after positive excitatiord&@8V mV after
negative excitation. The excitation reversal setting uses an average of the positive and negative
excitation measurements, givingsamV reading where offset has been removed (Campbell
Scientific, 2011a, p.53). Even if offset were present in experimental measurements, it would not

be able to explain tailing on the falling limb of a BTC.

Sensor polarization could provide an explarmatior observed tailing. If sensor excitation
was consistently positive or negative, the electrical current could cause migration of cations

towards one detector, and anions to another. This could potentially distort detector response to
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changes in EC. He excitation reversal setting is meant to prevent this by consistently changing
the direction of electrical current through the sensor. The positive and corresponding negative
voltage excitations for each measurement are internally timed by the CRDOpfwvide equal

and opposite excitation to avoid any polarization that could occur at ionic sensors (Campbell
Scientific, 2011a, p.53).

Although the reverse excitation setting was expected to avoid sensor polarization issues, an
experiment was conducted verify this assumption. A BTC (data not shown) was simulated
similar to BTGA i BTC-E, where an upstream probe was used as a control and the downstream
probe was removed from the tank and rinsed several times during the experiment. The
experiment testeif ions potentially gathering on the detector surfaces could be rinsed off, which
would theoretically return the detectors to their measurement state before NaCl was added to the
tank. No change was observed between tailing trends for the probe thahseasand the
control. This provided evidence the reverse excitation setting was working properly and ionic

polarization was not occurring.

3.3.2.3.5 Initial flow cell experiments with porous media

The tailing phenomena observed in the open water flow tank expeis necessitated more
sophisticatedaboratory conditions to determine whether or not the dipole sensors were capable
of accurately measuring EC breakthrougtsitu. A second flow system using porous medium

was constructed and tested in an attempotdiin if the tailing trends observed in the open was
flow system was a characteristic of the dipole sensor measurement properties or experimental
tank design(data not shown). Initialessults suggested the tailing curves may not be present in
the new flav system, although measurement noise prevented further conclustogigninary

results from this second flow cell experiment were a driver to undertake the laboratory

experiments in Chapter 4.

3.3.2.3.6 Conclusions of BTC analysis

The troubleshooting investigations described above did not provide any conclusive evidence
explaining the divergence between handheld EC measurements and dipole resistance probe
measurements observed in BRCI BTC-E. The BTC experiments did highlight tfect that
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the tank experimental desigdsscribed in sectioB.3.2.1added significant uncertainty into the
interpretation of results because flow conditions throughout the system were not uniform, and
handheld EC measurements showed significant vatiabiliThese results led tdurther
laboratory testing described @hapter 4

3.4  CONCLUSIONS
Temperature experiments pointed to two key observations about the temperature sensors:

a) The temperature sensor construction method provided a sensor capable ofelgccurat
measuring changes in temperature.

b) A simple calibration can be applied to readings from a constructed sensor by adding or
subtracting the average difference between constructed sensor temperature readings and

those recorded by a commercial transduceh sis a Schlumberger Miiver.

The static cell experiments pointed to several preliminary conclusions about the dipole resistance

SEeNsors:

a) The resistance sensors were capable of measuring aqueous solutions

b) There is a positive correlation between the messvalue (X) and solution temperature

c) There is gositive correlatiorbetween increasing sodium chloride solution concentration
and sensor reading. The relationship is nonlinear.

d) Changes in EC otheorder of 1 mS/cnminfluence resistance sensor measw@ets much
more tlan changes in temperature on the order of 1 °C.

e) Sensor response for static cell experiments can be calibrated to EC ssiognd order
polynomialin the form y = aE€+ bEC + ¢ To produce this calibration, Eq. (16) is
rearranged to seé for sensor resistanceR Each data set plotted as probe conductance
(1/Ry) vs. EC was found to fit very well with the mogdedith * ranging from 0.921..00 for
curves with 46 measurement poin{$able 3.3)

f) As indicated inFigure 2.5 increasing e of the fixed resistor, {Rshifts curves of dipole
resistance sensor measurement vs. EC upwards

g) Dipole sensor response to sodium chloride solutions appears to be a realistic

representation of the sensor response to persulfate and permanganate dxitii@ms.so
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h) All hand-constructed dipole resistance sensors are unique in terms of their responses to
changes in temperature and Blthough sensor response and curve shape were always the
same (ie: sensor value increases nonlinearly with increasing EGeamperaturg

i) Sensor response for a specific probe was not consistent for all experiments. The cause of

differences in sensor response during experiments was not determined.

The flow cell experiments provided less concrete conclusions than the statixpegiments and

pointed to a need for further laboratory work:

a) Divergence between dipole resistance sensor measurements and EC measurements was
observed during the open water flow cell experiments. Although multiple efforts were
made © determine theause of divergencan explanation was not found.

b) Observed divergencis a concern because it suggested the dipole sensor may not be
capable of accurately measuring EC breakthrough. Uncertainty caused by the design of
the experimental apparatus prevented a conclusive resolution.

c) Data from flow cell experiments suggestedther laboratory experiments using a more
controlled flow system and porous media were required to determine if the dipole
resistance sensors were capable of accurately measuring EC breakthrough. In particular, a
design that did not disturb flow in theamediate vicinity of the probe during sampling

was needed.
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Table 3.1: Sensoiconstruction details for static cell experiments A

Detector Detector
Probe Detector*  Orientation** Length (cm) Spacing(cm) PVC***
1 Copper H 2.5 2.5 1inch
2 Copper H 2.5 2.5 1inch
3 Copper H 2.5 2.5 1inch
4 Copper H 1.9 2.5 1inch
5 Copper H 1.9 2.5 1inch
6 Copper H 1.9 1.3 1inch
7 Copper H 1.9 1.3 1inch
8 Copper H 1.0 2.5 1inch
9 Copper H 1.0 2.5 1inch

*All copper wires 18 AWG
**Qrientation:H = Horizontal, V=vertical
***Al| PVC schedule 40
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Table 3.2: Staticcell experiment details

Static Cell Beaker

Experiment Solution Date Probes Resistors Used
A NacCl 2010/10/08 1,2,3 24.9 kq, 24.9
B NaCl 2010/10/19 1,2 24.9 kq, 24.
C NacCl 2011/02/25 4,5,6,7 24.9 kaq, 24.9 ki
D NaCl 2011/03/03 4,5,6,7 24.9 kq, 24.9 Kk«
E NacCl 2010/10/08 4,5,6 22.0 q, 46.9
F NaCl 2010/10/12 4,5,6 22.0 q, 46.9
G NaS,0g 2011/01/21 4,5,7,8,9 24. 9 kaq, 24.9 ki
H NaS,0g 2011/01/21 4,5,7,8,9 24 . 9 kq, 24.9 Kk«
I KMnO4 2011/01/24 4,5,7,8,9 24 . 9 kaq, 24.9 ki«
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Table 33: Secondorder polynomial fit to static cell prob
experiments in form y = aBG bEC + ¢ where a, b, and ¢ &

constants.
Probe r? a b c
1A 0.9947 -0.0009 0.0788 0.7541
2A 0.9965 -0.001 0.0731 0.6608
3A 0.9155 -0.0058 0.2229 0.0478
1B 0.9978 -0.0003 0.0334 0.5135
2B 0.9672 -0.0001 0.0217 0.6356
4C 0.9998 0.0004 0.2078 0.3412
5C 0.9994 -0.0011 0.2218 0.4134
6C 0.9683 -0.0167 0.3685 0.3142
7C 0.9828 -0.0156 0.3639 0.2649
4D 0.9831 -0.0237 0.4107 0.0557
5D 0.9984 -0.0118 0.3633 0.0274
6D 0.9916 -0.0128 0.3497 0.1189
7D 0.9936 0.0017 0.1736 0.4765
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Table 34: Sensorconstructiordetails for BTC experiments BFE T BTC-E

Sensor Detector Detector Detector Detector Resistor
Probe Name Material* Length Spacing Orientation** Used
A 1 Copper 2.5cm 2.5cm H 2.2 |
A 2 Copper 1.0cm 0.3cm \% 2.2 |
B 3 Copper 2.5cm 2.5cm H 2.2 |
B 4 Copper 1.0cm 0.3cm \ 2.2 |
*All copper wires 18 AWG

**Qrientation: H = Horizontal, V=vertical
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Table 35: Details of select open water BTC experiments

Tracer Tracer Tracer
Probe A Probe B Volume Concentration EC
Experiment Date Location Location (L) (g/L) (mS/cm)

BTC-A 2011/04/02  Front Back 6 10 17.59
BTC-B 2011/04/03  Front Back 6 10 17.52
BTC-C 2011/04/04  Front Back 6 10 17.63
BTC-D 2011/04/05  Front Back 6 10 17.59
BTC-E 2011/04/05 Front Back 6 10 17.63
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Figure 34: Location of thermistors of open water tests and example of
different sizes and orientations of resistance sensors
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Chapter 4: High ResolutionLaboratory Experiments

4.1 INTRODUCTION

Flow cell laboratory experiments in Chapter 3 that tested the dipole resistance sensor response to
EC breakthrough were unable to provide strong conclusions on the measurement characteristics
of the dipole sensor. The experiments did not observe the ganaedation between EC and X

on the falling limb of a BTC that was observed on the rising limb. However, the exact cause of
this divergence between EC and X on the falling limb of breakthrough could not be isolated and
analysis was unable to confirm wheththe observed trends were a characteristic of the dipole
resistance probe or the experimental flow cell design. A more sophisticated flow cell, the NeST
system (Bowen et al., 2012), was constructed and tested to allow experimentation in porous
media umler more controlled conditions. The goals of these experiments are to analyze dipole
sensor response to EC breakthrough and determine measurement capabilities of the sensor. This
chapter describes BTC experiments using the NeST system for two scendrjodBi water
background flowing through the system during tracer injection, and (2) simulated groundwater

flowing through the system during tracer injection.

4.2 MATERIALS ANDMETHODS

4.2.1 Probe construction

Two-wire resistance sensors were constructed using one inch diameter schedule 80 P& pipe,
gaugecopper lead wires, antR gaugestainless steel cable. The cables (1.5 cm lengths) were
attached to the copper leads using electrical wire crimp connediftes the ends of each cable

was tucked into the bottom drill hole, a 1 cm length of detector cable was left exposed to the
outside of the probe. Detectors were constructed from stainless steel to prevent potential
corrosion during the course of labtimgy experiments which was identified as a possible source

of error in laboratory experiments describedimapter 3.

A groove filed between the two holes allowed each detector wire to lay flush with the PVC
surface. The two detectors were orientateticadly and parallel to each other and were spaced
0.3 cmapart. A thermistor was attached to the outside of the probe directly above the resistance
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sensor to provide temperature measurements. (Note, the measurements collected by the
thermistor agreed wh the temperature measurement from the iler with the same
relationship shownn Figure 3.1. This data is not discussed further below.) The dipole
resistance sensorwagredwi t h a 2200 q resistor (1/4 W 1%

4.2.2 Sandbox and monitoring equipment

EC breakthrough experiments were carried out in a sandbox tank constructed according to the
Nested Storage Tank system design, NeSTs, described by Bowen et al. (2012). The size of the
porous medium compartment (58.4 crx 41.3 cm Wx 31.4 cm H) used ithe NeSTs design

was ideal for testing the accuracy of the dipole resistance sensors. Experiments described by
Bowen et al. (2012) used a Point Velocity Probe (PVP) in a similar tank to determine
groundwater velocity. Because the size of the PVP dasismilar to the developed dipole

resistance probe, the NeST system was an ideal choice for sandbox tests.

The NeST system is shown belowHkigure 4.1 Water is added to the upstream reservoir
with a peristaltic pump and enters theimeompartment wh porous mediunthrough nine 1.25
cm diameter holes F{gure D1, right sid@. Flow leaving the reservoir through the downstream
end is collected in the outlet reservoifigure 4.1shows a setip wherewater collected in the
outlet reservoir is recycledack into the system with the peristaltic pump. Flow through the
system is controlled by the hydraulic head between the upstream reservoir and the water level in

the main compartment. Tank construction is descrilhégppendixD1 and Bowen et al. (2012)

The tank was initially damp packed if32cm layers witt67 kg (125 Ib) of Barco Silica Sand
provided by Opta Minerals, Waterdown, ON. The sand is highly uniform with a mean grain size
(dsp) of 0.29 mm and a coefficient of uniformitysfft;g) of 1.78(http://www.optaminerals.com/
see AppendiD?2). After each layer was added, the sand was tamped down to ensure an even
distribution and compaction. Once a layer was tamped, the top was scraped with an abrasive

brush to prevent heterogeneous layeringmvhew sand layer was added.

The series of experimental trials using the NeST system was designed to compare EC
breakthrough measured by the dipole resistance probe to breakthrough measured by a
commercial sensor. A CT-Diver model DI271, manufactured I8chlumberger Water Services
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(http://www.swstechnology.com/was used to providan EC referencehat could be compared
to measurements recorded by the resistance probe. TheD&EDis a corrosiofresistant EC
sensor that can also measure temperatutgeassure. Specifications for the DIATit used in
this experiment are listad Table D2

The conductivity detectors on the Civer and detectors of the dipole resistance sensor
were installed at the same location in the tank to allow direct comparison between
measurements. The CTDiver was fastened to the resistance probe with zip ties, with the
detectors from both sensors aligned horizontéfigure 4.2). The resulting proé bundle was
installed directly in the center of the sand compartment after a 5 cm base of sand had been added
and packed. The probes were positioned so the dipole resistance sensor was upstream of the
CTD-Diver; the bundle was held in place with a claagpadditional sand layers were packed in
the tank. Care was taken to pack sand closely around the probes to prevent heterogeneities. The
cap on the bottom of the PVC probe caused the dipole resistance sensor to be located about 5 cm
above the bottom of éhprobe, making the resistance sensor and-OMer sensor sit 10 cm

above the bottom of the tank.

A polyethylene tube (0.64 cm O.D.) with Nitex screen covered end was inserted into the tank
5 cm from the upstream end at tank centerline. The tube wasdoirgb the sand to the same
depth as the resistance sensor. Disturbed sand directly surrounding the tube was repacked by
hand. The tube was used with a syringe to inject NaCl solution tracer volumes into the system to

produce BTCs.

The tank was packeaif a second time midiay through the experiments as discebelow
in section4.3. For the second pack, the cap of the dipole resistance probe was placed on the
bottom of the tank and an additionak® (20 Ib) of silica sand was added to the top ofttre.
Care was taken during the repacking process to replicagmal packing procedures. At this
time, the injection tube was reinserted at same location to the new depth of the probe sensors.
The top of the tube was fastened to the upstream tarnlkwtialduct tape to reduce movement
when attaching syringes during tracer injections. The injection tube was not fastened during the
first tank pack which subjected it to potential movement when attaching and removing syringes.
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4.2.3 Electrical conductivity b reakthrough tests

EC breakthrough tests were performed for two scenarios: (1) DI water flowing through the tank
during tracer injection and (2) a simulated groundwater solution with elevated ionic
concentrations flowinghrough the tankduring tracer injeiton. For all tests, laboratory grade
NaCl (BDH, BDH0286500G) was used as the tracer since it is easy to use, safe, and low cost.
Electrical resistivity mapping from a sand box tracer plume reported by Gheith and Schwartz
(1998)suggestedNaClwould beable to create controlldeC BTCs. Calcium chloride dihydrate

(EM Science, CX013@), magnesium sulfate anhydrouEMD, MX00751), and sodium
bicarbonate (Sigmaldrich, S60141KG) were used to prepare the simulated groundwater
solution. Constituent coeatrations for the feed solution were selected based on typical ionic
compositions of potable water as reported by Davis and DeWeist (1966, p.98). lonic

compositions of the two feed solutions, Solutions A and B, are listEdtle 4.1.

The resistanceesisor and CTEDiver were programmed to take simultaneous measurements
at 30 sec intervals. The CTDiver was set for a conductivity range of 30 mS/cm and used both
the specific conductivity (readings autocorr
measurements not corrected to a reference temperature). The temperature change during a
breakthrough event was generally minimal, so there was little difference when comparing

general conductivity or specific conductivity measurements to the resistansarer@ents.

Water was pumped at a constant rate the main storage reservoir of the tank from a larger
supply reservoir.The hydraulic head difference between the upstream storage reservoir and the
rest of the tank resulted in flow through the maingpsr medium compartment and into the
outlet container. Water was removed from the outlet container by an elevated tube pumping at
the same rate as the inlet tube. When tests were started, the NeST upstream reservoir was filled
manually to allow saturatioonf the porous medium. Although the pumping rate was always
constant, flow through the system varied between approximately788cm/hr during all tests

since the water level in the upstream reservoir was slightly different for each test.

After the systen was running at a constant flow rate and the monitoring probes had collected
sufficient baseline data, breakthrough experiments were conducted by injecting a slug of NaCl

solution into the system using a 60 mL syringe and the polyethylene tube at tleampsihd of
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the tank. After each tracer injection, a volume of water with the same ionic composition as the

circulating water was injected to purge the injection tube. This was done because a small

amount of tracer remained in the injection tube aftersiyringe was used to add the tracer slug;

the purge volume was injected with a second syringe to ensure all remaining tracer entered the
tank system. Injection rates were generally 60 mL/miri@/seconds. Tracer volume (typically

3071 60 mL), concentition (typically 20i 40 g/L), and purge volume (typically 3060 mL)

were all varied during experiments to test probe responses under a range of conditions. Details
of tracer injections for each BTC are describediable 4.2.

Feed solutions were mixed large reservoirs (20 and 60 L) by diluting concentrated solutions
with deionized water. The concentrated solutions were produced by adding a mass of each

constituent to a 1L volumetric measurement of water that was mixed with a magnetic stir bar.

EC measurements of tracer solutions and flow system reservoirs were recorded with a
handheld Thermo Orion meter (model 1219000 with 013010MD conductivity probe) while pH
was measured with an Orion 710A pH/ISE meter. The measured EC for each prepared volume
of Solutions A and B ranged betweé?2-457 and 803856 uS/cm, respectivelyTable 4.2) pH

for both solutions ranged betweér and 7.6

4.3 RESULTS ANDISCUSSION

Dipole probe measurements wenealyzed by comparing plots of raw E©m the CTDDiver
with raw sensor recordéX) and by comparinghormalized EC to the normalized dipole
resistanceneasurements. Normaliz&L was calculated as the conductivity measurerinent
the CTDDiver divided by the peak EC measured by the @ier (EG,) during a specific
BTC (EC/EG,). Likewise,normalizeddipole measurements wepdotted as theneasurement
value divided by the peak recor¢{X/X,). Plotting normalizedrecords provided a direct
comparison between sensor response of the -DivBr and dipole resistance probe and

facilitateda directcomparison ofhe BTC features

Data for 38 DI water (BTC138) and38 simulated groundwater (BTC3B5) trials were
collected and are summarized Tiable 4.2. One DI BTC (BTC38) and all of the simulated
groundwagr BTCs (BTC3976) were produced with the second tank pack. The tank was
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repacked after BTC37 in an attempt to improve repeatability of BTC peaks when an identical
injection tracer concentration and volume was used. The first tank pack indicated some
preferential pathways may have existed surrounding the monitoring probe bundle, while the
second pack provided more consistency in results. Further discussion related to preferential flow

paths and shifting the injection tube are inclubtesections}.3.4 and 4.3.5.

4.3.1 Deionized water breakthrough tests

The BTC experiments using DI backgroustowed the resistance sensor was capable of
accurately measuring EC breakthrough to a peak, and then back to a zero b#&sgline 4.3

shows an example ofvb BTCs (BTCL1 and 18) recorded during the experiments. The panels

on the left show normalized data, while the right panels show raw EC data collected by the CTD
Diver and raw resistance sensor measurements (X) collected by the dipole probe. Each panel of
raw data Bows the peak EC (EJ measured by the CTFDiver and the peak dipole
measurement () recorded during that particular BTC. CAliver measurements are shown in

blue and dipole resistance sensor measurements are shown irfrigede 4.3shows typical

senso response to changing EC, although the shape of BTCs varied from experiment to

experiment and was not always as symmetrical as those shown.

Irregularity in BTC shape during the DI experiments is attributed to manual injection of the
tracer and purge solohs with a syringe and preferential flow paths observed during the first
tank pack. Preferential flow paths are discussed furthegdtionst.3.4 and4.3.5. The injection
rate of both the tracer and purge solution and time needed to switch fromcresyringe to the
DI purge water syringe were subject to variability due to human error. This variability was
compounded by the injection tube potentially shifting while injecting solution and changing
syringes. This error likely affected the uniforymitith which the tracer was added to the system,
creating different tracer plumes for each BTC. The DI BTC resulsgure 4.4 and Appendix
D4 show the shape of curves recorded by the @ier varied during BTCB8. In many
cases, the rising limb arfdlling limb of each BTC were not symmetrical and some curves were
characterized by multiplpeaks (see BTCH, 8, 10, 14, 15, 17, 191, 23, 24, 25, 229, and 37
in AppendixD4.
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Irregular BTC shape during the DI experiments provided insight into the dipole sensor
response during breakthrough. The data show the dipole sensor was unable to measure small
changes in curve shape during breakthrough thighsame resolution the CTDiver was able to
resolve. Figure 4.4illustrates how the resistance probe responded to these types of changes in
comparison to the readings given by the CDer for BTC10 and 15. The resistance sensor
was still able to accurately measure breakthrougin frero EC to a peak, and then back down to
zero, but it was unable to detect fine changes throughout each curve that occurred at an elevated
EC. The right panels dfigure 4.4show the EC data collected by the GDiver in blue. For
both BTC10 and 15, vén the rising limb of the CTiDiver curve reached approximately 1
mS/cm, each set of measurements began to diverge from a symmetrical curve shape; BTC10
showed a period of small increases in EC before beginning a period of rapid riséefgain
ECy, while BTC15 showed a sustained period of elevated EC around 1 mS/cm before reaching
the falling limh The raw measurements collected by the resistance sensor (X) on the right
panels offigure 4.4show the dipole probe collected a very smooth and symmetric@al fBr

both experiments and did not resolve the fine changes in EC recorded by tHRIVEFD

It is possible that the fine changes in EC at elevated concentrations were masked by the
resistance sensor picking up the large overall breakthrough that wasragcather rapidly. If
this were the case, the sensor may potentially be able to respond to fine changes in BTC shape if
breakthrough were occurring over an extended period of time. In addition, factors such as
construction methods and choice of matsr@ould potentially contribute to a loss of resolution
which I mpacts t he §nechangeas dusing areakthroughy t o r esol ve

For the two cases where E@as lesghan 0.6mS/cm (BTC12 and 16), the resistance sensor
did not show a response to dging EC. Thalipole sensor did show an accurate response for
EC of 0.618 mS/cm(BTC 26). The resistance sensor was not able to resolve peaks recorded
by the CTDDiver during BTC 12 and 15 whicindicated the dipole probe hada higher
detection limitthan the CTBEDiver during the DI experiments.

Uncertainty related to flow conditions in the tank which likely caused the irregiiggred
BTCs influence how dipole probe response during the DI experiments can be interpreted.
Response of the dipole resistanprobe to small changes in curve shape at elevateds EC

investigated further in section.3.6, where BTC results are plotted as a function of probe
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conductance.Discussion related to measurement volume and minimum detection limits of the

sensor is inelded in sectiod.3.2.

4.3.2 Simulated groundwater breakthrough tests

The EC BTCs measured for the simulated groundwater experiments showed an elevated
background reading (X) before and after the tracer slug passed through the syssmwis

Figure 4.5,the elevatedbackgroundcan be easily seen in theaseline resistance sensor
measurements, where the top right panel shows a baseline of X=0.13 for BhiABwas
simulated with Solution A (0.42@.457 mS/cmpand the bottom right panel shows a baseline of
X=0.2 for BTC 49which was simulated with Solution B (0.841 mS/cmJhese elevated
background measurements were not observed during the DI experiments sHeagures 4.3,

4.4, and AppendibD4. Figure 4.5shows the elevated background B@peared to benore
obvious in the resistance sensor measurements than théd@&Dmeasurements, which are a
characteristic of the nonlinear relationship between resistance sensor readings and EC. Further
processing with this data irsection 4.3.6 below shows the eleated resistance sensor
measurements iRigure 4.5can be calibrated to match EC values recordetheyCTDDiver.

Time series profiles ddll BTC experiments with elevated ionic background can be referenced in
AppendixD5.

The supply reservoirs used taailate flow during the BTCs were measutechave EC of
approximately 0.440 and 0.830 mS/cm for Solutiénand B, respectivelyTable 4.3. When
these solutions were circulatddrough the tank to provide elevated background H@
background measuremts recordedy the CTDDiver were much lower than EC measured for
the electrolyte solutionsshowing 0.012.013 mS/cm and 0.025027 mS/cm for Solution A
and B, respectively. Calibration and verification of GDiver accuracy completed before the
NeST experiments and after the first tank pack showed the-OiMer was able to accurately
measure the EC of a static cell solutisedAppendixD6). The difference between EC for the
simulated groundwater compared to baseline @iBr measurements duringTB39-76 is
likely a function of the influence the sand in the tank has on the sensors. Pure silica is an

insulator; the Barco Silica sand used in the NeST system is listed as 99.7%Cgitaminerals
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Inc., 2013. Both the dipole resistance sensors d@dG@TDDiver were placed in direct contact

with the sand pack, so sensor response at both probes was reduced by the sand grains.

The dipole resistance probe and the CTiver use a twewire detector system as the
sensaos; the response between the twoedtdrsis recorded as the measurement which is then
related to EC As described isecton 1.3.3 EC is a measure of electric current transmitted by
charged ions. The ions travel in solution and through surface condactisnil grains when
porousmediumis present (Wildenschild et al., 2000). Becahsetank was packed with sand
grains in between and in direct contact with deg¢ectorsthe porous mediurprevented electric
current from travelling directly from one detector to anathéduring each measurement, ions
were forced to travel tbugh pore spaces and along graumfaces to allow the transmission of
current. A a result, the measurements collected by each probe are darimpeosybarison to
what would be measured by the sensornnopen electrolyte solution such as the static cell
experimentsn Chapter 3.

An EC measurement which lumps together the influenca pbérous mediunand the pore
fluid electrolyte is often called bulk electrical conductivity ¢g@. The ratio of this &lue to the
EC of the electrolyte solution (Efetolytd IS called the formation factoF, (Wildenschild et al.,
2000):

00

. i 1
o) —o05 (19)

ECouk needs to measure a volume of soil to be able to average the effects of soil grains and pore
fluid EC. Typically, it would be measured by a four electrode system which would allow
measurement penetration into the soil volume, rather than theviteosensrs used on the

dipole probe and the CTFDiver that only provide a contact measurement.

Keeping the measurement volume of two electrode sensors in mind, calculation of formation
factors still provides insight for thie situ measurements reported by theale probe and the
CTD-Diver. If the baseline measurements reported by the Oi@r are assumed to represent
EGoui, a formation factor cabhe calculated using the EC $blution A and B as Efectroyte FOr

all BTC experiments with simulated groundesatformation factors calculated fraime assumed
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ECouk (0.0120.013 mS/cm Solution A, 0.025027 mS/cm Solution B) and the EC of the
simulated groundwater, Efctroyte (0.4240.457 mS/cm Solution A, 0.841 Solution B) ranged

from 31-:38. These values are much higher than a formation factor of approximately 5 for silica
sand reported by Wildenschild et al. (2Q00However, Wildenschlid et al. (200@)sed an
experimenthsetup designed to measure Efethat included a fouwire electrode system for
measuring EC and a sleewedontrol fluid pressurte It is reasonable to assume that contact of

soil grains with the dipole detectors dampened signal and response duasgremeents in
comparison to what a fowvire electrode would report. This is because thewwe electrodes

pass a measurement signal directly between detectors, while a four electrode system passes a
measurement field over a volume of soil; an obstonctiaused by soil grains likely has a larger
influence on a contact dipole measurement in comparison to-alfeirode measurement which
samples a volume of soil. This shows that the formation factors calculated from the NeST
system are expected to kerder than what was reported by Wildenschild et al. (2000) because
the value assumed to be fedid na measure a representative volume of soil and porewater
and as a result, the reported JgCis lower than what would be measured by a four electrode
sensor because soil grains are directly interfering with the measurement signal passed between

detectors.

The formation factor of approximately 5 presented by Wildenschild et al. (2000) sheitts
EC measurements in the NeST system should be expedieddss than the EC of the simulated
groundwater solutions (Efecroytd. Comparison of the measurement volume for-tvie and
four-electrode sensors shows measurements from -avireosensor are influenced more by the
presence of porous meditiis produces a smaller value for Efe and corresponding larger
formation factor, F, than what would be reported by a-&ectrode system Thus, the
formation factors of 3B8 calculated from the simulated groundwater experiments appear to
agree with measament values that would be expected for-timice EC measurements in silica

sand.

Laboratory conditions were more controlled for simulated groundwater experiments which
resulted in BTCs that were more symmetri@mpare Figures DB18 to Figures D19D31).
Consequentlytheresponse of the dipole sendorsmall changes in BTC shapeelevated EC

for the simulated groundwater experiments cannot be analyzed in detail the way they were for
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the DI BTC experiments. Analysis of DI BT@s Section4.3.1 indicated the dipole sensor

could not resolve small changes in EC when values were closetolE€ anticipated a similar
response would be observed for the simulated groundwater experiments if the BTCs were more
irregular, although this hypothesis cannotdmnfirmed

For the simulated groundwater experiments, the resistance sensor did not appear to have any
measurement limitations in terms of minimum detection limits such as what was observed for the
DI BTCs. During the simulated groundwater experimen®&sBZCs had E@ less than 0.5
mS/cm (BTC48, 556) where the smallest observed peak was 0.066 mS/cm during BTC66. For
all cases, the resistance sensor recorded a BTC with the same shape as-DigeCTDt is
difficult to draw definitive conclusions betgn the minimum detection results for the DI water
and simulated groundwater BTCs due potential irregularities caused by tank packs. The sandbox
was repacked after the early DI tests (BT&7) where the resistance sensor response did not
respond to the leest two CTDDiver peaks of 0.526 and 0.380 mS/cm for BTC12 and 16,
respectively. Section4.3.4 below shows the timing of Efand X, indicated heterogeneities
may have been present surrounding the probe bundle for the initial sand pack. It is possible that
flow irregularities were responsible for the minimum detection limits observed for the DI tests.
This is supported by the simutak groundwater BTCs which indicated the resistance sensor was

capable of monitoring small EC peaks.

4.3.3 Influence of temperature

The CTDDiver specific conductivity setting was used 8 DI water BTCs(BTC1-31) where
measurements are expressed as condycavi25 °C, while DI (BTC32-38) water and all 38
simulated groundwater BTCs were measured using the conductivity setting where records were

not referenced to any particular temperature.

Measurements recorded by the resistance sensor are not compermsatedarfging
temperature, and therefore, direct comparison of measurements taken with thBiV@TD
should use the conductivity setting. Temperature change measured by tHaiv&Fduring the
38 DI water breakthrough experiments averaged 0 lwith a maximum change 00.92 °C
during BTC9, while temperature change during the simulated groundwater experiments averaged
0.17°C with a maximum change of 1.58 during BTC 66.
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The Schlumberger CTDiver uses the linear relationship Eyg. (5)to relate conduovity
measurements to BEusing a compensation factar= 0.0191 C' (E Dijkstra, personal comm,
2012). Therefore, BTC measurements can be manually converted between raw conductivity and
measurements referenced to “Zbafter experimental data has bemillected, regardless of the

CTD-Diver conductivity setting that was used.

The influence of temperature on the BTC results is minimal in the laboratoryoshditions
are controlled and temperatuwieanges are minimalFigure 4.6 shows BTC ®here the legest
temperature change durii®) water BTC experiments was observed to be 0.92an€ CTD
Diver conductivity was originally recorded as values referenced t6Q25 When specific
conductivity at 25C is converted back to raw conductivity usigg. (5), the difference between
each converted value ranged between 9 to 11%. However, because this conversion is a linear
correction based on temperature, the main source of this difference is the gap between
measurement temperature (which averaged to be’Cdd BTC 9) and the 25C reference.

This error is illustrateth Figure 4.7where the solid black line represents Bi€akthrough at
a constant hypothetic&mperature, Temp 1, and the dotted black line represents theE€ame
breakthrough at a highéypothetical constant temperatuieemp 2which can be assumed to be
25 °C Ifthe Temp lcurve onverted t o br esekEgh(b)othegvil bea t 25
identicalto the Temp 2 curvé the relationshign Eq. (5)was perfect and Tempi4 between3
and47e C. Therefore, I f the EC breakthrough for
independent set of measurements, such as the resistance probe in this experiment, a comparison
of curve shape would be consistent regardless of whether the ceomparas made using the
raw conductivity measurements, or the ones co
this is the difference between each measurementtloé raw conductivity(Temp 1) and

temperature corrected curfeemp 2)remains the same

Error is introduced intthe comparison when measurement temperature beings to shift during
a breakthrough curve. The dashed blue im&igure 4.7shows the example of the same EC
breakthrough, where measurement temperature started at Temp 1, but then began to shift
upwards. If this dashed line wererco e ct ed t o give 5he saifie curvas Tempi2| |
although the raw conductivity version tifis curvehas a different shape. In the case when

temperature is shifting during the BT@e percent difference between the raw conductivity
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curve and corrected conductivity curvéaonges for each measurement whemperature

changes.

The maximum erromtroduced by comparing a conductivity measurement referenced to 25
°C to raw resistance sensor measurements is the range in percent error between conductivity
corrections at the minimum and maximum measurement temperatures. Therefore, for BTC 9,
the 0.92°C temperature change during the test introducetl886 error into a comparison

between specific conductivity and raw resistance.

Almost no difference exists between the temperature compensated and raw EC values when
BTCs are plotted as relative conduity. For BTC 9 inFigure 4.6,an average difference of
0.6% was observed between the two datasets, which is less than tHei¢EFccuracy of 1%
reported by Schlumberger dlumberger Water Services, 201pb12). Further details of these

calculations can be referencéd AppendixD7.

4.3.4 Arrival times of EC m and Xm

The time to peak breakthrough was very consistent for the simulated groundwater experiments.
All dipole resistance curve peaksy(Xarrived before CTEDiver peaks (E), as the resistance
sensor detectors were 2.1 cm upstream of the midpoint of theBMdD sensor. The timing
between peaks ranged between 3.0 and 5.5 minutes, which translates into a travel velocity of
22.942.0 cm/hr based on the 2.1 cm distance betvwgeasor detectors. These velocities are less
than the tank velocitigs Table 4.2 43.1-58.1 cm/hr, Velocity A, for the simulated groundwater
BTCs calculated as distance from the injection point to the-OMer divided by the time from
injection startto EG,; or 47.263.2 cm/hr, Velocity B, calculated as distance from the injection
point to the dipole sensor divided by the time from injection starto X
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The differences between the calculated velocities could indicate a difference in response time
for the dipole resistance sensor in comparison to the-BivBr. The lower velocities calculated
from the time between ECand X, (22.942.0 cm/hr) suggests the dipole resistance sensor
responded faster to EC than the GDiver. A faster response from start of breakthrough o X
at the dipole sensor would increase the time gap betwgeand EG,, consequently, velocity
calaulated as the time gap betweep &hd EG, divided by the 2.1 cm distance between sensors
produces a lower velocity than Velocityid Table 4.2. Thiss further supported by Velocity B
in Table 4.2. VelocityB is slightly higher than Velocity A; if sensoesponse was faster at the
dipole probe, the shorter time from injection start tpr¥sults in a higher velocity than the time
from injection start to EG A source of uncertainty in these calculations is the exact location of
the bottom of the injeain tube in the sandbox is unknown; if the actual distance to the sensor
bundle was slightly shorter than the distance measured at the top of the sandbox, it could account
for some of the differences between the velocitieable 4.2 and the rangalculdaed from the
time between X and EG, (22.942.0 cm/hr). The response time of the dipole resistance sensor
can only be compared to the CADiver response time; little can be said to compare timing of
peak NaCl solution concentration with,dnd EG,.

In addtion to uncertainty related to the exact location of the injection tube, analysis of the
dipole resistance sensor response time is affected by uncertainty due to measurement interval.
The measurement interval of 30 seconds allows for up to 30 secoundsertainty in the exact
arrival time of measurement peak at each probe. Peak time used for calculation of Velocity A
and B could potentially have 30 seconds of uncertainty, while a comparisap aidEC,, to
calculate a velocity (22-82.0 cm/hr) could have up to 60 seconds of measurement uncertainty.
The velocity calculations indicate the dipole resistance aensay have had alightly faster
response time than the CIiver, although uncertainty relatdo the exact position of the end
of the injection tube and the measurement intelikely accounts for some of the calculated
differences.

Timing between peaks for the DI water BTCs showed less separation and was less
predictable; BTCs showed an averagjel.7 minutes between each peak, although resistance
sensor peaks did not consistently arrive before {Oi2r peaks. The variability in arrival time

of the BTC peaks for the DI experiments suggests preferential flow pathways may have existed
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surroundiig the monitoring probe bundle during the first tank pack which was used for all of the
DI BTC experiments. Certain preferential paths may have allowed the tracer to reach the CTD
Diver before the dipole sensor, explaining why.F©uld arrive first whentiwas positioned 2.1

cm downstream from the resistance probe (see BTCs 6, 7, 9,-1%, 18, 26, 37n Table 4.2.

The amount of variability was likely caused by human error during the manual tracer injection
process: the injection tube was not fastetea solid object during the first tank pack and the
process of attaching a syringe, injecting tracer, and removing the syringe likely caused the tube
to shift which influenced the location of the tracer injection in the sandidde amount of
variability in CTD-Diver peakgEC,) for the DI BTCsfrom the first tank packompared to the
simulated groundwater experiments supports this idea. For tracer injectitvessaime volume

and comparable EC, the standard deviatiofoofEC, was 2.98.7 times gre@r for the DI
experiments compared to the simulated groundwater BT@bld 4.3). Cases where EC
arrived before ¥ indicates that preferentigdathways existed around the monitoring probe
bundle during the first tank pack, whilke variability in arrival time of EG, compared to ¥
indicates movement of the injection tube during each syringe application shifted the location
where the tracer was injected in the sandbox, allowing the tracer to reach different preferential
paths.

The variability in peak tining for the DI BTC experiments did not appear to be a
characteristic of the dipole probe response because of the consistency in peak arrival time
observed during the simulated groundwater BTCs and was attributed to preferential pathways in
the first sand ack. Consequently, BTCs using the first sand pack cannot be used to analyze

sensor response time the same way they were for the simulated groundwater experiments.

4.3.5 Repeatability of measurements

Table 4.2shows measured EC peaks were often different, evmwacer volume and EC was
similar. These differences are mainly attributed to human error during the manual tracer
injection process such as moving the injection tube during the injection and altering the rate of
injection. During the simulated groundter experiments, the injection tube was held in place
against the tank using duct tape which was found to improve the consistency of recording similar

EC peaks. Although more robust laboratory methodology could likely reduce these errors, the
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inconsistacy did not interfere with the overall study goals of showing the resistance sensor was
capable of measuring EC breakthrough. For the simulated groundwater experiments in
particular, the results showed consistency between sensor responses when sinslaveBd C
measured by the CTDiver; when multiple BTCs showed similar EC peak and shape, the

corresponding resistance sensor curves were also comparable.

4.3.6 Probe calibrations for NeST experiments

As mentioned in sectiof.3.2, the response of both the dipotel@e and the CTDiver in situ

in the NeST systens dampened in comparison to how the probes would respond in a static cell
with the same solution from the tank. As a result, a calibration of probe response to EC during a
static cell experiment such as those in sec3i8ril.5 cannot be applied to the dipole sensor from

the NeST breakthrough experimentsHowever, a calibration of in situ dipole probe
measurements o situ EC was needed tioirther analyze observed chatstics fromsectiors
4.3.1and 4.3.2hat indicaéd the dipole resistance sensor did not respond well to small changes
in EC during breakthrough dnalso indicated the sensor recorded edevated background
reading well above what was recorded by theDiver during the simulated groundwater

experiments.

Results from the NeST experiments were calibrated to EC by two methods: (1) a direct
comparison of CTEDiver peak, EG, with dipole resistance probe peakp,Xand (2) a
comparison of all BTC data plotteas dipole sensor response against Oier readings after
the datasets had been shiftedatwount for travel time between the two probdsgure 4.8
shows the calibration produced by the first method where only probe peaks were used. The red
6x06 emasr ks how t he peaks collected during the DI
peaks collected from the simulated groundwater experiments. The top panéliduma 4.8is
included to illustrate the relationship between the raw peakg,aB@ X, before any processing
was done with the data. The bottom panel shows the same data aftgrieasurements were
rearranged according tq. (17)and reported as probe conductance. The bottom panel indicates
the relationship between probe peaks was mtighter for the simulated groundwater
experiments in comparison to the DI experiments. The second order polynomial fit to the
simulated groundwater experiments agrees well with the data 0.91) and continually
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increases over the range of Cver realings. The fit for the DI experiments peaks around

Xm = 9 mS/cm and begins to decline by the time it reaches the end of the data series. This is
likely caused by a bias to the lower peak values (14 of 35 values,forD& mS/cm) and shows

that this fit may not provide an ideal representation of sensor response (X) teD&ED

measurements.

The second method of calibration was produced using all measurements during the
breakthrough experiments. To directly compare €dilzer measurements to dipole senso
measurements, the BTC data had to be shifted to account for tracer travel time between probes; if
measurements at the same time are compared, each probe is measuring a different part of the
tracer plume. Each dipole resistance sensor BTC was shifeeddant for the time lag between
the two peaks. This shift was not required for the first calibration method where peaks were
compared because the assumption could be made that thenBC¢, corresponded to the same
tracer concentration. The second lmadtion is shownn Figure 4.9. The top panel shows large
variability between dipole sensor response and ON2r reading, while the bottom panel
indicates very little fluctuation of dipole sensor response in comparison to theD&/ED
Polynomial fitsto all data pointsn Figure 4.9(not shown) were found to provide a poor
representation of sensor response due to measurement bias caused by the large number of low
EC measurements. Trend lines were fit by manually selecting 14 points for each datiaset t
were considered to represent expected sensor response and then fitting a polynomial to that

subset of data.

Analysisof Figures 4.8 and 4.8hows variability in dipole probe response was much higher
for the DI BTC experiments and that any calibration applied to this data includes significant
error. This error can be explained by the discussiossétions4.3.4 and4.3.5 which highlight
flow irregularities caused by preferentilmw paths and shifting of the injection tube. The peak
in the fit inFigure 4.8for the DI experiments indicated the first calibration method was biased to
values of low EC. The second calibration method shoviiguare 4.9s considered to provide a
better representation of probe response.

The calibrationfrom Figure 4.9was applied to the BTC data analyzed abovée data in
Figure 4.9wvasplottedso the dipole measurements were shown on-dedsx The polynomal fit

of the calibration data points was multiplied by probe conductance for each dipole measurement
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to provide a calibrated dipole measurement in mS/égure 4.1G6hows BTC11 and 18, which

are examples of symmetrical BTCsllected during the DI expenents. The left panels show

the raw data collected by the CIiver and the dipole resistance probe, while the right panels
show the raw data collected by the GDiver and the calibrated dipole probe measurements.
The calibration is quite poor, but e shape does not appear to be significantly altered when
comparing the raw dipole measurements to the calibratibigure 4.11shows the same
calibration applied to BTC10 and 15, which are examples of irregularly shaped BTCs. The
calibration is much liger compared to BTC 11 and 18, with differences betweeghnd®@ dipole
sensor peak of 0.6 mS/cm. The error in the calibrations of BTC1Q, 15, and 18 is
expected based dhe variability shown in the top panaf Figure 4.9.

An important observatiofrom Figure 4.11 ighe calibration did not improve measurement
resolution. The calibrated dipole sensor data does not show a response to the small changes in
BTC shape at elevated EC which were recorded by the-BiVer. The only difference between
curve shape for raw dipole measurements (X) and the calibrated measurements is the calibrated
measurements show higher kurtosis (sharper peak). A more rounded peak is shown for the raw
dipole measurements because the magnitude of sensor response (Xpé&s ch&C declines as

EC increases. This was illustrated in the static cell experinre@isapter 3.

Figure 4.11confirms observationffom section4.3.1 wherethe dipole probe was shown to
have less measurement resolution during breakthrough than ixD®®&r. Flow irregularities
caused by the first sand pack and potential movement of the injection tube add uncertainty as to
whether both probes measured the same profile of NaCl tracer, which could account for some
differences in curve shape. Howewitre dipole probe recorded smooth BTC shapes for all DI
tests, while many of the CTFDiver BTCs showed unsymmetrical shapes. These results show
that calibrating the dipole probe to EC does not improve measurement resolution and confirms
that the dipole restance probe was not able to capture the fine changes in curve shape measured

by the CTDDiver at elevated EC during the DI experiments.

Figure 4.12shows BTC43 and 49 from the simulated groundwater experiments with the
calibration from the bottom panef Figure 4.9 applied The calibrated dipole probe data show
excellent agreement with the CIMiver measurements, with differences betweenr, BGd the

calibrated dipole peak less than 0.05 mS/cm. The elevated background measurements for the
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dipole sensoon the left side oFigure 4.12are removed during calibration and match with the
CTD-Diver measurements on the rigditle of the figure. The homogeneous conditifurshe
second sand pack which produced tight relationship between respses at both nobes
(bottompanelFigure 4.9 produced a very accurate calibration of dipole probe response te CTD

Diver measurements.

4.3.7 Considerations when scaling technology to field setting

4.3.7.1lonic concentration

Extremely high ionic concentrations can produce ionic mobility effects that cause a divergence
between EC and expected reagent concentratikinow ionic concentrations, the relationship
between solute concentration and EC for salt solutions is poaitidean beapproximated by

the empirical relationshim Eq. (8). As discussed by Klein and Santamaria@03) the EC of a

salt solution eventually peaks and then begins to decline with increasing ionic conce(egition
peak at 350 g/L for NaCllue toreductions in ionic mobility(Figure 4.13. These effects are

most significant for higher ioniconcentrations than those observedtypical ISCO injections

at field sites. However, mtential ionic mobility effects on EC measurements should be
consicered when working in environments with very high TDS electrolyte solutions such as
brines. If TDS were very high, the relationship between EC and salt concentration may no
longer be linear and calibrations applied to a dipole probe at lower EC may ro hengalid.

When installing dipole resistance probes in the subsurface, a user should have an understanding
of TDS at the site to determine if ionic mobility effects could paadigt distort EC

measurements.

4.3.7.2S0il characteristics

In addition to EC of thepore fluid and temperature, soil properties influemeesitu EC
measurementgporosity, water content, soil structure, particle shape and orientation, psidile
distribution, cation exchange capacity, and wettability all contribute to EC neglasiLcontact

with porous medium(Friedman 2005).
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If a dipole resistance probe is installeddirect contact with porous mediynie combination
of factors that influence EC are too complicated for a user to isolate and quantify the contribution
from each prperty to the overall measurement value. The most straightforward approach for
determining the presence of an injected reagent in the field is to look for changes from baseline
measurements. If monitoring probes are left undisturbed during an injectiot)y emly water
saturation and ionic conductivity of the pore fluid are expected to change over time. This type of
approach was found to be successful by Cavé €2@07)in correlating changes in resistance
and ORP measurements with thesgrece of peranganate

Looking for changes from baseline values is susceptible to errors due to changes in fluid
saturation and mobilization of ionic species which can potentially occur at a monitoring point.
Although ambient groundwater anderhical oxidants typicafl havecontrasting EC, changing
the degree of saturation at a measurement point can potentially yield an even larger contrast in
EC. For cases where the initial water saturation at a probe measurement point is less than 100%
or is unknown before an ISCQOvent, it may be difficult to determine whether changes in
resistance sensor measurements are caused by changes in groundwater saturatithre or by
injected reagent. In addition, an injected oxidant slug can potentially displace stagnant
groundwater whiclnas a higher ionic conductivity than what is observed at a monitoring point,
or it can potentially mobilize metal ions situ (Suthersan and Horst, 2008). Both of these
situations could create a change from baseline measurements that is not causeurésetice

of an injecte reagent.

Dipole measurements could also be distorted if sensors are in direct contact with highly
conductive soil material Direct sensor contact with soils that have high clay and/or metal
content may result in a very high baokgnd resistance sensor reading (X}. isl unknown
whether the dipole resistance sensor would be able to pick up small changes in pore fluid EC
relative to a high baseline from the séié: small formation factor) Surface conduction of a soil
has beershown to significantly contribute to EC measurements for soils with $ypgitific
surface area, »>when the pore fluid has low ionic conductivity. The contribution to EC
measurements due to specific surface area increases as soil porosity decreasesan(KlI
Santamarina, 2003). Therefore, it is reasonable to assume that field scenarios may be

encountered where the resistance sensor may not be able to respond to small changes in pore
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fluid EC when in contact with high specific surface soils. This hiwe considered when
taking in situ EC measurements in clay stratigraphy, parti¢ylar situations when pore fluid

EC is relatively low.

4.4 CONCLUSIONS

This experiment illustrated that tweire resistance sensors are capable of monitoring- high
resolution changes in EC in a controlled laboratory environment. BTC shape recorded by the
resistance probe was very consistent with data recorded by a refinetkooal EC datalogger

and showed distinct beginning, peak, and end of tracer breakthrough. Tailing observed in the
BTC experiments fronChapter 3was not observed during the NeST experiments. The data
indicated the resistance sensor was not capablespbmeing to fine changes in EC during
breakt hrough. The experiment al results al so

had little impact on the EC measurements which were typically below 1.5 mS/cm.

Much of the variability in experimental selts during the DI tests appeared to be related to
flow through the sandbox, rather than precision of probe measurements. Differences between
exact timing between the Schlumberger logger and dipole resistance sensor, as well as variability
in expected aoductivity peak appeared to be related to changes to physical flow properties of
the sandbox system. The simulated groundwater experiments had much more controlled flow
conditions. Analysis of the simulated groundwater experiments indicated the dipste s&y
have a slightly faster response time than the ©Ir, although uncertainty related to
measurement interval and tracer travel distances suggest this difference is likely not significant.
Figure 4.9shows the relationship between data recordgdthe Schlumberger logger and

resistance sensor was very similar for the simulated groundwater tests.

The silica sand dampenadsitu measurements by both the CThiver and dipole resistance
probe in comparison to data collected during static cell expetsin Chapter 3. Analysis of
formation factors indicated the amount of interference caused by the silica sand is likely larger
for a twowire dipole sensor in comparison to a falectrode probe. This suggests a four

electrode system may be a bettesidn for direct push field applications.
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The in situ dipole probe measurements were calibrated to ithesitu CTD-Diver
measurements for all recorded BTCs. The calibration produced $ttu measurements differs
from what would be produced during statell tests because of contact with the porous medium.
The DI experiments did not show an accurate calibration, which was a result of the large
variability in flow conditions during the DI tests. However, a very accurate calibration was
produced for theimulated groundwater experiments, which indicated it was possible to calibrate
the dipole probe to real EC valuiessitu The probe calibrations did not increase measurement

resolution.

Factors to consider when applying this type of technology to neagections in the field are
potential fluid saturation changes at a monitoring point, mobilization of ionic species, and the
influence of sensor contact with high specific surface soils. These laboratory results confirm that
the resistance sensor desigsed in this experiment has promise for use in a field setting to

monitor EC changes during reagent injections.
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Table 4.1: Simulated groundwater ionic concentrations in comparison to other potable wat
Solution Type A was used for BTC314, Solution Type B used for BTC4F6

50" Percentile
Solution Type B Concentration for

Solution Type A mg/L Potable Water
Constituent  mg/L (~450 uS/cm)  (~ 825 uS/cm) (mg/L) *
ca’ 22 44 ~35
Cr 39 77 ~20
SO~ 32 64 ~30
Mg** 10 20 ~10
Na’ 68 137 ~30
HCGOs 182 363 ~300
TDS 352 705 ~400

*Interpretedfrom Davis a DeWeist, 1966, Fig 4.5.98

93



Table 4.2: Summary of data collected during NeST BTC experiments

Tracer
Tracer Volume CTD- Time
Background  Solution (Injection, Diver Between

Solution EC EC Purge) Peak Resistance Velocity A Velocity B Peaks

BTC (mS/cm) (mS/cm) (mL) (ECp) Peak (Xn) (cm/hr) (cm/hr) (min)*
1 DI 61.3 120, O 2.758  0.5964652 61.88 58.91 1.0
2 DI 61.2 120, O 10.172  0.8524547 41.25 39.88 2.0
3 DI 61.4 300, O 4777  0.7707832 49.94 49.85 2.5
4 DI ~62 (42g/L) 300, O 10.358 0.8462716 44.48 43.20 2.0
5 DI ~62 (42g/L) 60, 0 3.804  0.7777137 38.46 38.12 3.0
6 DI ~62 (42g/L) 60, 0 1.211  0.3650756 66.20 50.82 -4.0
7 DI 62 60, 0 1.066  0.1390182 61.88 54.00 -1.0
8 DI 62 60, 0 2.238  0.7287244 60.56 58.91 15
9 DI 61.9 60, 0 1.166  0.0946492 60.56 51.84 -1.5
10 DI 61.8 60, 0 2.099  0.7035843 52.71 51.84 2.0
11 DI 61.8 60, 60 1.176  0.1259725 69.42 60.28 -1.0
12 DI 61.8 60, 60 0.526 N/A 79.07 N/A 18.0
13 DI 61.3 60, 60 1.001  0.2151181 74.91 66.46 -0.5
14 DI 61.3 60, 60 0.996  0.4201801 72.98 63.22 -1.0
15 DI 61.2 60, 30 1.202  0.5861730 71.16 60.28 -1.5
16 DI 61.2 60, 30 0.380 N/A 74.91 N/A 19.0
17 DI 61.7 60, 30 3.935 0.8075422 61.88 61.71 2.0
18 DI 61.7 60, 30 1.082  0.2038390 72.98 64.80 -0.5
19 DI 61.7 60, 30 1.502  0.6372007 61.88 61.71 2.0
20 DI 61.7 60, 30 1.808 0.6711739 66.20 66.46 2.0
21 DI 61.7 60, 30 4.407  0.8197728 67.77 68.21 2.0
22 DI 61.7 60, 30 2.544  0.7442642 66.20 66.46 2.0
23 DI 61.7 60, 30 2.846  0.7502634 67.77 70.05 2.5
24 DI 61.7 60, 30 4.006 0.8114831 64.69 64.80 2.0
25 DI 33.2 60, 30 2.491  0.7663667 63.25 63.22 2.0

*Time between peaks = (Time to ETC Time to X, where positive values indicate,arrived before Ef)



Tracer

Tracer Volume Time
Background  Solution (Injection, CTD- Between
Solution EC EC Purge) Diver Peak Resistance Flow rate Velocity B Peaks

BTC (mS/cm) (mS/cm) (mL) (ECn) Peak (Xn) (cm/hr) (cm/hr) (min)*
26 DI 33.2 60, 30 0.618 0.3272295 76.93 68.21 -0.5
27 DI 33.2 60, 30 2.110 0.7461866 61.88 63.22 2.5
28 DI 33.2 60, 30 2.494 0.7660949 64.69 64.80 2.0
29 DI 33.2 60, 30 2.704 0.7723460 66.20 66.46 2.0
30 DI 62.1 60, 30 3.386 0.7071175 54.74 52.90 1.5
31 DI 62.1 60, 30 2.242 0.5519280 63.25 60.28 1.0
32 DI 61.8 60, 30 0.857 0.0158315 58.09 56.35 1.5
33 DI 61.5 60, 30 0.914 0.0256158 54.74 54.00 2.0
34 DI 61.5 60, 30 1.183 0.0286757 59.30 55.15 0.5
35 DI 61.5 60, 30 1.180 0.0381308 55.81 54.00 1.5
36 DI 61.5 180, 30 1.461 0.0038055 60.56 61.71 2.5
37 DI 30.6 1100, 250 7.315 0.8140675 56.93 50.82 -0.5
38 DI 62.1 60, 30 1.624 0.7666498 74.91 78.55 2.5
39 0.4220.457 (A) 62.1 60, 30 1.420 0.7678725 53.71 56.35 3.5
40 0.4220.457 (A) 62.1 60, 30 1.507 0.7797590 52.71 54.00 3.0
41  0.4220.457 (A) 62.1 60, 30 1.499 0.7859401 50.83 52.90 3.5
42  0.4220.457 (A) 62.1 60, 30 1.461 0.7854649 49.94 51.84 3.5
43  0.4220.457 (A) 62.1 60, 30 1.515 0.7899503 49.08 51.84 4.0
44  0.4220.457 (A) 62.1 60, 30 1.452 0.7874344 47.44 49.85 4.0
45 0.841 (B) 62.1 60, 30 1.513 0.7675071 46.66 48.00 3.5
46 0.841 (B) 62.1 60, 30 1.179 0.7388412 47.44 48.91 3.5
a7 0.841 (B) 62.1 60, 30 0.988 0.7226906 51.75 54.00 3.5
48 0.841 (B) 62.1 60, 30 0.494 0.6269844 54.74 58.91 4.0
49 0.841 (B) 62.1 60, 30 1.782 0.8031257 55.81 57.60 3.0
50 0.856 (B) 62.1 60, 30 1.488 0.7832865 53.71 56.35 3.5

*Time between peaks = (Time to ET Time to X,, where positive values indicate,arrived before Ef)
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Tracer

Tracer Volume Time
Background  Solution  (Injection, CTD- Between
Solution EC EC Purge) Diver Peak Resistance Flow rate Velocity B Peaks

BTC (mS/cm) (mS/cm) (mL) (ECn) Peak (Xn) (cm/hr) (cm/hr) (min)*
51 0.856 (B) 62.1 60, 30 1.272 0.7641382 51.75 54.00 3.5
52 0.856 (B) 33.3 60, 30 0.658 0.6962177 54.74 57.60 3.5
53 0.856 (B) 33.3 60, 30 0.590 0.6799936 51.75 55.15 4.0
54 0.856 (B) 33.3 60, 30 0.639 0.7172883 56.93 60.28 3.5
55 0.856 (B) 33.3 60, 30 0.403 0.6851823 58.09 63.22 4.0
56 0.803 (B) 33.3 60, 30 0.392 0.6849268 52.71 56.35 4.0
57 0.803 (B) 33.3 60, 30 0.382 0.6814396 49.94 54.00 4.5
58 0.803 (B) 33.3 60, 30 0.397 0.6870610 49.08 52.90 4.5
59 0.803 (B) 33.3 60, 30 0.383 0.6826044 49.08 52.90 4.5
60 0.803 (B) 33.3 60, 30 0.387 0.6871369 48.24 51.84 4.5
61 0.803 (B) 33.3 60, 30 0.360 0.6803873 48.24 51.84 4.5
62 0.803 (B) 33.3 60, 30 0.365 0.6804552 47.44 51.84 5.0
63 0.803 (B) 33.3 60, 30 0.392 0.6865683 47.44 50.82 4.5
64 0.803 (B) 33.3 60, 30 0.400 0.6890135 47.44 50.82 4.5
65 0.803 (B) 33.3 60, 30 0.392 0.6868400 46.66 50.82 5.0
66 0.803 (B) 33.4 60, 30 0.457 0.7167656 53.71 57.60 4.0
67 0.803 (B) 33.4 60, 30 0.412 0.7046711 47.44 51.84 5.0
68 0.803 (B) 33.4 60, 30 0.357 0.6630880 49.08 54.00 5.0
69 0.803 (B) 17.74 60, 30 0.173 0.5547816 47.44 52.90 5.5
70 0.803 (B) 17.74 60, 30 0.189 0.6047218 43.79 47.13 5.0
71 0.803 (B) 17.74 60, 30 0.202 0.5825706 49.08 54.00 5.0
72 0.803 (B) 9.34 60, 30 0.066 0.3385567 45.91 50.82 55
73 0.803 (B) 9.34 60, 30 0.073 0.3700840 48.24 54.00 5.5
74 0.803 (B) 9.34 60, 30 0.110 0.5100767 46.66 50.82 5.0
75 0.803 (B) 9.34 60, 30 0.108 0.5138506 43.13 47.13 5.5
76 0.803 (B) 9.34 60, 30 0.106 0.5062376 45.91 49.85 5.0

*Time between peaks = (TimelE&L,, i Time to X, where positive values indicate,arrived before Ef)
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Table 4.3: Summary statistics comparing variability in CIDver peaks, EG

Tracer : 60 mL, ~60mS/cm  Tracer : 60 mL ~30 mS/cm

DI Sim GW DI Sim GW
BTC 10-24, 3036 4551 2529 52-68
average (mS/cm) 1.870 1.245 2.083 0.433
max (mS/cm) 4.407 1.782 2.704 0.658
min (mS/cm) 0.380 0.494 0.618 0.357
stdev (mS/cm) 1.210 0.419 0.847 0.097
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Figure 4.1: Schematic of flow through NeST systeimiven by peristaltic pump. Diagram shows case for water recirculated from outlet reservoir
back to upstream reservoir. BTC experiments pumped water from outlet reservoir to waste. Adapted from (Bowen, 2010, p.18).
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Figure 4.2: CTD-Diver bundled with dipole resistance sensor and thermistor for NeST breakthrough
experiments. Sampling tube was not used during BTC experiments.
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Chapter 5: Field Trials

51 OVERVIEW

Two field trials were carried out to test the prototype probe designs. Both trials were conducted
during ISCO events using sodium persulfate at former gasoline stations. The first trial took place
at a fractured bedrodite early in the probe design stage, while the second field site consisted of
unconsolidated porous media and took place later in the design stage after some changes to
initial prototypes had been undertaken. For both trials, probes were construbtédnett PVC

pipe. Probes were installed in existing pumping and monitoring wells on site and were left to
record data before, during, and after the ISCO injection events. Data collected by the probes
were compared to water samples analyzed for EC andeture in the field, and persulfate
concentration at the University of Waterloo. The focus in this effort was observed correlations
between oxidant concentration, EC, and dipole sensor measurements rather than treatment

performance.

52 FIELD TRIAL 1: FERGUS ONTARIO

The Fergus field site is a fractured limestone aquifer that is contaminated by residual
hydrocarbons. The trial consisted of a p8oale 2% sodium persulfate (20 g/L JS#s)
injection at a single point, RW 16, on Novemberlll) 2010. Pdars were used to isolate an
injection interval 45.5 mbgs. lumes of 6000 L and 10000 L wemumped into RW16 on
November 18 and 11", respectively, for a total injection volume of 16000 Monitoring and
recovery wells were sampled from Novembei18)

Figure 5.1shows the Fergus site and location of injection well RW16. Local groundwater
flow at the site is from top to bottowf Figure 5.1 (Greer, 2009, p.12). Three monitoring
probes, each with a single dipole sensor, were insta8atd downgradent of the injection point
in recovery wells RW8, RW9, and RW10. Details of probe construction and wiring
characteristics are provided irable 5.1. Water samples were collected and analyzed for EC,
temperature, and pH in the field using a handheld m{@&@ermo Orion; model 1219000 with
013010MD conductivity probe), and were subsequently sent to the University of Waterloo for

analysis of persulfate concentration.

111



Figure 5.2shows persulfate breakthroudhring the monitoring periodNote thatpersulfate
was not observed in samples from RW10 for theatiom of the monitoring period.For all
sampling points, EC correlated well with persulfate concentration, as showigure 5.3.
Figure 5.4indicates there was no correlation between persulfate concentration and pH. Data
collected by the field probes and correlations with EC and persulfate concentration is shown in
Figure 5.5. The top two panels show the relationship between persulfateroaion and EC at
two of the monitoring wells, RW8 and RW9, which indicated changes in EC at these wells was
likely a result of changes in dissolvedJSg0g species

Figure 5.5shows the data collected by the dipole sensors has little correlation with th
changes in EC and persulfate concentration. In particular, dipole sensor measurements show a
period of large increase in measurement values, from 0.8 to 0.96, at the beginning of the
measurement interval. After this period, there was limited sengoon®s to changes in EC,
although these changes did not correlate particularly well.

There were two major factors which could have potentially caused the poor correlations
observed: (1) the presence of particulate material ¢oltgon the detector wiregnd (2) the
size of the detectors. After the dipole resistance probes were removed from the monitoring
wells, it was observed that significant particulate material had gathered on the detector wires
(Figure5.6). This rustcoloured particulate materialas also observed in water samples, and can
likely be attributed to the heavy residual hydrocarbon contamination at the site. It is reasonable
to assume that detector response during monitoring was distorted by this material. Another
potential factor, irgrrelated with the presence of particulate material, was the size of the dipole
resistance detector. With detector wire lengths of 1.5 cm and spacing of 2.8 cm, the field probes
had the largest detectors tested in this research. It is possible thaesiaegedetectors reduce
the responsiveness of the sensor, which could potentially be compounded by the presence of
particulate material gathering on the detector surfaces. This was observed later during
experiments in the laboratory that tested the fildbes from the Fergus site; although the
probes generally appeared to respond similarly to the other laboratory probes, there were two
instances when the same type of behavior from the Fergus field test was observed (data not

shown). The exact causetbkese poor responses could not be determined.
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5.3 FIELD TRIAL2: SOUTHERNONTARIO

The second field trial took place in southern Ontario, JH&011 at a former gasoline station
contaminated with petroleum hydrocarbons. Four dipole resistance probesuwegrim I2inch

existing monitoring wells before an injection on June 7. Construction and wiring details for all
four probes installed at the site are provided'able 5.1 Figure 57 shows the site and the
location of injection wells and monitoring prabeGroundwater flow at the site was from East to
West. Injection well MWL was approximately 11 m upgradient from MAN (Holtze, 2011,

p.5). A polyethylene sampling tube with Nitex mesh covered end was attached to each probe

near each resistance senasishowrnn Figure 58.

A 20% sodium persulfate solution (200 g/L-S#0g) was used throughout the injection. A
total of 1500 L was gravitjed into each injection well each day over 2 days (total injection
volume of 9000 L). Monitoring probes weretled collect data for two weeks after the injection.
Water samples were collectativarious intervals during monitoring. Samples were analyzed in
the field for EC and temperature using a handheld Thermo Orion meter (model 1219000 with
013010MD conductiity probe)and were also collected and brought back to the University of
Waterloo for analysis of persulfate concentration. Samples were approximately 100 mL, and

were collected after a purge volume of 100 mL.

Laboratory analysis showed no persulfate enésin the samples collected from the
monitoring wells where dipole probes were installed. This was supported by relatively stable EC
records at these locationslhis was not completely unexpected, as previous work at this site
indicated high persulfateoncentration, similar to what was used during this injection, caused the
reagent to sink due to density effects (Katanchi, 2011, p.32). The downgradient wells where the
dipole probes were installed were the only locations on site witltt2 diameter odarger
openings that would accommodate the size of the probes, necessitating installation at these

locations.

Figure 59 shows data collected by the monitoring probes and corresponding handheld EC
measurements. Data was not collected at-MW due to adose wire on the monitoring probe.
Dipole sensor measurements appear to agree fairly well with the EC measurements throughout

the field trial. The high frequency of sampling on June 6 and 7 resulted in EC spikes on the
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order of 1 0 6202¢ Shiswam likalyt causBd/ by solutes drawn into the monitoring
well. Dipole resistance sensor measuremenigure 59 for MW-202 appear to respond fairly

well to these changes. Spikes in EC caused by sampling were less obvious-#haiA\MW

107. A signifcant spike in dipole resistance sensor readings around June 11 was present at each
of the three monitoring locations. Although water samples at this were not available to verify a
change in EC, the timing of the spike appeared to correspond with a laga@yl event at the

site. It is possible that infiltration from this event caused a change in the ionic composition of
water inside the monitoring wells. Although this field trial was not able to correlate sensor
response with the presence of the igdcreagents, the probes were able to collect stable

measurements that appeared to reflecirtlstu EC in the monitoring wells.

5.4 ConcLUSIONS

The initial field trial in Fergus was useful for learning and improving methods for field
installations, but did ot provide any data which supported laboratory results described in
Chapters 3 and 4Because this test took place early in the prototype design process, and had
sources of uncertainty related to particulate material and sensor size, conclusions about the

effectiveness of the probe design cannot be made.

The second field trial provided encouraging results that the dipole resistance probes could
effectively monitor changes in EC in the field even though the injected reagent was not observed
at the dipole pybe monitoring wells. The stability of the sensor measurements, which correlated

well with EC data, indicated the system is capable of logging accurate data in the field.
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Table 5.1: Probe construction details for field trials

Probe Characteristic Field Trial 1 Field Trial 2
Material Schedule @, l-inch PVC Schedule 80,-inch PVC
Length 1.771.9m 3.5714m

End cover PVC cap PVC cap
PVC cement and marine PVC cement and marine
Water seal
epoxy epoxy
Detector material Galvanized wire Stainless steadable
Detector orientation Horizontal Vertical
Detector dimensions 1.5 cm long, 2.8 cm spacing 1 cm long, 0.3 cm spacing
Sampling tube Yes, Nitex covered end Yes, Nitex covered end
Fixed resistor 24.9 kq 2.2 kq
Data collection interval 2 min 3 min
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Figure 58: Schematic of probe installed at Field Site 2
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Chapter 6: Conclusions

6.1 REVIEW OFRESEARCHGOALS

This research was focused the design anteging of a prototype prob#or in situ monitoring

of injected reagents, specifically chemical oxidants. Prototypes lwelt with sensors attached

to PVC conduits and focused on systems which could feasibly be adapted forpdstect
implementation. Design constraints were to produce a4oest and robust system which could

be used to vertically discretize reagent disition over large areas. Based on thesteria and
constraintsthe prototype included simpkemperature sensors and tware dipole resistance
sensorsto measure the electrical conductivity signature associated with chemical oxidants.
Research focesl on detailed laboratory experimentation supplemented by field trials to
determine how the temperature and dipole resistance sensors responded under varied conditions.

Research goals for laboratory tests were to:
1. Determine if temperature fluctuations éipe monitored
2. Determine capabilities of dipole resistance sensors
a. Quantify how measurements respond to changes in temperature

b. Determine if EC can be considered to be a relevant representation of reagent

concentration, specifically oxidant concentration

c. Quantify how measurements respond to changes in EC

6.2 TEMPERATURESENSORPERFORMANCE

Testing of the constructed temperature sensors answered research quésigomel3.1showed

that the constructed temperature sensors responded to temperature changes similarly to a
commercial transducer (Schlumberger Minver, model DI5S0) In addition,the data showed

the temperature difference between the commercial transducereacdristructed temperature
sensor was mostly constant. This showed a constructed tempeaetgoecould be calibated

to a commercial probe by removing tleenstant biasn measurements of the constructed

temperature sensor
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6.3 DIPOLE RESISTANCESENSORPERFORMANCE

Testing of the dipole resistance sessaddressed research questionChapter 3 showethe
sensor responded to changes in temperature and illustratexthaingies in EC on the order of 5
10 mS/cmhad a much larger effect on dipole resistances@emeasurements (X) than changes
in temperature on therder of G5 °C. Section 4.3.3and Eq. (5) were used to analyzew
temperature changes influenced the BTCs recorded in Chapter 4.

Chapters 3 and 4 showed the tested prototype probe respondedefgd¢arahanges ifcC.
The static cell experiments in Chapter 3 also showed that probe response to sodium persulfate
and potassium permanganate solutions was similar to observed results faoN@Ghs. This
addressed research question 2bnfirming hat EC can be used as an indicator of oxidant

concentration.

The calibrations of sensor response to EC for the static cell experiments in Chapter 3 and the
BTC experiments in Chapter 4 addressed research question 2c. The results showed that an
accurate dibration could be applied for a single set of measurements, although the static cell
experiments indicated the calibration for a single probe may differ between usadpesatory
testing for both the temperature sensors and dipole resistance sensed shewprototype
probesmeettheresearch goals of this thesis to produce a system thatdiaate the presence of

an injected reagent.

6.4 LIMITATIONS OFDESIGNECSYSTEM

The NeST experiments with DI in Chaptesowedthe constructed twavire dipole sensowas

not capable of responding to fine changes in EC during a BTC with the same resolution of a
commercial logger. Applying a calibration to the raw dipole resistance sensor measurements (X)
did not ncrease measurement resolutionheTdesigned system weacapable of accurately
responding to changes in EC from a background value, to a peak, and then back to background

Users should take care when drawing more detailed conclusions about sensor response.

Chapter 4 also highlightedhe effects ofa porous medium on two-wire resistance
measurements. The tware design provides a direcbntact measurement that is more

susceptibled interference from the soil matrin comparison to a fowglectrode system. The
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experimental results show the system respdnaccurately to changes in EC when in contact
with silica sand. However, it is possible thiatstu contact withporous medium in the field

could cause more interference with a twiwe dipole sensathan what was observed in the.lab

6.5 CONTRIBUTIONS

Thiswork has provided a theoretical representation ofwre dipole resistance sensor response

to EC and has verified expected results throdmggh-resolution laboratory experiments.
Experiments have shown that simple dipole resistance sensors consbyckeshd can be
calibrated to measuremsnfrom a conmercial EC probe and have illustratdae impact of
temperatureand the choice of fixed resistor on measurements. This resear@xtbasively

tested sensor response to EC during static cell and BT€rimants, and has displayed the
prototype probe is capable of indicating of the presence of injected reagents that have an EC
signature. These results support preliminary findings Ggvéet al. (2007), which indicated
dipole resistance sensors can resptnthe presence of chemical oxidanResults in this thesis

add towork by Cavéet al. (2007py providing a mathematical representation of sensor response
of a half bridge measurement on a CR1000x datalogger and describing a calibration method
based on this relationshigpoth of which are not currently available in the environmental
monitoring literature Sensor construction techniques, calibration methadd expected sensor
responsg discussed in this thessse applicable for applications that employ dipole resistance
sensors to measure E particular, this work provides insight for situ EC monitoring when

low-cost materials are required.

6.6 FUTUREWORK

6.6.1 Pilot scale field testing

Chapter 5 showed the prototype system appeared to be capable of recording accurate
measurements in the field similar to what was observed during the laboratory experiments in
Chapter 4. The firdield trial took place earlyn the design and testing phasBrobe response
during this trialwas notconsistent witHaboratory resultsvhich indicated the first field triadid

not accurately represent sensor capabilities. sdo®nd field trial produced results that were
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consigent with observations from laboratory tests; sensEsponseprovided an accurate
representation oEC in the monitoring wells where field probes were installed. However, the
second field trial was not fully successful because the injected persulfateotdi@ach the
installed field probes so sensor respotsehe presence of the injected reageould not be

verified.

Further field testing of the probe syst&rhere prototypes similar to those wbin Chapter 5
are installed in existing monitoring ielwould provide verification that laboratory observations
can be repeated in the field. In particular, field trials where the injected reagent reaches the
monitoring probes are required to correlate probe response with the presence of the injected
reageh ldeal pilot scke tests wald include only a single injection point at a site where reagents
have not been injected before. A single point of injection is desirable because it leaves no
uncertainty when determining the location where an injected meagenes from. Further to
this, a site where the reagent of interest has not previouslyrijeeted is also ideal.

6.6.2 Direct -push design

A key issue related to direpush design and implementation is the cost associated with this type
of monitoring program.Based on findings of the laboratory resultshis thesisjt is realistica
directpush desigrtapable of indicating the presendean injected reagent could be developed
using sensors similar to those tested on the PVC prototydesvever, simply being able to

develop a direepush system does not mean it would be widely adopted by industry.

Reagent injections form a niche markéthe total scope of work carried out at contaminated
sites. In contrast to standard practices of geologic characterization, source zone identification,
and water sampling methodsdely applied attontaminated sites, reagent injections consist of
one ofthemany tools available to a remediation engineer that may be desirable to use under the
right site conditions and treatment goalBurthermore, a diregiush system would likely be

most useful under a subset of sites where reagent injections are :applied

1. Sites where a Geoprobe© or comparable vibrating hammer device is already being used
for the injection. For cases where an injection takes place in existing wells, bringing a

directpush device to a site adds significant costs that may outweigh benmitshe
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monitoring probe. Costsavings could also be realized through the use of a jackhammer
rather than a diregiush drill rig.

. Large sites where injectionakie place over multiple daysThe cost of the monitoring
program needs to be manageable amparison to the total budget of the remediation
design. When the scope of work at a site is large, installation of-gusbt monitoring

probes are more viable because the monitoring cost can represent a smaller portion of the
total budget. Strategicdl installing monitaing probes at an injection site should\pde

useful information wiile minimizing total costs.

. Sites where pilescaleand puskpull testing takes place.These types of testslways
include significant sampling andre often accompged by the installation of new
monitoring wells. If a direepush system coulteduce the required sampling frequency

or negate the need for monitoring well installatiotiee probe system coufabtentially
provide cost savirggand improved monitoring ta In addition, these types of tests often
take place at sites where the scope of work is significant, which supports the previous
statement that a direpush system is more viable when monitoring costs represent a

small portion of the total budget.
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Appendix A: Supplementary Information for Chapterl

Al: SUMMARY OFPROS ANDCONSRELATED TOPOTENTIAL MEASUREMENTPARAMETERS

pH

With the exception of hydrogen peroxide, reagent injections are not typically associated with a
change in pH, which vastly limits the usefulness the measurement can provide. In addition, the
use of pH sensors in prototype designs was impractical due to sensor size and cost. Inexpensive
pH sensors use reference electrode designs that make instatlatiandirect push drill rod
difficult, while corrosion resistant sensors madeifositu applications are generally expensive

and too large for installation on a drill rod.

Oxidation Reduction Potential

Cavé et al. described simple lamost ORP sensors thaan be constructed by hand (2007).

Field tests indicated a good correlation between sensor response and the presence of
permanganate. The main obstacle to installing this type of sensor on a direct push apparatus is
the reference electrode neededtfue sensor. If a method were created for easy installation of

the reference electrode, this type of sensor could be a viable addition to a direct push design.

One point to note is Cavé et al. found twive dipole EC sensors, similar to the ones usetim

project, provided the same indication of permanganate presence that the ORP sensor did,

although the EC sensor was correlated with concentration, making it a more useful measurement

(2007). These results indicated when ORP sensors are used in aonbivith a twewire EC

sensor, the ORP measurements can confirm the EC sensor is correctly measuring a reagent, but

EC measurements are able to provide the most detailed information.

Pressure

Pressure sensors were initially selected for inclusion iptbi®type design although two major
obstacles prevented them from being included in later stages. Sensor cost was prohibitive, while
inclusion of a pressure sensor on a direct push design was anticipated to be difficult. A pressure
sensor capable of measg water level measurement changes with resolution relevant to
reagent injections, such as the centimeter scale, was unlikely to be able to withstand the driving

forces associated with a percussion hammer drill rig. In addition, sensor size wasisgse.an
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lon Selective Electrodes
Similar to issues with pH and ORP electrodes, barriers to using ion selective electrodes (ISE)

situ are related to appropriate use of a reference solution. Similar to most pH and ORP
electrodes, an ISE requires calilwatand use of a reference solution for measurements, which is

a barrier for designs using direct push drill rods.
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Appendix B: Supplementary Information for Chapter 2

B1: MATERIAL DEGRADATION WITHPERSULFATE
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Sample 2010/08/27 2010/08/30 2010/09/17

1H

1L

2H

2L

Figure B1: Material tests with persulfate, visual results for samples 1 and 2
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Sample 2010/08/27 2010/08/30 2010/09/17

3H

3L

4H

4L

Figure B2: Material tests with persulfate, visuaisults for samples 3 and 4
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Sample 2010/08/27 2010/08/30 2010/09/17
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SL

6H

6L

Figure B3: Material tests with persulfate, visual results for samples 5 and 6
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Sample 2010/08/27 ___2010/08/30 2010/09/17

7H

7L

8H

8L

Figure B4: Material tests with persulfate, visual results for samples 7 and 8
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Sample 2010/08/27 2010/08/30 2010/09/17

-
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10H

10L

Figure B5: Material tests with persulfate, visual results for samples 9 and 10
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