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ABSTRACT

The advection-dispersion equation (ADE) often fails to predict solute transport in par
due to the presee of less well connected, les®bile pore spacélere, we explore thmle of
porosity or flowpaths of differing mobilitgnd their physical effects on tradesinsport in a
series of controlled 1-D column- andBtankscale experiments. Experimentdath scales

included colocated (spatially and temporallfiid electricalconductivity (&) and bulk

apparentlectrical conductivity €3 to help parse the relationship between mobile and less-
mobile domains. temswith domains of differing mobility showed elongated tailing in
observed§;breakthrough curveand a lag betweeByand é; phenomena not easily described
by the ADE. Numerical modelsSTAMMT-L for the 1-D columnexperimentsoupled with
analytical graphical methods, and SEAWAMd R3tfor the3-D tankscaleexperiments—were
used to estimate physical parameters controlling transport.

At the 1D column-scale, three different grain packings were studied inc24 lngth
columns, including 1) homogeneously packed #20/#30 Accusand, which contains intergranular
but no intragranular pore space; 2) St. Cleadliteclinoptilolite, and 3) crushed amorphous
silica glass, both of which contain intergranular and intragranular pore spaceantexper
included stepped NaCl tracer injections at Peclet numbers ranging froh®30to investigate
flow-rate controls on physical solute transpmtametersThe zeolite and amorphous silica
glass results both indicated the presence of ankedsle domain and mass transfer rates between
more and lesamobile porosity influenced by tracer injection duration and flow aiefirmed
by numerical models in STAMMT; whereas data from th@mogeneous Accusand indicated
little lessmobile pore space, as expected.

At the 3D tankscale, a synthetibeterogeneous aquifer was developed with four
impermeable barriers installed in otherwise homogeneously packed #70 Unimimitbameh
429 cm x 244 cm x 36 cm tank.72-lr NaClpulse tracer injectioat a Peclet numbef 15was
performed Results indicate solute trappibghindthe impermeabledriers, creatingdvective
flowpaths of different lengths.hE orientation of the impermeable barrieith respect tdulk
flow directioncontrols the formation dhesepathwaysThe observatiorof lessmobile

flowpathsfrom theco-located égversus §;measurements at 12 different locatiordicatedthat

astagnatiorzone forms directly downgradient of the largest bafperpendicular to primary



flow direction), which wasimaged in 3D electrical resistivity inversior3ur co-located &g
versus §;data also indicate densitependent flowhat is primarilyoccurring within the highly
permeable weltonduit, and difference inversionadicatethe plume increasing in thickness
with depth, characteristic of density-dependent flolserved datana numerical simulations
both indicated an influence of density-driven solute transport in the locationsydingcand
downgradient of the largeshpermeabldarrieron observed hysteresis &versus§g;
measurementsue tosolute collectiordirectly upgradient of the barrier and allowing density-
differences to manifestnd propagate downgradieNtimericalsimulationasn SEAWAT and
R3thelped isolat@hysical transport conti®within the synthetic aquifetue to the impermeable

barriers, densitgriven flow, or a combination of the two.
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(A) Contour plot of measured heads prior to start of tracer injection using
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(A) Model definition for fluid flow. Spatial discretization is 1 cm by 1 cm
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conditions are specified. (C) Model definition for electrodes for fieiegnent
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electrodes. There are 9 layers in the vertical direction (every 4 cm). Note:

The noflow barriers are explicitly simulated in the forward models, but not in
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Grey solid lines represent original and duplicate experiments. The colored
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Figure 2.9 P;STAMMT-L estimates of mass transfer ratgs”-1] on the rising limb.
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Figure 2.10 P;STAMMT-L estimates for mass transfer ratgs”™-1] on the falling limb.
Average RMSE values are shown for original and duplicate experiments.
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CHAPTER1
TOPIC INTRODUCTION AND IMPORTANCE OF SOLUTE TRANSPORT

1.1  Topic Introduction

“Water is the elixir of life; without it life is not possibléFetter, 2001). Not only do
humans need this water to survive, but they also depend on it for agricultunadiasidial
purposes, food productioas well aglaily extravagancesuch as watering front lawns exhibited
in high-income portions of the world. Approximately 40 percenesidents in the United States
depend on groundwater resourgsited States Census, 201These resources arenewable
long term as long as extraction rates do not exceed replenishmenboateger in many places
across the US this is not the case. For example, the Ogallala Aquifer arehthed Zalley
aquifer systenn California are two instances in the US where groundwater is currently bein
mined at rates faster than replenishmbtanyecononically disadvantagedountries are also
dependent on groundwater resources and will become even more so as their populet@ses inc
(Clifton et al., 2010). @mate changés alsoexpected to affect groundwater components of the
hydrologic cyclesuch as aquifer recharge and water quantity, potentiallyagative way
(Clifton et al., 2010).

With increased human dependence on groundwater resources worldwide as the
population continues to grow, water quantity problems are going to continue to groW. as we
Both natural and anthropogenic contaminant sowaeslecreasgroundvaterquality,
includingmicrobial agentssaltwater intrusion along coastal aquifeadditives in gasoline,
manufacturing of kitchenwarelothing, drilling for oil, leachate from landfills, and mining for
resourceCSWRCB, 2013; Fetter, 2001; Freeze and Cherry, 1979). Some of these contaminants
reside in the form of dissolved agents, or salutgthin the aquifers. As more aquifers become
contaminatedcoupled with increases in stress on water quantity, the remediation or removal of
these contaminants is going to become critical.



1.2 Importance of Solute Transport

Most of the limitations in removing contaminants from an aquifer system areafrom
limited understanding of the physical, chemical, and microbial characteristies aquifer
system that control where solute transports. This is usually the result of noablsrig
adequately characterize natural heterogeneity inherent in geological depasdiis
exacerbated by our limited ability to image the subsurface. There are mamgrdifbols that
hydrogeologists and engineers use to locate contaminants within aquifers, Belchtasting
andgeophysical methods, and they use these data in combinatiomwwitirical modelingo
make predictions. Unfortunately, many of our mathematical descriptions that oumgadels
are huilt upon are dependent on assumptions that don’t accurately represent natura.system
Here, inChapter 2 othis thesis| characterize parameters with geophysical tools that will allow
us to more adequately describe solute transport within complicated aquigansy$he
parameters cabe used in mathematical models to help develop a better understanding of how

solutes transport in these natural systems.



CHAPTERZ2

AN EXPLORATION OF SOLUTE TRANSPORT MOBILITY
IN 1-D AND 3-D PHYSICAL MODELS

2.1 Introduction

Adequately describing solute transport is imperative for the protection andiatiore of
contaminated freshwateédon-Fickian or “anomalous” solute transpodescribed by
characteristicsuch as early arrival times, elongated tailing, and concentration rebousrding,
not describe@ddequatelyy theadvectiondispersion equation (ADE). THEDE has failedo
accurately describeonservative transport scenarios in a variety of laboratory- (e.g., Swanson et
al. 2012; Sudicky et al. 198a)d fieldscale experimental resulis.g., Benson et al. 2000;

Zheng et al., 2011; Feehley et al., 2000; Culkin et al., 2008; Berkowitz et al. 2006; Kosakowski
et al., 2001; Singha et al. 200As a result, it igifficult to predict solute transport using the

ADE in many geologic systems. Some of these studies attribute the failureAd Eh fit
observations to the presence of snsalile zones (with respect to the measurement scale) that are
“lessmobile” relative to advection. To address this issue, daalain mass transfer (DDMT)
models, among others, were developed as a non-local modification of the ADE that inesrpora
lessmobile domains; this model can produce non-equilibrium conditions between two separate
flow domains connected by a mass-transfer rate and the concentrdeoendd®(Coats &

Smith, 1964; van Genuchten & Wierenga, 2010).

There are few controlled laboratesgale experiments that robustly expltre controls
on solute transparespecially over a range of flow rates agdles extending toB (Maina et
al. 2017).Lab-scale (mmm) studies (e.g., Coats and Smith 1.98dggs et al. 2014; Swanson et
al. 2012, 2015; MahmoodPoor Dehkordy et al. 20fi8)d-scale studies (m to 100s of m) (e.g.,
(Feehley et al. 2000; Zheng et al. 2011;Briggs et al., 2&iBhumerical studies (e.g., Haggerty
et al. 1995; Liu et al. Z2; Baratelli et al. 2011; Baratelli et al. 204heaton & Singha, 2010)
have shown that DDMT better predicts transport than the ADE under a variety dfamdi
Assuming conservative transport, mass transfer between the two domains depends on 1)
geometry of grain surfaces; 2) scale, shape, and volume of mobile and lessposity; and

at larger scales, 3) hydraulic conductivity variations (Haggerty et al. 18&&)ral porous



media are composed of a distribution of particle sizes and this distribution,,inqrdrolswhat

pore fraction is accessible by advection and dispexgi@t isaccessible only by diffusion

(Bear, 1975; Lafolie et al, 1993Yumericalsimulations have demonstrated that it is difficult to
accurately describe solute transport through aggregated media usingnary &fective grain

size with an ADE due to non-equilibrium conditions within the porous medium that control early
breakthrough amhtailing behavior (Lafolie et al. 1993)dditionally, there are many reaction
mechanisms that can create lassbile zones, such as sorption or grain-surface bouridgey-

speciation reactions (Harvey et 5094).

The simulated and observed departures from Fickian transport may also be abhyrolle
flow conditions. Numerical experiments at the pore scale have shown that in @akvecti
domindedsystemghat as théeclet numberg increases, a lesaobile domain (relative to
advection) may arise in a medium doesmaltscale heterogeneitieshich can be better
described by DDMWhencomparedo the ADE (e.g., Liu et al. 2012)eRent numerical and
field-scale experiments have similarly suggested that DDMT parametessraigve to
variations in flow rateNlahmoodPoor Dehkordy et al. 2018, 2019). MahmoodPoor Dehkordy et
al. (2019) observedn increase in the massnsfer rate as flow rate incredda tracer
experimentsvithin urban stream sedimentonsistent with previousumericalstudies that
showed that variations in pumping rates influence the diffusion of solute out of loasled les

mobile domaingHaggerty &Gorelick, 1995)

Consequently, scalintpe definition of mobile and leswobile pore space from pores to
the field is convolutedand likely is a function of relative fluid residence tirfrethis work,
“lessmobile’ is defined relative to advection (Figure 2.1). We explore the controls of volumetric
flow rate on the solute transport, specifically by estimating the ratio efdadsmoremobile
domains, U[-], and the firsterder, single rate mass transfer rate leetwthe two,U[T-1], at two
different experimental scales. NaCl tracer experiments are conductdd @olimns with a low,
intermediate, and high flow rate for three materidjshomogeneously packed #20/#30
Accusandwhich contains intergranular but no intragranular pore space; 2) St. Cloud zeolite

clinoptilolite, and 3) amorphous silica glass, both of which contain intergranular and
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intragranular pore space. To build upon the previous studies aCite®liimn (cm) scale, the
Darcy flux range investigated here ranged more than an order magnitudajrejretom
approximately 0.8 m/day to 33 m/day. Tracer experiments are also conducted in afjgdeéudo-
scale 3D tank packed with #70 Unimin sand and heterogeneities in the form of synthetic,
physical, impermeable Aitow barriers, to create lesaobile zones at a larger scale than the
pore-scale, as has been important in some recent field experiments (ggs,éB@l. (2018))At
the column scale in our work, mobile pore space is defined as porosity dominated hiy@dvec
transport (largely intergranular porosity) and lesshile pore space is primarily accessible by
diffusion (largely intragranular porosity). At the field scale, “mobilitytefined as flowpaths
where fast advection dominates, and lessdile pore space is defined either was paths
controlled by diffusion or slow advection, such as low hydraulic gradient ardaasuc
stagnation zones downgradient of relatively impermeable lithologies, or ldrsutig
conductivity regions. Thus, the Peclet number is a useful metric for distinguishirggafone
relative mobility. Subsequently, the objectives for this investigation are tdgityuaow:

1) Darcy flux controls the amount of leasbile pore space and mass transfer rates at the
1-D column (pore scale).
2) The combination of physical aquifer heterogeneity and density-driven transport€ontrol

the estimates of lesaobile pore space at thelBtank intermediate scale.

We use onic rracer experiments at both scales and colledocate fluid electrical
conductivity (&) and bulkelectrical conductivityf & to estimate the desired DDMT
parameters, as has been explored in previous work (Briggs et al., 2018, 2014; MahmoodPoor
Dehkordy et al., 2018, 2019; Swanson et al., 20023.use ofelectrical resistivity
measurements allsafor the observation of solute transfer to and from a less-mobile domain due

to the bulk nature of the measurement that could not be observed otherwise.
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2.2 Background

2.2.1 Dual Domain Mass Transfer

Early formulations of DDMT were developed to increase the accuracy of esgnpatie
volumes in fractured sedimentary porous media for oil reservoir analyses(Vdaal. 1963)
and explain observed early breakthrough of solute and asymmetrical breakthrouglncurves
consolidated sedimentary cof€xats & Smith, 1964). DDMT is a ndaeal model with two
sepaate but connected transport domains. The first domain, characterized as the mobite porti
of the medium, is available for transport by advection, dispersion, and diffusion. Dinel sec
domain, characterized as a lesebile portion of the medium (relatite advection), is often
assumed to be onbvailableby a diffusiondike process into and out of the domaivhere the
masstransfer rate connecting mobdad lessmobile domaindasoftenbeenassumed ta first
order, single rate constantT"-1] (e.g.,Ma & Zheng, 2011)

o= 1 Q& &%) FT@MRTY F 4, (2.1)

495= U % F %) 2.2)

where &, & ;are porosity fractions of mobile and less-mobile domains respectiveBg[-Po »
are dissolved species concentrations in the mobile and less-mobile pore spat&[MRIs the
average lineavelocityin the mobile domain [L*T"-1], and, is the full hydrodynamic
dispersion tensor [L"2*T~-1Jand 4; ;IS a reaction term that couples both domains [M*L"-
3*T~-1]. Equation 2.1 is sometimes written in termslpthe ratio of &y 5to & . Multirate mass

transfer is also commonly us@doy Haggerty2009), where a distribution of mass transfer rates

is considered.

To compare the observed transport behavior across varying media amdtéewthe
Peclet (Pe) and Damkohler (Dal) numbers are often used. The Peclet number jimsigties
into the ratio of advection to diffusion in the mobile, intergranular domains:

én

2 e

(2.3)
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where Hs the characteristic length (e.g., average grain@idé1d" the transport length,
depending on the systéeiji], and &Yis the diffusion coefficient [L"2TA-1]. Dal allows
investigation into the ratio between the mass transfer rate of solutesthtwut of lessnobile
pore space to the advection of solutes in the mobile pore space when a DDMT approach is
considered:

@5—%%8

& == (24)

é
At a Dal of approximately 1, advectiohapproximately equal to mass transfer, and it is
expected that mass transfer will oggamovided there is Eessmobile porosityAt a Dal much
larger than 1, mass transfer processes dominate advection such that the sgdikenaasingle
domain with both domains in effective equilibrium with one angtiea Dal mah less than 1,
advection dominates such that the less-mobile pore space isn’'t explored byushierdibf solute
(Bahr & Rubin, 1987). Consequently, flow rates should control, in part, our ability to “see” the

lessmobile pore space.

In much of the work incorporating DDMT, it is assumed that feesile pore space is
only accessible by means of solute diffusion into and out of the mobile pore space. With natura
geologic heterogeneity it is likely that in some systems that differences ineetaibility
between domains are driven by advection (e.g., Briggs et al., ZDD8)T has been
successfully applieth systems with multiplelomains all advectiondominatedeven wherthe
velocity difference between the domains is not substantial (Baratelli et a). PN T has also
been successful in describing tailing observed as a result of variably adtamant
fractureswhere diffusioncontrolled tailing was proven not to be present (Becker & Shapiro,
2000).Baratelli et al. (2014hound that when the connectivity of a heterogeneous porous
medium is poor, the smadkcale heterogeneities can be effectively captured with an average
dispersion coefficient using the ADE when considering a large enough control volume.
However, in the presence pifeferentialflow pathways DDMT offers an improvement to

transport prediction.



2.2.2 Geophysics in DDMT Studies

Many labscale studiege.g., Comina et al. 2011; Slater et al. 2000; Slater et al., 2002)
and fieldscale studiege.g., Monego et al., 2010; Singha & Gorelick, 200&)e successfully
applied 3-Delectrical resistivity tomograph§ERT) to image ionic solute plumeSome research
hasexplored howco-located fluid (&) and bulk electrical conductivitydy collected during
ionic tracer experiments cére used tguantify parametersontrolling solute transporsuch as
WKH FDSD FL W )Rt latioLdf lessi@bile pore spaced; ) to mobile pore
space( 3,)—DQG WKH PDVV WUDQVIHU U Pconsidering® BMTBHQgSEtW ZR GRF
al. 2014; Swanson et al. 2012). Some of these studies have looked & doduinn scale (e.qg.,
MahmoodPoor Dehkordy et al. 2018; Briggs et al. 2014; Swanson et al. 2012), with others
testing these ideas at thelfl scalgdSingha et al. 207; Briggs et al. 2014, 2018; MahmoodPoor
Dehkordy et al. 2019; Hampton et al. 2019). In a single-domain mediulocaied §;and &
measurements are expected to respond to the presence of an ioniogetber according to
Archie’s Law. In a duatiomain mediunmwhere mass transfer occurs, thelccated §;and &
have the potential to deviate from one another due to solute loading and unloabmtee$
mobile pore spaceccurringat a different rat€or rates) than in the mobile pore space;
measurementare thought tereferentially samples, , which change quickly during tracer
injection and flush, wherea&samples bothg, and &; ; thus changes more slowly ag sis
more slowly loadear unloaded (Briggs et al., 2014). For example, during a stepped injection
tracer test, a®yreachesquilibrium, solute continues taigratefrom &, to a; 4 thus driving a

continued change in théy The same occurs during the tracer flush back to background, creating

a hysteresis betwee@yand @;that allows for theH VW L P D W-l%ﬁ QDRIG . (VWLPDWLRQ

DQG . FDQ EH SHUIRUPHG E\ ILWWLQJ&uKggatrt&n e XPHULFDO V
compared to observed data (Singha et al. 2007; Swanson et al. 2012), or, more recently, an
analytical approac(Briggs et al., 2014)However, in the presence of fast mass temsihere

rounded hysteresis limbs betweégversus §,are observed, a seranalytical or numerical
DSSURDFK PXVW EH (Riggset all, ROMYGNenRe¥e Hnalysegeoplysical

methods may providienportantinformation to parameterize flow and transport motieds is

difficult to otherwise attain



2.3 Methods

The methods sectiathescribeghe 1D column- and 3 tankscale experiments
independently. The columexperimentomponent outlinethe experimental setignd column
parameter estimatiamsingan analyticalgraphical approac{Briggs et al., 2014and numecal
inversions using STAMMTL- (Haggerty, 2009). The tard&perimentomponent consists tfie
experimental setup for that system, numerical modeigiggSEAWAT and R3t, and tank
parameter estimatidiollowing the same analytical and numerical techniques used in the column

experiments

2.3.1 1P Column Scale Experiments

2.3.1.1Column Setup

A series of nine tracer experiments were conducted in duplicate uS@agldracer
pushed upward through columns packed with three different geolegi@ni) a coarsgrained
silicasand specifically #20/#30 Accusand; 2) a zeolite clinoptilolite manufactured byl&tdC
and 3) an artificially crushed amorphous silica gksslar to glass previousimanufactured by
Corning (Table 2.1). The Accusand served as a single-domain control, only havingmikngr

pore space. The zeolite and amorphous glass have intergranular and intragranulaceore spa

The three materials were wet packed into gedyvinyl chloride PVC) 24.4 cm in
length, 5.2 cm in diameter, with one sampling port positioned along the length of the column at
= 16.3 cm from the base and another at the column effluent (Rdug B). To prepare for the
tracer tests, the porous media were placed in deionized water and stirredrtateltrapped air
in the medum. The column apparatus was then watked by adding-&m increments of
material, stirring to remove any air, and then tapped lightly with a plastic malletwoth#o
material to settle into as uniform a packing as possible until the column wagdakgd
(Oliviera et al. 1996).

10



Table2.1 Physical properties of geologic material used for column experim

present

Property #20 / #30 St. CloudZeolite Crushed Amorphous
Accusand Clinoptilolite Glass
D10 (mm) 0.65 1.9 0.18
D30 (mm) 0.75 2.1 0.27
D50 (mm) 0.82 2.6 0.32
D60 (mm) 0.88 2.8 0.36
Uniformity coefficient ¢) 1.4 15 2.0
Gradation coefficient-{ 0.98 0.83 1.1
Grain shape well-rounded subangular- angular
(spherical) subrounded
Intragranular porosity No Yes Yes

11
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Figure2.2 Column experiment set-up. (A) NaCl tracer is injected upward from the influent
reservoir using a peristaltic pump. Amber Science riiow cells measurey;at 16.3 cm and

24.4 cm from the inlet. Direaturrent electrical resistivity electrodes are labeled. (B) Electrical
resistivity array used to measuégat 16.3 cm. The spacing between the potential electrodes is
approximately 1.7 cm. Current is driven into the column through the current electrodgs, whi
have been incorporated on the sides of the column wall with stainless steebekeciihe

change in potential is measured with silver/silver chloride electrodes.
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Conductivities were measured to constrain parameters controlling massriransas
measurediuringthe experiments by two miciftowthrough cells made by Amber Scientific,
with a sampling volume of 7 uL and measurement resolution of +/-@cinuShe cells were
calibrated using 1413 uS/cm, 2764 uS/cm, and 12,880 uS/cm calibration solutions at a
temperature 023 (. §;was recorded at arhinute temporal resolution at the tfoid
sampling ports. The&g;measured at 16.3 cm wasloegatedwith measuredés whichwas
measured with a Wenner arregnfiguration with approximately 1.7 cm spacimgfween
electrodes installedlong the column wall. The silver/silver chloride potergiaktrodes and
stainless steel current driviedectrodesvere installedn a configuration previously used in
column experimentg~igure2.2B; e.g., Briggs et al. 2014)ogether, the four electrodes created
one quadripole used for collection 6§measurements. The quadripole was measured
approximately three times per minute, and data were collected continuously dotitbgy of
each tracer experiment using an IRIS Syscal Pro (Fravitean adapter for reducing current in
lab-scale systemd.o obtaina geometric factok, measured resistanceseded to be converted
to &y To do thisthe column was filleavith fluid of a known &; and the quadripole was then
used tameasure the resistance between the potential electrodes a total oftimvest@iven the
injected current and the measured difference in voltage poteédhial’s law was used to

calculate resistance and equation\#as used to calculate[L]:

&= Q= = (2.5)

where R is resistangehms] The arithmetic average of these 20 measurements for the
guadripole was then usédl estimatean averag& thatwas then used to calcula@gin the

sedimenrtfilled columnsduring the tracer experiments.
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2.3.1.2Column Tracer Injections

After packing and assembling, the column was flushed with degassed, deionized (DI)
water until the effluent coming out from the top of the column was transparent. @ryestbm
was cleanalow conductivity NaCl background solutio@{~ 160 uS/cm, corrected to 25
degrees Celsius) was flushed through the column until the porous mediuedegaitibrium.
Both backgroun@nd tracer §;~ 940 uS/cm, corrected to 25 degrees Celsius) solutions were
made with degassed DI water from a dire purifier (~32 uS/cm), thoroughly mixed, and
stored in airtighhigh-density polyethyleneHDPE) storage containers. Chloride was chosen as a
conservative tracer, where it was assumed to undergo mass transfer into anteophgsical
lessmobileand mobile domains during the tracer experiments without sorbing nor reacting
(Swanson et al., 2012). Tracer injection durations were selected to allow for espuldorium
in the lesamobile domainconsisting of the injection of 5 pore uates of tracer solution at each
flow rate After the five pore volumes of tracer were injectiéek background solution was

immediately injected untiEgreached prdéracer condition values.

Prior to the start of the tracer solution injectithre sidesampling portvasopened and
controlled such that the sampling port flow rate was approximately 10% of thedlotaincflow
rate to maintain, as much as possibl® flew (e.g., Briggs et al., 2014yhree flow rates were
used to study controls on du#main mass transfer behavior for each of the materials (Table
2.2). The variation in the highest flow rate across the three materials wiswkar of the
peristaltic tubingvhen the pump was setttte maximum revolutions per minue PM)
possible Flow rates were manually checked atdéet and sampling port throughadch

experiment.
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Table 22 List of columnscale experiments. The total column flow rategfRflow rate of
sampling port (@mpiing, Mean temperature of fluat sampling port, standard deviation of
temperature, and injection duration of ionic NaCl tracer are shown for eaaimexmuie

Experiment Media Qeotal Qsampling Mean standard tracer
# (mL/min) | (mL/min) Grex deviation injection
(() 6z ex) duration
(min)
1 49 0.4 23.2 0.1 21
2 49 0.5 23.2 0.1 21
#20/#30
3 5 0.4 20.8 0.3 213
Accusand
4 5 0.4 21.8 0.2 207
5 1 0.1 18.0 0.9 949
6 1 0.1 17.1 0.8 952
7 47 3.3 17.3 0.1 33
8 47 3.8 17.8 0.2 33
St. Cloud
9 _ 5 0.5 17.8 0.6 316
Zeolite
10 , . 5 0.6 17.1 0.8 316
Clinoptilolite
11 1 0.1 24.2 04 1440
12 1 0.1 23.3 0.2 1448
13 45 2.6 18.7 0.1 37
14 45 2.8 18.6 0.1 37
Amorphous
15 5 0.5 17.3 0.7 339
glass
16 5 0.5 19.2 0.3 339
17 1 0.2 18.6 1.0 1540
18 1 0.1 16.7 0.8 1542
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§yand ésmeasurements must be-lozated spatially and temporally to ensure that the
observed offset between the two measurements is not artificially produtggis(Bt al., 2014;
Swanson et al., 2012); however, this can be difficult due to different sampling volumes of the
measurementséswill see tracer breakthrough and background flush before the charge in

breals the plane of the effluent podse to the larger area averagedsupport volme,in the

ésmeasurements when compared to §eneasurement£onsequently, tao-locate §;and &y
in time, the temporal midpoint between 10% of the rising lahthe &§;breakthrough curve
(BTC) and 90% of the§;falling limb BTC and temporal midpoint between 10%tloé rising
limb of the éxBTC and 90% of theéafalling limb BTC were aligned, which proved robust for

this analysiand minimized the impact of the tails

&yand éyare both temperature dependent. Most modgmeasurement devices default

to temperature correct the measugdo a default of 25 degrees Celsius (Hayashi, 2004):

&= &eo(ll+ cUkBed Go(0lg (2.6)

where §yis the fluid conductivity at the measured temperature of the sampling port effluen
[uS/cn], &ys9(is the default, corrected fluid conductivity output from the Amber Science

microfluidic unit[uS/cnj, Us a constant related to the specific ionilt gs. temperature
relationship [-], § g ¢ isthe measured temperature of the sampling port efffueht6s o (is the
temperature the,is corrected t¢ ( ]. Due to the variation in th€&; gluring each experiment
(Table2.2) and becauségis measured at the temperatureha fluid withinthe column,§ywas
backcalculated from equatioh 6 and used for further analysis. This was done to ensure
observed offset betwee@,and éswas not the result of artificially produced temperature
correction of §and notés U= 0.019 is used here, consistent with other literatii#atonet al.
1998; Hayashi, 2004). When temperature does not remain constant during the measurement
collection, temperature correction of eith@jor &z but not both, can produestificial offset in

ésversus§jandlead to inaccurate estimation of
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2.3.1.3Column Parameter Estimation

&, was determined from the median tracer arrival time of tracer solute measured in th
rising limb of the §BTCs, averaged for all flow ratesand assumed to be constant for each
medium. A version oDarcy’s lawwas implemented to calculagg from the median arrival

time:

%= —— o @7
°1u0 *é“a(b&aa—roi(é

where 3. ;¢ dsthe total flow rate ofifiid through the column [L"3/T]#¢ 4z ¢ 4§ the cross

sectional area of the column wall [J)2@\ 5 3 5 g (S the distance from the base of the column to

the sampling plane [L], an® 4 x ¢y ¢ the median breakthrough time of ionic tracer in measured

&y[T]. This calculationwas performed fotheoriginal and duplicate experiments for each

medium, andrithmetically averaged for each medium across all three flowtcages an

estimate and staadd deviation fora, .

ay swas estimated through graphical analysi®€g¥ersus §;hysteresisisingthe Briggs
et al. (2014) analytical approach. Four hinge poidts, &0 4 » Figure 2.3for each hysteresis
FXUYH ITURP RULJLQDO DQG GXSOLFDWH H[SHULPHQWYV ZHUH

_ é ST LT @.8)

Hinge pointséy4and éyswere determined from fitting a line to the rising limb of the tracer
injection. &y was determined from the equilibrium conditionégduring the tracer injection
plateau Hinge point éy7was determined from fitting a line to the falling limbtbé tracer
injection back to background conditions Keep fits consistent across all experirsgetie lines
were manually fit in MATLAB using the lindraw tool due to noise and nafeal hysteresis

curve shape the daa.
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With thefour hinge points selected; 32DV FDOFXODWHG E\ PXOWLSOLFDWLRQ
both rising and falling limbs bthe Darcyestimatea, :

Bja= B et (2.9)

=wasestimatedusirg the inverse mode of STAMMTLI (Haggerty, 2009assuming a
single, firstorder masdransfer ratavhere massransfer into lessnobile pore space wéisited
to al-D geometryto be representative ofld flow in the columns was optimized by
minimization of the error between normalized, non-interpolagdr each experiment (original
and duplicateand the model estimatéhe &yrising and falling limbs of each experiment were
fit separatelyThis was performed tisolate the inverse fits for the rising and falling limbs to

minimize the error between observed and optimized é#ltather parameters were held
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estimated abee. The longitudinal dispersivity was held fixed at 10% of the transport length from

the base of theolumn to the side sampling port observation point (1.63 cm). The final reported

bestfit . was the arithmetic average betwelea inverse fits for both ¢hrising and falling limbs

of §,BTCsfor both original and duplicate experiments.

2.3.2 3D Tank-Scale Experiments

2.3.2.1 Tank Configuration

A 4.29 m x 2.44 m x 0.36 m synthetic aquifer was used to create a highly controlled,
intermediatescalesystem within a ® tank Sevenupgradient andevendowngradient
reservoirs were connected to consta@&d devicethrough individual siphons to establish a
constant hydraulic gradient across the tank. ddrestanthead devices 1,2 (upgradient control)
and 3 (downgradient contradstablished an approximately linear hydraiéad gradient across
the tank(Figure2.4 A, 2.5 A. Theupgradientiydraulic head was set at 35 cm above the base of
the tank and the downgriadt hydraulic head was set at 22 cm above the base of thefdark
overall hydraulic gradient of 0.03. The tank had 44 observation afell$ cm internal diameter
placed in 8 separate rows (Fig@xd A). All wells were screened throughout the entire depth of
the porous medium (36 cm) and wrapped with mesh with a density of 145 x 145 strands per
square inch to keep the sand out of the wellbores. The tank was packed with #70 sand from
Unimin CorporationJdaha The installation ofour impermeable plastic barriers were included
to incorporate physical heterogeneity and created comparatively slaordongerfiow
pathwaysMore detailed descriptions about the specificatams constructioof the synthic

aquifer can be found i8chulte(2009) the developer of the system

The synthetic aquifer was outfitted with geophysical electrodes for réyistiv
measurement$-our surfaceesistivitylines were installed using 45 1c8a long stainlessteel
screws inserted into the top of the sand surface. One longitudinal line, A (parttielgrimary
flow direction), and three transverse lines, B, C, and D (nornmthktgimary flow direction),
were installed with approximately 22n spacing between electrodeish some variations

around the impermeable barri€Fsgure2.4 A). The survey type for the surface lingas
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dipole-dipole Forty-eightnested subsurfaedectrodes were also installed at six locatians
depths of 10 and 20 cm above the base of theftardach locatiomear a series of wel(§Vell
#3, #14, #20, #19, #25, and #3@)th spacing between current electrodes and potential
electrodes set at 7 and 4 cm, respectively (Figuté, B), such that data could be collected
using aSchlumberger array. Resistance was measutestlatdepthdo constrain the injected
plume in three dimensions (Figure 2.4 B). The locations afi¢iséecelectrodes were

strategically positioned arourstk individual wells to celocate §;and égmeasurement®r

hysteresis analysis

To estimateésfrom the measured resistandeseach set of nested electrode

guadripolesgeometric factors were approximated ushngymethod oimages:

Ke — 8 (2.10)
—— > ?— P 7 V7> >

2% 230 24 2,0 % %O 3¢ 3.0

whereK is the geometric factor (L), A,B are the current electrodes, M,N are thdipbten

electrodes, Mi,Ni are the imaginary potential electrodes reflected over theeshoundary and

F F F F F F F F . .
AM® AMi’ AN’ ANi’ BM' BMi* BN® BNj represent the distance between the two defined

electrodes (L).The top surface of theandin the tank was used as the upper boundary condition
to produce the locations of the imaginary electrodée geometric factors for the nested

guadripoles at both 10 and 20 cm above the base of the tank were approximately 0.13 m.

The total resistivity survey consisted of 165 measurements and operataihgiliag
temporal resolution of 10 minutes. Of the 165 total measurements for each survey, &t were
surface line A, 21 were for dace line B, 21 were for surface line C, 27 were for surface line D.
The remaining 12 measurements were for the nested electrodes, one for eachedeptiofhe
6 different locations previously outlined. Six stacks were collecteddon resistance

measurement to capture a standard deviation for each measurement.
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Figure 24 (A) Map view of the tank setup. Tracer fluid is injected into three upgradientosatsing a series of peristaltic pumps
directly into the #70 Unimin sand at a depth of 28 cm above the base of th&famls measured in all 44 wells and 14 ape
downgradient reservoirs (UR, DR) up to 3 times per day using a handheld OrionStacdt|€onductivity Meter at the base, 10, and
20 cm above the base of the tank. Four resistivity surface lines (A, B, C, and D indilgmdéeeonfiguration) and 12 rnesl

resistivity quadripoles (6 locations, 2 different depths: 10 and 20 cm above the baskxieere also simultaneoushcorded at

a 10min resolution during the tracer experimgi®) Crosssectional view of nested resistivity electrodedamzated with six wells
within the tank (Wells #3, #14, #19, #20, #25, and #36). The electrode configuration is in a SchlumbergeatonfiGurent is
driven on the outside electrodes (7 cm apart), and the difference in potentiasiseddzetween the ienelectrodes (4 cm apart,
directly adjacent to the well). Resistance measurements are taken at two tdiiégtés in the tank (10 cm and 20 cm) from the base
of the tank. Impermeable rftew barriers are labeled #14.
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2.3.2.2Tank Tracer Injections

Tracer tests consisted of three phases: 1) preparation, 2) tracer ingrotic®),system
flush. A degassing reservoir of 2im volume was filled with tap water and allowed to degas by
being exposed to the atmospheredpproximately72 hours. The sanfiled tank was then filled
with approximately 1 cm of water per day for approximately a month via the upgraaid
downgradient constarttead devices to allow entrapped air to escape vertically out of the pore
space. Once the tank was fully saturated, theanod downgradient reservoirs were set to
constant hydraulic heads (using constant head devices 2 BighiB2@.4 A). The hydraulic
gradient was approximately linear from the upgradient to downgradient portidrestahk, with
some variability around the no-flow barriers, and held constant through the ¢&st¢Eigure2.4
A). Theprimaryupgradient constant-head dev{device 2)was supplied from a gravity feed
from a secondary constangad device (device.lThesecondary deviceas fed via a
submersible pump from a storage reservoir containing tap tiatsvas passed through a 5
micron sediment filter, Bnicron activated carbon filter, andda@11 m”"3/mircapacity ultraviolet
(UV) light treatment all in series. The UV light treatment was included to mitilgate

introduction ofactive biological agesto the tank. The background solutioad a §;0f ~580

uS/cm(corrected to 2% ).

Prior to starting the tracer injection, backgrouesistanceneasurements were taken
over 16.5 hour$or all surface line¢A,B,C,D) and nested quadripoles (at Well #3, #14, #19,
#20, #25, and #36) to provide good data on initial conditiDasing the tracer experimengy
was measuredontinuously with ~10-minute temporal resolutiagwas recoded at in allL4
reservoirs and4 observation wells at 3 different depths (base, 10 cm above, and 20 cm above
the tank base) at least once per dag up to three times per day using a handBeionStar

electrical conductivityprobe.The §measurements in the tank experiments were uncorrected

from the default temperature correction to @&s was done in the column experiments.

The tracer test consisted o7 2-hr injection of dissolved NaCl solution (~1210 uS/cm,

made with tap watecorected to 25 ) into three upgradient locatiodgectly intothe #70
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Unimin porous medi@Figures 2.4 A) at a depth of 28 cm above the base of the tank. The flow
rate into each of the three upgradient locations into the #70 Unimin sand was 5 nilbenin.
total discharge prior to the introduction of the tracer solution in the tank during background
flushingwas~240 mL/min with a hydraulic gradient of 0.03 andreased to about255

mL/min during the 72-hour injection. Once the tracer Ibeenflushed such that the tank had
approximately reached pteacer injectionéxconditions, the experiment was concluded. This
occurred approximately 10 days after the NaCl injection stbpmeasurements were collected

continuously until the end of the exqment.
2.3.2.3Predicting Density-Driven Flow

Density effects have been observed in this synthetic aquifer system during low
conductivity tracer tests before; however it was thotiggit these effects occurred primarily in
the wellsthemselvegSchulte, 2009). Nonetheless, preliminary calculations were included to
choose a tracer concentration where density effeats minimized. Detailed approaches have
been derived fopredicting density instabilities ineterogeneous porous me(iarthet al.

2001). Here, a more simplified approdohpredicting density instabilitie®r a natural gradient
testin a homogeneous porous medium is appl@dstromet al. 1992)

RYITON 1100 YUaDi

Q

- ifioovoani °
L%egOOUTSUgl o (2-11)

where U, ¢ 06 Us the stability ratid-], usedto determine if density instability is expected to
occur, &5 ol the density of the tracer solutifM/L"3], €56 ¢ by 4 ésthe density of the
background solutiofM/L"3], K is the hydraulic conductivity [L/Tand gis the Darcy velocity
[L/T]. Density instabilities are expected to begin wr[@@g 66U (Barth et al., 2001;

Schulte, 2009). To calculate the stability ratio, an approximation for the Darcytyelas
determined usinthe Dupuit-Forchimer discharge solution
A B O7 &C

M= TLJZ] (2.12)
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where Dy is the head in the upgradient portion of the aqiifpr Qjis the head in the
downgradient portion of the aquifgt], Oy 48 the head at the location of tracer injectidsd,
and Lis the longitudinal length of the aquifiey .

The background solution density was meastinegetimes by filling a 50 mL volumetric
flask, finding its mass, and averaging the three measurements. Theestwmas performed for
theNaCl tracer solution &~ 1210 uS/cm). The average density of the background solution was
996.32 kg/m”3 with a standard deviation of 0.19 kg/m”3 and the average density of the tracer
solution was 997.33 kg/m”3 with a standard deviation of 0.19 kg/d®gi8g the critical stability
threshold of U, ¢ 66 7% 8.3, the maximum allowable tracer densiys ¢ ¢ @ afwas calculated
to determine how closé, 3 o s\Was to the critical densitfthe &; 3 5 9@ arwas calculated to be
1004.25 kg/m"3 and the density of the desired tracer solution with a conductivity of
approximately 1210 uS/cm was 997.33 kg/m"3. The density instability ratio calculatgdhes
€500 b U aaand & p o Nas 0.04; since 0.04 is substantially less than 0.3, it was assumed that
density instabilitiesvithin the aquifer would be negligibl&hese werealculated using a kéf
0.0141 cm/s,€56 ¢ b 0 8 4@f:896.32 mg/cm”3&; 5 6 6@ £97.33mg/cm”3 D, of 35 cm, Qjof
22 cm, Oy 40f 32.5 cm, L of 429.54 cm, and g of 4kem/s

2.3.2.4Numerical Modeling of Solute Transport in SEAWAT

NaCl tracer tests at thel3tank scale were simulated with SEAWA/Ersion 4,a block
centered finitedifference code (Langevin et &007), which coupleslODFLOW-2000
(Harbaugtet al.2000) and MT3DMS (Zheng & Wang, 199%prwardsimulations were used to
model flow, conservative solute transport, ahehtify potential density effects between injected
tracer and background solutions. The model was also used to idergdgonable experent
duration by varying the hydraulic gradiefihe numerical simulations were solved with the TVD
(total variationdiminishing) method to minimize numerical dispersion introduced with the finite
difference solver (Zheng & Wan 1999 Goswani et al.2011). To include density-driven
transport effects, SEAWAT incorporates the density change as a function ohtentation
under isothermal conditions (Equation 2:13
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bige= GaauuUuhok % (2.13)

where &, 4 ds the fluid density as a function of concentra{il®iiL"3], é; sy g uigdhe original
density of the fluidM/L~3], Yis an empirical constant, and C is the solute concentration
[M/L~3] . The empirical constanty has been assuméalbe 0.7142haracteristic ofystems
whereone fluid hasa salt concentration of zeemd the othehasa salt concentratioaquivalent
to that of seawatdi.angevin et al., 2007).

2.3.2.5 Flow and TransportModel Setup

The dimensions of the model matched the physical system with dimensions of 429 x 244 x 36
cm. The up- and downgradient boundary conditions were modeled as constant-head boundaries,
respective to the experiment conditidhggure2.4 A, 2.5 A).The model was spatially

discretized into 1 cm x 1 cm blocks for longitudinal and transverse directions. The model
consisted of 9 vertical layers, each 4 cm thick, for a total of 942,084 cells (FigureB).6TAg
temporal discretization was approximately every 0.5 minutes as determinesi ByDhsolver

scheme.

Impermeable barriers were included adfloav boundary conditions. The Unimin #70
sand was assumed to be homogeneous and isoivitpia K 0f0.864 cm/min based ddakaki
& lllangasekarg2007). The wells were assumed to havi€ 4000 times that of the aquifas
the wellbores weraot packed with any sediment (Schulte, 2009). Specific yield (0.25) and
specific storage (0.01 cm) values were assumed based on unconsolidaighdarsm et al.
2015; Domenico, 1972; Johnson, 1967). The specific yield and porosity for the wells were
assigned to be nearTo isolate physical controls introduced by the impermeable barriers, it was
assumed that the porous medium contained no immobile porosity. The tracer injection was
modeled as a continuous 72-hour pulse injection of 1210 uS/cm solution into three upgradient
locations directly into the #70 Unimin saatlindividual rates of 5 mL/mi(Figure 24 A). The
mobile porosity was set to 0.45, based on calibration for the aquifer from previous tracer
experimentgSchulte, 2009). The longitudinal dispersivity was assumed to be 0.3 cm, based on

the tank scale, and the horizortainsverse and vertical transverse dispersivities were assumed
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to be 10% and 1% of the longitudinal dispersivity (0.03 and 0.003@siharet al, 1992;

Zheng & Wang, 1999). The diffusion coefficient for Cl- was assumed to enmf2/sec as
estimated in deepea sediment (YuaHui & Gregory, 1974). Additionally, SEAWAT required

the density of the background solution (996.32 mg/L) and the dimensionless corfséiro
0.7143); Langevin et al., 2007). The hydraulic heads were measured in the tank using an
electronic tape. The roobhean squared error (RMSE) between measured and forward simulated
heads for all 44 wells and 14 reservoirs was 0.4 percent with an r-squared of Q88 2F5(;

From the close matching of observed and simulated heads, it was concludedilihation of

the flow model was not necessary.

2.3.2.6R3t Electrical Resistivity Tomography Modeling

R3t was used to simulate théd3electrical flow and inversion, and is a freeware
executable developed by Andrew Binley at Lancaster UniveiBityey, 2019a). Gmsh,
freeware mesh generation software with a graphical user interface (&dlutilized for mesh
generatior{Geuzaine & Remacle, 2008)r R3t. The 3D tank was discreted into physical
points for all resistivityelectrode locations and corners of the tank in x and y dimensiorse The
coordinates werextruded to convert 2-D surfaces into the third dimension (dejtn)LO
vertical nodes or 9 vertical layers at 4 cm increments (Figr€RAIl point, line, and surface
definitions were uploaded into GmsNext, the 3D definition of points in the tank was fit with
a finite-element mesh using the automateld heshing tool in Gmsh. The average element
length was 5 cm with finer mesh around the electrode locations as definedrbgldtive
distances to one another in space. The mesh consisted of 113,166 nodes and 64,280 elements
(Figure 2.6 C). The mesh was then output from the Gmsh software and modified fotifigrmat

purposes for R3t.
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Difference inversions were conducted in R3t by solving equations 2.14 and 2.15
iteratively until it had reached a target tolerance of 1 based on thmeawisquare error

between observed and simulated data, as recommended in the R3t user guide (Binley, 2019b):
[Sls+ UBel= [Sl@ F(BYI FU4I (2.14)
less e+ ¢l (2.15)

where ,is the Jacobian,' is the transposed Jacobia@s the resistance data setis the
inversion of @t a desired timestep 8§« is the data weight vectovhich is equivalent to the
inverse of the standard deviation of each measurement in the da&i gethe transposed data
weight vector, Uis the smoothing parametet,is the roughness matrix, | is the parameter

update for each iteration, arifl | ) is the forward model of the inversidn,

The difference inversions for each desired time step were solved with respect t
reference inversion of background measurements (averaged from 99 background suaiveys of
165 measurements, including the average standard deviation of each measuremémnt) prior
tracer injection with a median standard deviation of 0.11%. The resistance datehfdesired
time step was modifiedith equation 2.16 prior to the solving of each difference inversion
(Binley, 2019b)

@ aax0u B @F @oopruastaBkboopuasRax (2.16)

where @ 3ax v Jgthe modified resistance dataset for the desired time step that goes into the
difference inversion [ohms]@is the resistance data for the desired time step output collected in

the tank [ohms],@ ¢ ¢ b U 5 sthg-average resistance datafeegll of the surveys prior to the

start of tracer injection [ohms), g 6 ¢ b 0 a sis4Re background inversion using
@oopuyuadehm-m], andB k ko ¢ p s 2Q% the forward model apparent resistance from the
background inversion ¢ ¢ ¢ p & al@ns]. This methodology establishes the difference

inversion(LaBrecque & Yang, 2009he median standard deviation of all the resistances for

each of the quadripoles in the 165 measurement survey sequence during thepgeaoaegx
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was 0.14% for the 32 time steps invert€d.account for other errors beyond simply those in

measurement, 0.02% was added to all measurement standard deviations.

2.3.2.7 Tank Rarameter Estimation

The same parameter estimation methodology for the column experiments wasthse
tank WR HVWLPDWH DQG . 7KH DQDO\WLFDO PHWRKRG ZDV DSS

numerical inversions were used to fit the en@y@TCs for each of th&0locations whereégy
versus §;,were measureith order to estimate. The . diffusion geometry was set tol3t0

represent the-B tank systemg; yvas calculated using the calibratég from previous tracer

experimentgSchulte, 2009) using equatior®2vith the estimated)

2.3.2.8 Role of Physical Barriers and Density-Driven Transport on Parameter Estiation

To investigate the influence of density-driven transport on DDMT parameitaagsn
at the 3D tank scale, forward simulations of the tracer experiments were perfornadtsgpin
MT3DMS and SEAWAT and were coupled with electrical flow in R3t. Simulation&yekrsus
éywere performed separately in MT3DMS and SEAWAT to isolate the controlsrapond

from the impermeable barriers from controls sourced from density-driven flownkitiné
solute transport concentrations to the apparent bulk electrical conductivity, disetaved

solids (TDS) conversion t@&;was applied (2.17):

Y %123
a5)= —5= (2.17)

where c is a dimensionless constant, assumed to be 0.55, representative of Nz alithied;

ranging from approximately 500 — 3000 uS/cm (Hem, 1985; Rusydi, 2018).
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Figure2.6(A) Model definition for fluid flow. Spatial discretization is 1 cm by 1 cm by 4 cm dembn8ary conditions are
specified. (B) Model Definition for Transport. Spatial discretization is 1 grh &m by 4 cm depth. Boundary conditions are
specified.(C) Model definition for electrodes for finite-element mesh generation in Gmsh foel&Stical flow All surface and
nested electrodes are defined as explicit points on the surface and extruded daw®wayers (every 4 cmJhespatial

resolution or chaacteristicaverage side length of each element is 5 cm and is finer around surficial ancetexttedes. There are
9 layers in the vertical direction (every 4 cm). Note: Thdlow-barriers are explicitly simulatad the forward models, but not in
the inversions. The discretization contained 9 layers, 113,166 nodes, and 64,280 elements.
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The values of§ywere therconverted toésusing Archie’s Law (2.18jArchie, 1942):
&= =& § (2.18)

where a is a dimensionless fitting paramefgr§ the total porosity of the porous medium [-],
and m is the dimensionless cementation exponent of the porous medians pssumed to be 1
and m is assumed to be 1.45, consistent with unconsolidated, quartz sand (Friedman, 2005;
Friedman & Robinson, 2002)he inverse of the calculategywas then input in R3t as apparent

resistivity for the forward simulations. This process was performedafirdesiredime step.

To isolate controls from the physical impermeable barriers, dethsign solute
transport, andlow rate six different aquifer conditions were simulated (Table 2.3).

Table 23 Forward Modeling Scenarios for Tank System

Scenario Hydraulic Impermeable Barriery Density Differences
Gradient Simulated Simulated
1 0.03 No No
2 0.03 Yes No
3 0.03 Yes Yes
4 0.003 No No
5 0.003 Yes No
6 0.003 Yes Yes
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2.4  Results and Discussion of Experiments

2.4.1 1P Column NaCl Tracer Experiments

The repeatability of the-D column experiments is high (Figure 2. 71)AMinor
variability is observed in the BTC tails in the #20/#30 Accusand and St. Cloud zeolite
clinoptilolite media (Figure Z.B, C, and D)most likely from slight differenes in tracer
injection duration, experimenginperature, and the sampling flow rate between original and
duplicate experimenidable 22). There is also some variability in the plateau of the 1.1 mL/min
amorphous silica glass original and duplicate experim(&gsire 27 G) due tolarger
temperatee variability relative to other experiments ahd column having to be repacked in
between original and duplicate runs due to air getting into the column around one ofehe curr

electrodegluring the original experiment.
2.4.1.1 #20/#3@ccusand Control

The Accusand experiments at all flow rates shaowor hysteresis betweegjand &
(Figure2.8 A-C), which is consistent with previous experiments in the same medium (Swanson
et al., 2012). Though the #20/#30 Accusana ssmplemedium,we estimate small lessnobile
domain, which remains constaattross all experimental flow rates at O(Ddble2.4), consistent
with aprevious analysis of 0.01 (Swanson et al., 20R2pardless of flow rate, the mass
transfer rateare approximately zero (Table 2.4lso consistent witBwanson et al. (2012). All
approximated Dal numbers are <<1 and Pe numbers are 10, 50, dod #heQdhree
experiments (Tabl2.4), indicatingstrongly advectivelominated systems; todper, these values
indicate that mass transf@ould not occur, even if nonegligiblelessmobile porosity existed.
Interestingly,numerical simulations in the literatusow the increasing presermfeduat
domain behavior within igtrgranular pore space at Pe numbers > 1.6 in porous mhediack
intragranuér pore space due to increasing-eguilibrium conditions that develop from
preferential flow pathwayf.iu & Kitanidis, 2012), which is not observed.
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Figure 27 Observed breakthrough curves from all column experiments with MATLAB inteigolap to a temporal resolution of
5 measurements per minut@;(black) andéx(blue) for original experiment runs (solid lines) and repeat experimentse(las

lines) are sbwn for all three media at low (left column), intermediate, and fast (cighimn) flow rates. Top row: #20/#30
Accusand, Middle row: St. Cloud zeolite clinoptilolite, Bottom row: crushed amorphimasgiass.
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Table 24 Estimatedd,, 3y, U and approximated Pe and Dal for all column NaCl tracer experiments.

Flow Rate 49 (Accusand) / 47 (Zeolite) / 45
1.1 mL/min 5 mL/min (Amorphou$g mL/min
Medium &, ,std EV V] Dal | Pe 3, ,std EY V] Dal | Pe 3, ,std EY V] Dal Pe
) ©) (s™1) (] 0O ©) ) (s™1) 6 |06 ©) ©) )| 6 ©)
#20/#30 | 037 00414 | 2 2E6 | 10 | 037 00415 | 5° 8E-7 | 50 | 037 +/ FO03y | 00374 | 4° 6E-6 | 400
Accusand + F0.03 4 F104 +/ F003y F104 F8a4
St. Cloud | 049 0186 | 7' F64| 01 | 20 | 049 017 | 3'F5,| 01 | 10 | 049 +/ FOO5;,| 0164 | 4° 0.1 | 1000
Zeolite +/ F005 +/ F0.05 0 F54
Clinop-
tilolite
Amorphou | 041+ FO.Ly | 0366 [ 5' F6s| 01 | 3 | 041+ FO.ly| 0336 [2'F5,| 01 | 20 [ 041+ FO.ly | 016o | 6° 02 | 100
s Silica Féa
Glass

: yestimated from&;BTC median travel time
. pestimated from analytical method from Briggs et al. (2014)

. sestimated from numerical inversion in STAMMTisolating mass transfer rate utilizing estimated parameters from analy

method

tical
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2.4.1.2 % Cloud Zeolite Clinoptilolite

In the zeolite, hysteresis is observed betwégmrsus §;at all three flowrate
experiments (Figurg.8 D). When the Dal isiearl, as in the case with the 1.1, 5, and 47
mL/min experimentgTable 2.4), the mass transfer of solutes into thertedsite domain is
approximately equal to the advection rate of solutes through the mobile domain, leadeng to t

observed hysteresis betweégand ; The 1.1 mL/min experiments (Figure 2.8 D) shaw

unsteady, changing rate of mass transfer out of the intragranular poselspsed on the
observedéschange in the falling limb of the tracer injectiana variable ratevhich is not seen

at either 5 or the 47 mL/min experimentsisTansteady Heavior was similarly observed in
column tracer experiments of the same flow rateusmagzeolite(Swanson et al., 2012Jhe
REVHUYHG P DihQ.L%X&rhlL/Rih experiments are consistent with previous studies
on the same med{®riggs et al., 2014; Swanson et al., 2012).

We find a flow dependence in oestimatesT K H H V W LirRieaydd &s flow rate
increases from 1.1 to 4¥L/min, which is consistent with recentsitu field experinents in
urban stream sedimern(fglahmoodPoobDehkordy et al., 2019)Our estimated lessobile pore
space slightly decreases as flow rate increagieish contradictsecentfindingsthatlessmobile
porosity slightly increases with flow rag®ahmoodPoor Dehkordy et al., 2019). This could be
the result othe lessmobileintragranular domain not being completely loaded with solute during
thefive pore-volumeracer injectioneither due tshort loading duration@speciallyat higher
flow rate9 or development opreferential flow pathways as the advection becomes stronger
leading topore space that is no longer accessible by tracer soititely.If it is assumed thad
portion of the lessnobile pore space has become unavailable due to preferential flow at the
highest flow ratesthis would result in the amount lessmobile pore space estimated from
éy/ersus §;to be underestimateduring the tracer injection when compared to the |cilosy-
rate experimentsThis observation indicates that less-mobile pore space is also dependent on
tracer injection duration, as thoroughly investigated previously in the litef@&@uggs et al.,
2014).
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2.4.1.3Amorphous Silica Glass

Hysteresis is observed in the amorphous glass at all three flow ratee ER)GH).
Again, thesehysteresis resultshow that the less-mobile pore space thiedmass transfer rates
observedaredependent on the advection rate in the mobile dar#éia the zeolitethe
estimated. increases from 1.1 to 45 mL/midowever theestimatedessmobile porosity
decreasemore notablyas the flow rate increas#san what is observed in the zeolite
clinoptilolite (Figure 28 G-I, Table 2.4 Thetracer injectiorloading time decreases by less than
two orders of magnitude between the highest and lowestriitavexperimentsyhereaghe
estimated. increases by approximate®yorders of magnitudeetween these tesfshe loading
time at the highedtow-rate experimerghould be long enough to load tfleesmobile pore
space to the same extent as in the lowest-fie experimenassuming all other influences
constantsuch as the lesaobile porosityhowever thedifference in hysteresizetween flow
ratesmay support thedeathatat the highest flow rat@ot all of the lessnobile pore space
within the medium isvailabledue to advection limiting solute transtlrough preferential flow

pathways.

2.4.1.ASTAMMT -L Inversions for Column Experiments

The averageoot-neansquare error in fitting the rising limb of thé,BTCsacross all
flow rates was 9%or the #20/#30 Accusand, 7far thezeolite clinoptilolite,and 10% for the
amorphous silica glagsigure 29). The earlytime mismatctbetween observed and béstdata
is likely the result of fixing the longitudinal dispersivity parametea edbnstani0% of the
observed transport length (1.63 dwm) all of the inversionscross all flow ratePespite the
initial mismatch the estimateat late times fit wellwhenthe lessmobile domain is being loaded
with solute by diffusionThe STAMMT-L inversions for the falling limb&;BTCsproduced an
average RMSE between origirand duplicate experiments of 10% for the #20/#30 Accusand,
5% for the zeolite, and 14% for the amorphous silica glgsire 210). The differene between
observed and befit-datais better at early times than at late tirpessibly due to complex
tailing behavior that the firstrder, singlerate DDMT model fails to fully describe. A multate
DDMT may be able to better describe the complex tailing behavior observed initigelii@bs
of the §,BTCs.
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2.4.2 3-DTank NaCl Tracer Experiments

The | gime-series data show the relatively longer and shorter flowpaths around the no-

flow barriers (Figure 2.11). Also, density-driven solute transport is observieith widme of the

wells, asi gncreases with depth within the wellbore (Figure 2.11 and 2.15).

The ER inversions provide a more continuous estimate of tracer transport than contours
made from point measurements. The difference resistivity inversions alsoectyet shorter
and longer flowpaths well (Figure 2.12 A-I), and the shape of the plum®iagiees well to the
observedi golume maps in terms of the plume extent and the observed density sinking of the
plume. Density-effects were specifically observed in Well #14 (upgradiemtdo€entered in
front of no-flow barrier #2), both in the ER difference inversions (Figure 2.12 C) aridghe
measurements at all depths Figure 2.15). When the tracer (+1.1kg/m”3 when doimplaee
background solution) reaches the highly permeable wellbores, it sinks before oantinui
downgradient. These density effects are highly spatially variable, and cedirofpart by the
presence of the barriers. For example, density effects are observed in Well #265\lells #19
and #20, even though Wells #19 and #20 are closer to the source of the plume. The difference in
behavior between these three wells is most likely the result of the hetatpgamneduced from
impermeable barrier #2; Wells #19 and #20 are in a faster pathway when compaedid#a5\V
The physical heterogeneity introduced by the impermeable barriers, coutbietev

permeability of the well bores, both control solute transport.

2.4.2.1 @upled 1-vs. | gMeasurements

The observed hysteresis is controlled in part by the presence and orient#ti® mof
flow barrier relative to bulk flow direction (Figure 2.13). For example, hysieetweeni -
and | @gmeasurements is observed directly downgradient of the largéistnbarrier (barrier
#2) at Wells #19, #20, and #25, but becomes more negligible farther downgradient from the
barrier (e.g., Well #36). Hysteresis is also negligible directly wjpgna of the impermeable
barrier #2 (e.g., Well#14). The orientation of ilmw barrier #2 creates a relatively las®bile
domain directly downgradient of it, which has been seen in the field behind cobbles within
glacially deposited lake sedimeriBriggs et al., 2018).
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Hysteresis is also driven by density-dependent flow. For example, asutee sol
transports into the aquifer after sinking in the well column (e.g., Well #25; Biguté, 2.13), a
larger observed hysteresis is observed than if there was not density dependehi¢ell®e#19
and 20). These results suggest that the observed hysteresis in Wells #19 and #20 is not being
produced by density-driven solute transport and that the hysteresis observdd4aS/ieay be
the resuliof both density-sinking and the physical control introduced from impermeable barrier
#2—in other words, density-dependent flow in field systems may also be a functioreof trac
density as well as heterogeneity. DDMT parametégs &y, U were estimated for all
locations with ceocated data (Table 2.5)a, was sourced from previous model calibration for
the synthetic aquifer and assumed congtachulte, 2009) a;; ;appears to increase dirgctl
downgradient of impermeable barrier #2 and also vertically in Well #25; therkedtét also
suggest the controls of densdytven flow on parameter estimation. Estimate@mains fairly

constant at all locations around 8E-6/s.
2.4.22 STAMMT -L In versions

The rootmeansquared errors from the STAMMI inversion fits for each of the observed
§,BTCs (for Wells #14, #19, #20, #25, and #36 at depths of 10 and 20 cm above the base of the
tank; Figure 2.14) are two to three times larger than the the RMSE values febtleeldmn
BTCs, likely because the fitow barriers and thredimensionality ofthe system are not being
explicitly simulated in the inversions. The RMSE between observed and measargengally
increased downgradient as the prediction location was farther away fromettt@mgource.

2.4.2.3 Comparison oObservations with Numerical Experiments

SEAWAT forwardsimulated concentration BTCs convertedggt all three depths
(base of tank, 10 cm above base of tank, and 20 cm above the base of tank) were simulated to
compare tambserved§;at all 44 observation wells and 14 up- and downgradient reservoirs
(Figure 2.15). Although density effects were considered in the simulation, trerdomodel
underpredicts the density-driven flow when compared to data from the tank, likalysbdabe
open well bores were not simulated appropriately in addition to overestimating gitedoral

dispersivity.The timing of peak concentrations from the numerical simulation are fairly
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consistent with observed data in many wells (Wells #8, #9, #13, #14, #18, #19, #20, #21, #24,
and #26); however, the model underpredicts the magnitud@gnralmost all locations (except
Well #14). This is likely the result of the assumed dispersivities being toarhigh simulations
and the underprediction of density effects given the assumed constant ¢ frororEgua. In
addition, any vertical heterogeneity in packing is not considered by the mottedy fistancing

the observed and simulated data as discussed in previous experiments (Shulte, 2009).

Six model scenarios were also colesed to explore the role of heterogeneity vs. density-
dependent flow oréyvs. § hysteresis (Table 2.3; Figure 2.18.M-Simulated hysteresis
increases after the impermeable barriers are added to the system and incatasdseag
densityeffects are added, especially directly apd downgradient of the largest impermeable
barrier(#2). This trend is observable in the hysteresis curves at all well locatioHstQe#25,
and #36) at a depth of 20 cm above the base of the tank regardless of the hydraulicigradient
the system. Although the trend is less clear at the lower defith@h above the base of the
tank, it is still present. Additionally, as the head gradient decreases ystbmsthe simulated
hysteresis increases as the density effects become more dominant withtceageettion in the
system. Consequently, thetiesated lessnobile porosity increases at all three well locations
(Well #14, #25, and #36) directly up- and downgradient of barrier #2 given these changes to the
model (Figure 2.17).

2.5 Conclusions

Geophysical measurements provide information on narédesanobile pore space in
aquifers, and the mass transfer rates between those domains. Here, we tighlightlts from

our column and tank experiments.
2.5.1 1D Column Scale Experiments

Changes in flow rate, or changes in the mobile-domain advection strengtbna#lthe
amount of lessnobile pore space observed and the mass transfer rate betweeamddess
mobile domains. While no less-mobile domain is found in the control medium, Accusand,

hysteresis betweeR;and éais observed in the St. Cloud zeolite clinoptilolite and amorphous

silica glass, regardless of flow rate and estima\%el%? and Uare controlled by advection.
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Mass transfer rates increase and theiesbile porosity slightly decrease as the flow rate
increases; the magnitude is unique to each medium. Under certain flow conditssnsanafer

may be better described by a distribution of rates as opposed to a simphigedarsrate.
2.5.2 3D Tank Scale Experiments

Flow rates also control the estimate of parameters controlling mass trassderfwo
other considerations not considdin 1-D: heterogeneity and densitiependent flow. Both the
impermeable barriers and densilyven flow appear to control observed hysteresis betwgen
versus §;in the experiment, which was confirmed via numerical models where effects could be
isolated. Flowrate effects coupled with heterogeneity and density dependence; as thedlow rat
decreases densitriven transport becomes more dominant and therefore increases the amount
of less mobile porosity estimated from hysteresis curves. Estindggtgdas observed to increase
directly downgradient of impermeable barrier #2 compared to upgradient Hret far
downgradient locations in the actual experiment, which was only capturednurtiezical

simulationsat the lowehead gradient
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Table 25 Estimatedd,, & ;and Ufor 3-D tank NaCl tracer experimeat Wells #14, #19, #20, #25, and #36.

Location

Well #14 Well #20 Well #19 Well #25 Well #36
& | aa U & | aa U & | Wwa U & | aa U & | Wwa U
1666 @O MO EN) ] 6O (s™1)

20cm | 0455 0054| 3' F5, | 0455|031g| 2' F64 | 045, | 0075| 3' F64 | 045;| 0284 2' F64 | 0455| 0076 | 4' F6,
above
base of
tank

10cm | 0455|0045 3' F5, | 0455|007¢| 2' F64 | 0455 | 007| 3' F64 | 0455| 0184| 2' F64 | 0455| 0056 | 2' F6,
above
base of
tank

. ytaken from model calibration for synthetic aquifer (Schulte, 2009).

. pestimated from analytical method from Briggs et al. (2014)

. s estimated from numerical inversion in STAMMTisolating mass transfer rate utilizing estimated parameters from analytic
method
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CHAPTERS3
OUTROAND NEXT STEPS

3.0 Outro

Physical, chemical, and microbial processes control solute transportasiaausly in
natural systems. Due to the time and cost constrafraimaster’s thesis and the inherent
complexity of solute transport, physical controls on transport were focused on here
Expanding this work to include chemical and microbial controls would add insight into more
realistic transport controla the field The most challenging part of this addition wouldde
use a tracer or tracers that could isolate the contribution of each of the hltysoacal, and
microbial controls within natural porous medifaigeoelectrical techniques were to be built
upon,the traerwould need to be both highly conductive dmodgeochemically conservative
which could potentially provdifficult. Successful application of coupled geoelectrical
methods in 3B lab experiments with physical, chemical, and microbial solute transport
controls may allow the developmentsaimplingtechniques forésand §;atthe fieldscale
Other topics that would be interesting to pursue in future work would be the incorporation of
more complex packing configurations in the tank, and how to best adapt the framework here

to a system assuming muttte mass transfer.

To improve upon the parameter estimation methods outlined in 2.3.1.3, an additional
method that quantifies the total porosity of a packed system would be highlycienafi
possible method to achieve this would be nuclear magnetic resonance (NMR)hficimver
would obtain not only the total porosity, but also the distribution of pore sizes. With this
additional data, ilmaybe possible to more accuratelgtimate the mobiteand lesamobile

porosities from ionic tracer experiments for different media.
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APPENDIX A
COLUMN PACKING AND EXPERIMENT SETUP

A highly detailed column-building / experiment preparation / experiment erecuti
manual for columns was put together by Brandon House and | (as an undergrageajerhel
May of 2017 and is provided herk formattedPDFversion can be obtaindtm Dr.

Kamini Singha'’s research group.

A.1  Column Component Preparation

One of the purposes for using columns in research is to increase experimentél contr
In this work, we look to explore the effects of less-mobile/immobile pore spaceuba sol
transport. Natural systems are filled with barriers to complete understanclingjng:
material heterogeneities, complex flow dynamics, and unknown solute soucedB3i
recreating the aspects of interest from the natural system in a column, saers barr be

simplified or eliminated allowing for greater control of the syste
A.1.1 Dispersing Flow

While conducting a column experiment, there is a need to spread injection fluid
flow laterally over the crossectional area of the column before it enters the material.
Fluid should also exit the material oube entire crossectional area. This reduces the
likelihood of preferential flow paths and supports the assumption that flow, and thus
salute transport, through the column is approximatddy-1simplifying modeling. If no
flow dispersion is used, residentimes of fluids will be longer in the material in the
corner of the caps (Figure 1). Two methods in series (a sprinkler head and adatispersi
plate) were used to accomplish this during injection and one method (dispersion plate

alone) during fluid exit.
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FigureA.1 Schematic of flow through a column without flow dispersing
methods. Red areas indicate longer residence times.

A.1.1.1Sprinkler Head

A low-flow, full-circle sprinkler head (RainbirsF, Figure 2) was embedded into

the cap that fluid is injected into the column through. It acts to spread flow frargla si

stream in the tube to a laterally dispersed spray. Two pipe fittings aredrieemmnect

tubing to the sprinkler head: a specialty Rainbird sprinkler head threadingitech/2wale

NPT threadingand a 1/2-inch female NPT threading to Bi&h tubing. Since these fittings

have no need to be separated, Cytec K-45 epoxy (although any kind will do) should be used
to join them, allowng proper curing time.

FigureA.2 Rainbird 5F sprinkler head (rainbird.com)
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A.1.1.2 Dispersion Plate

A perforated dispersion plate was fitted into both end caps between the fluid
entrance/exit and porous material (Figure 3 & Figure 4). Holes in the pladestiieuted
radially by a method that attempts to place them equidistant from adjacent beles (s
below “Appendix B: Dispersion Plate Design”). Edges of the plate are threadledalt sts
position relative to the inside of the cap can be adjusted. These plates credtera voi
both ends of the column between the inside of the cap and plate whecafuighdily
mix before entering the material and before exiting the column. A singteabolt half
way across the radius of the plate (Figure 3) was designed to be larger gsimtesided
for fluid flow to allow for the passage of a stainless ste@vgto conduct electrical

current into the column for geophysical measurements.

16 TP
THREADDING~

!
MU@W 1 EE ALL DIMENSION IN MM

SECTION A-A " DEC. 2015
FigureA.3 Schematic engineering drawing of the dispersion plate designed to Jesprahd
flow.
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FigureA.4 Photo of 3-D printed dispersion plate. Note the location of the larger, 3.1 mn
for the passage of a conductive screw.

A.1.2 Preparation of End Caps

The end caps of the column are milled from solid, three inch, polyvinyl chloride
(PVC) cylinders. They attach to the column wall via a threaded connecigumgs).
Holes for the sprinkler head and barbed hose connection must be drilled. To ensure
concentricity with the column, it is recommended that holes be drilled using a lathe. A
*Yesinch drill bit is used to create the hole in the bottom cap for the sprinkler head. To
maximize the space for the sprinkler head to disperse flow (i.e. increassttmeei
between the sprinkler head and dispersion plate)yateobore (a cylindrical, flat
bottomed inset concentric with the drill hole) should be added so that the lip around the
head sits flush with the inside of the cap (Figure 6). This is best accomplished using
lathe fitted with a facing baf a bar with a blade on one end used to remove material
parallel to the face of the piece in the lathe. The hole in the top cap should be afilled t
the hose connection desired. To accommodate the hose connection currently being used,
the hole should be drilled with'Y/s2-inch bit and hand tapped using a tap wrench and
lathe (Figure 7). This method ensures square alignment of the threading, but ialnot vit
for proper column operations. Note that the 3.1 mm hole for the conductive screw noted
in Figure 5 will be aded later in 2.1.2 Passage for Conductive Screw through Cap.
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FigureA.5 Schematic engineering drawing of bottom end cap drilled prepared f
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head.
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A.1.3 Preparation of Column Wall

The column wall is made from clearjrith (5.1 cm), schedule 40 PVC threaded
on both ends. The length of the column wall is left to the discretion of the researcher.
Threading must be cut into both ends at a machine shop and match the threadéng on th
end caps; currently both have 16 threads per inch (TPI). If an additional fluidrsgumpl
port in the wall of the column is to be used, it should be installed at this time. The current
design calls for &s-inch ID hose intruded to the middle/origin of the column and
centered between both ends (Figure 8). The interior end of the sampling hose should be
covered with a fine, non-conductive mesbtutrently a moistureesistance, 198 x 198
polyester mesh is used. At this time, the electrodes used during geophysical
measurements should be embedded into the column wall (Figure 9). These electrodes
will serve as the potential electrodes for electrical resistivity dipole nerasuats (the
current electrodes will bie the caps). Currently, silver-silver chloride (A4gCl)
electrodes are used since they are nonpolarizable. Electrodes should Enemalta is
assumed to come from point measurements. The current layout places elepiodds s
the length of the column with an increased density near the fluid sampling port, and
separates them into three lines by a 45° arc around the circumference of mie. &ju

spacing the electrodes around the circumference the assumption that matéeidhans
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column is homgeneous can be testékhe central line of electrodes is oriented opposite
(180°) from the sampling hose (Figure 8).

Potential electrodes

Fluid sampling tube
FigureA.8 Crosssectional location of potential electrodes and fluid sampling tube.

Ag(+)/AgCl Electrode
ALL DIMENSIONS IN MM

FigureA.9 Schematic drawing of silver/silver chloride electrode.

A.1.4 Conductive Mesh Electrodes

To conduct electrical geophysical measurements, electrical current must betednd
through the system. It is also advantageous if electrical current floywriexamately 1D
through the column. To accomplish this within a short distance, conductivetmeesibe of
the column crossectional area is used for the current electrodes. Stainless steel mesh was
chosen for its corrosion resistive properties; however, any conductive mederiseérve this
purpose. In preparation for use in the column, two 5.9-cm diameter disks should be cut. The
design places overlap (approximatelydin) between this disk and the column wall;
therefore, a perfect circle is not required. This disk will be placed furtineatd in contact
with the material atop the dispersiomg.
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A.1.5 Polyester Mesh

The column design calls for voids between the dispersion plate and cap on both
ends to laterally disperse flow over the cresstional area of the material. Due to the fine
grain size being used to fill the column, a mesh with openings smaller than thegfaies
size is needed to ensure material does not escape. The mesh should be made of a non-
conductive material so that it does not interfere with the geophysical meastgeme
Currently, a moisture-resistant polyester mesh is used. Mesh should be cut in SsRcm di
to match the mesh electrodes. These will be placed between the dispersion plate and

conductive mesh electrodes.

A.1.6 Conductive Screw

To transmit electrical current into the column through the mesh electrodes, a
conductive material musridge the closed system within the column and the outside
environment where the control unit driving electrical current is. This has been dona using
1-1/2 inch long, 6-32 threaded, stainless steel screw, which is placed in contact with the
conductive mesh electrodes inside the column and protrudes through end caps into the
outside environment. This requires that the screw pass through the dispersion gatxdes
to reduce preferential flow into the material. Presence of a screw where fluigbachin r
travel along its threading has the potential to create such preferential flevefore, the
portion of the conductive screw closest to its head should be wrapped in Teflon tape folded
in half lengthwisg€hotdog; Figure 10). Three layers wrapped in the clockwise direction

were found to be sufficient.
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FigureA.10 Conductive screw with the upper threading wrapped in folded Teflon t.

A.1.7 Rubber Gasket

In order to prevent fluid from flowing around the dispersion plate, reducing
experimental control, a rubber gasket is placed between the dispersion plate al inner
of the cap (Figure 11). The gaskets are cut from sheets of Paper Fiber/Buna-N Rubber
Blend 1/64-inch thick using a circle cutter or scissors. The outer cut, ~5.9 cm in diameter
should be cut first (Error! Reference source not found.). The center of thengesligi
can then be cut out at ~5.2 cm forming the gasket (Error! Reference sourcenbt&

Error! Reference source not found.). Depending on the tools used, the gasket might need
some final trimming to remove hanging chads.

{i:"-

RUBBER DISPERSION

N :
GASKET NC‘RN\-‘% g J 'h\\ FLAIE

Figure A.11 Drawinghowing the location (red circles) of the rubber gasket
between the inner lip of the cap and the dispersion plate.
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FigureA.13 Circle cutter being used to cut inner dimension of gasket out of disk resulting
previous step.
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FigureA.14 Resulting pieces of gasket material from previous steps. Note that the
(left) has not yet been trimmed for an accurate fit.

A.2  Column Assembly

The column requires multiple phases of assembly before an experiment can be
performed. The first phase of the assembly consists of putting together the compbnents
the bottom cap and attaching it to the column wall. The second phase consists of packing
the column with material. The third phase includes assembling the top cap component of
the column and attaching it to the column wall. A schematic depiction of an assembled
column noting the location of parts and an exploded view of column components is

provided near the end of this document in Appendix A.
A.2.1 Bottom Cap Assembly

A.2.1.1 Attaching Sprinkler Head

The first step is to place the plastic end cap in a vice attached to a table so that the

inside of the cap is facing up for ease of assembly. Next, spread Gyteepoxy on the

inside the 51/64-inch hole and counterbore (Figure 15). Next fit the sprimédd firmly

into the 51/64-inch counterbored hole and hold it in place until the epoxy has begun to set —
approximately six minutes. If excess epoxy extrudes into the inside of the papt i

away from the sprinkler head as to prevent pushing it into the cavities of the spnadder
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FigureA.15 Inside of bottom cap showing sprinkler head seated in counterbore.

A.2.1.2 Passage for Conductive Screw through Cap

To ensure proper placement of the hole for the conductive screw through the cap,
the rubber gasket and dispersion plate mush be temporarily installed. Firsthplace
rubber gasket on the inner lip of the cap. Next mark the side of the dispersion plate, a
small dimple from an awl works well, which will be facing out, away from the inside of
the cap. This is to ensure that, in the future, the plate is installed with the sametione
between the threading and the larger hole in the dispersion pegserving the
alignment for the conductive screw through the plate and the cap. Thread theyptate ti
against the rubber gasket and inner lip of the cap. Now, mark the location of the larger,
3.1 mm hole in the dispersion plate on the inside of the cepintportant that the mark
is made concentric with the hole in the dispersion plate to ensure that when the
conductive screw is installed it aligns with the hole in the cap. Remove the dispers
plate and gasket. Using a 1/8-inch bit, drill a hole perpendicular to the bottom of the cap

for passage of the conductive screw.

A.2.1.3 Passage for Conductive Screw through Mesh Disks

Next, a conductive-mesh disk electrode and polyester mesh disk should be
prepared to allow passage of the conductive screw. The polyester mesh is to ensure that
during the experiment none of the packing material can exit the column, and thesstainles
steelmesh serves as the current electrodes of electrical geophysical measurStagnts.
by threading the dispersion plate into the end cap. Place the polyester and eldistks
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inside the end cap atop the dispersion plate to check that they sufficiently cowsidbe i

area of the cap. If coverage is not acceptable, the disks will need to be remads.aOn

time, place a mesh disk inside the cap on top of the dispersion plate and mark the location
of the larger, 3.1 mm diameter hole in the dispersion plate on the mesh disk (Figure 16).
Remove the disks and dispersion plate from the cap. Starting with an awl (Figared17)
transitioning to a small screwdriver (Figure 18), penetrate each disk iratlkean

locations. A razor might be needed to crosscut the hole in the polyester mesh. A snug fit
is preferable between the electrode disk and conductive screw. Increase thfelsiz

holes until the conductive screw is able to pass through the polyester disk and can be
threaded into the electrode disk (Figure 19).

Larger, 3.1mm hole in

dispersion plate
‘' -

FigureA.16 Mesh disk placed inside cap atop dispersion plat. The location of the larg
mm hole in the dispersion plate is being marked on the mesh disk.

FigureA.17 Starting hole in mesh disk at marked location using an awl.
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FigureA.18 Enlarging hole in mesh disk using a small screwdriver. Continue
enlarging until conductive screw can be threaded through.

FigureA.19 Completed holes in mesh disks with hole in dispersion plate. These
will be aligned to allow passage of the conductive screw.

A.2.1.4Dispersion Plate Installation

After finishing preparation of the polyester and electrode disks, the dmpersi
plate can be installed. First, wrap the dispersion plate threading with Tef®thtt is
folded in half lengthwise (hotdog; Figure 20). This is to (1) hold the plate snuggly in the
cap and (2) prevent flow through the threads of the plate, circumventing spreadiog —
some flow would not be forced through the holes in the plate.
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FigureA.20 Beginning to wrap the disersion plate in lengthwise (hotdog) folded
Teflon tape. It is recommended to start the tape next to the larger, 3.1 mm hoke !
as a reference point for the number of times wrapped around the plate.

It is critical that the Teflon tape is wrapped in the same direction as the dispersion
plate will be threaded into the bottom cap (clockwise). It was found that srs laye
(wrapped three times around with the lengthwise folded tapegftdn tape were
acceptable (Figure 21).

Keeping track of the number of times wrapped ardamasier if the tape is started

near the larger, 3.1mm hole in the dispersion plate since it can be used as a rebéménce p

FigureA.21 Dispersion plate after being wrapped in Teflon tape.

Before the dispersion plate is threaded in to the bottom cap, the 3.1 mm hole in the
cap for the conductive screw should be covered with DAP All-Purpose 100% Silicone
Adhesive Sealant (silicon daat) on the inside of the bottom cap (Figure 22 & Figure

23). This acts to prevent leaks around the screw and to electrically insulaferitiby
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the current to travel down the screw. It is critical that this is completed libfore

dispersion plate ireaded into the cap as this location cannot be accessed afterwards. If
it is forgotten, the plate will need to be removed from the cap and the Teflon tape
reapplied. A quick way to remove the Teflon tape before reapplication is to use a wire
brush and repeatedly scrub the tape in one location. Continue until you have ripped

through all layers of tape. All layers can now be unwrapped at once.

FigureA.22 Applying silicone sealant to inside of the bottom end cap over the hol
the conductive screw.

v \
FigureA.23 Inside of bottom end cap after silicone sealant has been applied. Note thasit (
the hole entirely.

The prepared dispersion plate can now be threaded into the bottom cap by

torqueing/ rotating it with a 3/3ich drill bit inserted backwards into the conductive
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screw hole (Figure 24). Cross-threading is problematic. This can be midibyizeolding

the parts horizontal so that the dispersion plate hangs from the drill bit (Figure 25). The
dispersion plate should be threaded in until it is about 1 cm from the bottom of the inside
of the bottom cap. This can be measured using the depth gauge of a caliper subtieacting
thickness of the dispersion plate.

¥
"

FigureA.24 Threading the dispersion plate into the bottom cap by applying torque
the solid end of a 3/3ihch drill bit. Note that the cutting end of the drill bit is facing

s 1N
FigureA.25 Threading the dispersion plate into the bottom end cap. Note tt

cap is being held horizontal so that the dispersion plate can be suspended
drill bit while inserting. This helps to prevent crabseading.
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Once this distance is approximately reached, the hole for the conductive stnew in
dispersion plate should be aligned with that in the cap. Fine adjustment can be made by
grasping the drill bit with pliers.

A.2.1.5 Mesh Disk Installation

The conductive screw should be threaded first through the conductive mesh disk
electrode and then the polyester mesh disk. The hole in the electrode should be tight
enough that the screw will need to be threaded not pushed through. Once 0.5 cm of the
screw has been threaded through the mesits Figure 26), these are then seated into the
cap aligning the conductive screw with the hole in the dispersion plate (Figure 27).
Tightening the screw against the mesh disks will tend to rotate them clockwiséotber
prior to final tightening, the mesh disks should be rotated opposite torqueing from the
screw (counteclockwise) as far as possible. These should be held in this position by firm
pressure applied by a finger placed opposite cap from the screw. Hold theseaintil f
tightening of the sew results in a concentric alignment of the disks and cap. Care should
be taken not to over tighten the screw, stripping the hole in the dispersion plate.

FigureA.26 Stainless steel screw threaded a short distance into the mesh disks be
pieces being placed inside the end cap on top of the dispersion plate.
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FigureA.27 Tightening conductive screw through mesh disks and dispersion plate. N
that mesh disks are already seated in bottom.

Next, silicone sealant should be applied around the portion of the screw protruding
outside the cap (Figure 28). A nut should then be lightly tightened against the cap. Then,
alternate torqueing the screw and nut until the nut is tight. Alternating tightening in th
fashion is to prevent over-tightening of the nut resulting in forcing the screw thioeigh t
dispersion plate or cap, stripping the holes. Two (2) conductive washers and a second nut
can then be added atop the first nut. These will be used to pinch the bare end of an
electrical wire between the washers. Additional silicon sealant is thee@jpdund the
nut in contact with the cap (Figure 29).
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FigureA.29 Outside of end cap after ad ||ona silicone sealant has been ap|
around the hex nut. Photo from assembly of top cap.

Finally, a small bead of silicon sealant should be applied to the contact between the
edge of the conductive mesh electrode and the inside of the cap (Figure 30 & Figure 31).
This will help prevent flow from entering the column by traveling around tipedi®on
plate and insulate electrical currents from imitating from the disk electrode in &hefare

overlap with the column wall.
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inside of the end cap.

FigureA.31 Inside of énd cap after bead of silicon sealant has been applied. M
that only a small bead is needed.

A.2.2 Top Cap Assembly

Assembly of the top cap follows a similar procedure as that of the bottom cap
detailed above. Differences arise from a reduced need to disperse flow hathap tcap
due to it being the fluid exit. As such, the major difference is that no sprinklershead
installed. Instead a simple threaded nozzle is attached to the cap as the filoxnd mort
(Figure 32). Once in place, silicon sealant should be applied around the contact with the
nozzle and the outside of the cap (Figure 33). To prevent the sifeafant from setting

before installation of the cap onto the column wall, application to the contact between th
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conductive mesh electrode and inside of the cap described above (2.1.5 Mesh Disk

Installation) should be delayed until the column has beekegaegith material.

FigureA.33 Outside of top cap with brass nozze fit:[ing and conductive screw in [
Note the bead of silicone sealant around the brass fitting.

A.2.3 Connecting the Cap to the Column Wall

The cap is now ready to be attached to the column wall. To form atigdter
seal, the upper/outer most threading on the column wall should be wrapped with five
layers of Teflon tape in the clockwise direction (Figure 34). Dow Corning® High
Vacuum Greasévacuum grease) should then be generously applied to the contact
between the column wall threading and the overlying Teflon tape (Figure 35)réldseg
should be spread (a flat head screw driver was found to work well) to have an even,
generous thickness around the column (Figure 36).
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FigureA.34 Column wall end threading after Teflon tape has been applied. Note 1
tape has been wrapped a single width around the uppermost threads.

FigureA.35 Applying vacuum grease to the column threading. Note the grease slig|
overlaps the Teflon tape.
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FigureA.36 Finished application of vacuum grease. A layer of grease is present arc
circumference of the column.

The column wall is now ready to be attached to the cap. The cap should be carefully
placed around the column wall so as not the push the vacuum grease away from the contact

(Figure 37). Tighten the cap until it seats firmly with the column all.

FigureA.37 Placing the end cap onto the column wall. Note that Teflon tape and
vacuum grease have already been applied.
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Vacuum grease will be extruded out from the contact with cap and the column wall
during tightening. This should be spread around the contact to form a visibly continuous
layer. This was found to be easily done by using a finger. Wearing a disposafelésg|
recommended (Figure 38). An ample amount of the grease should be used to form this seal
(Figure 39).

FigureA.38 Excess vacuum grease extruded during tightening of end cap. Wearing
disposable glove, a finger is used to spread excess grease around the coveaatthe
cap and column wall.

FigureA.39 Final seal between end cap and column wall made by spreading v.
grease.
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A.2.4 Solution Preparation

A.2.4.1Glassware Cleaning

Before mixing any solutions, it is important to review some basic glassware
cleaning procedures for aqueous chemistry. Standard dishwashing soap or detergent
should not be used on glassware that will be used for mixing any solutions from which
water chemistry will be analyzed. Best practices call for use of bspkeific cleaning
solutions that can be purchased from companies such as Cole Parmer or Fischer.
Similarly, tap water should not be used if at all possible. It is preferableléisaivgre is
rinsed only with deionized (DI) water. If preparing glassware for use in organic
chemistry, solvents other than water should be used for cleaning. To begin, thoroughly
rinse the glassware three (3) times with approximately 1% of its total volungeis
water Repeat this step this time using the solution which the glassware is to hold. No
attempt to hand dry the glassware should be made as this will likely introdacednd
contamination. Air-drying is the best way to dry glassware, though is not always

necessary.

A.2.4.2 Storage Container Cleaning

Storage containers for solutions should be cleaned with greater care than the
glassware used to mix them. Cleaning procedures for sample bottleptasaanpling
procedure will also include acid baths and/or sonic baths and a geochemist should be
consulted prior to beginning any cleaning procedures. Cleaning for plastigest
containers should begin with DI water and dishwashing soap, and shaking the container
for a few minutes. Rinse thoroughly with DI wate least three times, and complete the
cleaning with an acetone rinse. As acetone is highly volatile and flamraalle,
remaining fluid should not go down a sink drain. Leaving the lid off with the container in a
fume hood that’s on is the best way tg tlre container as the remaining acetone will

volatilize after some time.

A.2.4.3Degassing Water

The first step in mixing a solution for column experiments is to boil the water as a
meando volatilize dissolved gasseglegas the water. Tap and DI water are often-over
saturated with gas. If gasses are not volatilized prior to injectinduilddrito the column,
they will form air bubbles. The simplest way to accomplish this is to bringdler to a

boil in a beaker using a hot plate. Cover the beaker with a watch glass thatfs sak
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at high temperatures to minimize evaporative loses. Boil for approximatélyntinutes.
After such time, cool the water in a cold water bath beingamet to contaminate the
water in the beaker with the bath water, especially if using DI water.tNatence the
water is cooled, it will become undsaturated with respect to gases in the air and will
begin to dissolve them. Therefore, it is idealt bot necessary, to use the water soon after
degassing. Once the water is cooled, solutions can be prepared by eitherutigradafia

concentrate or (2) directly to the desired concentration.

A.2.4.4 Concentrated Solution Mixing & Dilution

For diution of a concentrate used for the tracer tests, three (3) solutions are made:
a concentrated solution, background solution, and tracer solution. The concentrated
solution will be diluted to make the background and tracer solutions, which ensures
continuity between tracer experiments. For easy math, a concentrated solutios Such a
g/L could be chosen (e.g. 5.0 g of solid solute mixed in a storage container with 1L of

degassed DI water). The equation that should be used to dilute the concentratadisolutio

%8 = %&

where G is the initial solution concentration (e.g. 5 g/L concentrated solutiors ttie

volume of the first solution (what you are solving for},i€the desired concentration of

the diluted solution (either background or tracer), ants\¥he volume of degassed DI

water that will be used. For expediency in preparing solutions, choosefaMeast 2L

so there will be enough solution for one or more experiments. Note that a solution cannot
be boiled again as this would concentrate the salt(s) due to evaporation of water. In
selecting the concentration of the background and tracer solutions, keep in mind éhat ther
must be enough of a difference between the two solutions to distinguish using the method
that will monitor the experiment either EC or concentration through fluid sample

analysis.
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A.2.4 5Direct Solution Mixing

An alternative to mixing concentrated solutions with subsequent dilution is to mix
the solutions to the desired EC/concentration directly in a large, 10L storage aontaine
First, pour the degassed water into the storage container. For preparation techEesi
record the mass of a large volume of solute as the initial Aigpgcally ~5q is
sufficient. Add a small volume of solute to the storage container and mix thoroyghly b
replacing the cap and shacking. Remove the cap and measure the EC vilratedal
EC meter. Repeat until the desired EC is reached. If electrical geophysicatenesass
are being collected, a background EC of >500 uS/cm and tracer EC of <2500 uS/cm is
recommended. If the EC of the background solution is too low, errors ébeitteical
geophysical measurements are likely to be high. If the EC of the tractomsauoo
high corrosion of the current driving electrodes are more likely to occur. tfietdc
geophysical measurements are not being made, DI water can bes tisedackground
solution with a tracer EC of approximately 500 uS/cm. Once the desired solution EC is
reached, reweigh the remaining solute, calculating the difference betweenighenasts
to determine the mass added. For preparation to a desiresht@tion, weigh the filled
storage containededucting the weight of the container to calculate the mass of water.
Using the density, convert the mass of water to the volume. Weigh out the masseof solut
needed to reach the desired concentration with the known volume of water. Add the

solute to the water and mix thoroughly.

A.2.5 Initial Fluid Filling

Surface tension interactions between the water, holes in the dispersionrate, a
fine polyester mesh make displacement of air from the bottom void between tedcap
dispersion plate difficult. This can be minimized prior to packing by pumping solution
into the bottom of the column while the column is tilted at an angle of approximately 45°
(Figure 40). This maintains a dry portion of the polyester mesh for the passageutf ai
of the bottom void. Fluid should be injected into the column until thesgtdy mesh is

entirely submerged.
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FigureA.46 Setup to fill bottom void of column prior to beginning packing. Blue arro
indicate fluid flow direction. Note that the column is at a ~45° angle.

A.2.6 Material Packing

To begin packing the column, clamp the column wall using a tmeeg
laboratory clamp attached to a ring stand. Be cognizant of the location of protrusibns s
as electrodes and sampling tubes. A single clamp was found to be insufficient for
supporting the column when vertical forces are applied during packing. Slipping within
the clamp is highly problematic as it could result in damaging the seals on tinedelsc
and/or sampling tubes. Therefore, a second clamp should be placed tight against the
undeside of the bottom cap providing a stable base. To minimize air entrapment, it is
critical that the fluid level be maintained above the material level at all times.

There are many ways to configure material within the column. Two poss#ilitie
discussed &ow are: (1) weksorted sand with no internal porosity (homogeneous) and (2)

two well-sorted sands with different grain sizes and no internal porosity (heterogeneous).

A.2.6.1Homogeneous Material Packing

Material should be added in approximately 1ldta. This is equivalent to
approximately three (3) scoops from a standard laboratory metal spatulaeadter
addition, the column should be vibrated with a hammer by lightly tapping the side of the

column being careful not to strike the electrodesamnpling tube. These induced lateral
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vibrations help to settle the material and ease the escape of any trapped air. Repeat th
process until the column is almost full of material. In preparation for sehnp cap,
repeat the steps for applying Tefltape and vacuum grease detailed above in “2.3
Connecting the Cap to the Column Wall”. Material should be added until flush with the
top edge of the column wall. It is helpful to use the rounded edge of the spatula to settle
the material and scape off @ss. To prevent trapping of air between the material, fine
mesh, and/or dispersion plate, fluid should be added drops at a time to form a surface
tension-held bubble over top of the edge of the column wall (Figure 41 & Figure 42).
When the top end cap is tightened down, this excess fluid will be forced through the fine
mesh and dispersion plate displacing the air. The top end cap can now be installed using
the same methods described above in “2.3 Connecting the Cap to the Column Wall”.

FigureA.41 Surface tension holds a bubble of fluid above the top of the materia
column wall. Note that the Teflon tape and vacuum grease are already in place

90



FigureA.42 Profile view of surface tension held bubble above material and colt
wall.

A.2.6.2Heterogeneous Material Packing

A heterogeneous material configuration can be constructed in many ways. A
possible packing configuration that will be described below calls for fount@hial
pillars of finegrained sand embedded within coarser sand. This is achievedihy pla
thin-walled, cylindrical tubes in the column prior to adding material. First, coarse sand is
packed around the tubes until the column is filled, leaving the tubes empty. Packing of
the coarse sand is conducted as described above in “2.6.1 Homogeneous Material
Packng”. Fine-grained sand is then added to each tube through a funnel (Figure 43) in
approximately 1 cm lifts and packed down using a small rod (e.g., wooden dowel)
(Figure 44). Since the addition of material to the tubes will cause the fluid wigimtth
over flow, fine sand in suspension can be transported out of the cylindrical tube into the
coarse sand. This can be minimized by removing fluid from within the tube, using a
syringe, prior to adding material (Figure 45). Once the tubes are fileamo hreads
should be prepared for attaching the top cap as described above in “2.3 Connecting the
Cap to the Column Wall”. To remove the tubes a rod should be pushed down on to the
material while the tube is pulled up. Without the force from the rod, theding will
remain stuck in the tube while it is removed. It is best if the rod is the same diasneter a
the tube; however, if the friction forces between the sand and tube all are too great, a
smaller rod can be used. Due to migrating of fine sand into the coarse whenitre barr
created by the tube is removed, additional fine sand will need to be added during removal
of the tube. This process should be repeated from all fine sand filled tubes. Oncesall tube

are removed, use the rounded edge of the spatskttle the material and scape off
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excess. To prevent tapping of air between the material, fine mesh, and/or dispkts,

fluid should be added drops at a time to form a surface tension held bubble over top of
the edge of the column wall. When the top end cap is tightened down, this excess fluid
will be forced through the fine mesh and dispersion plate displacing the air. Thedtop e

cap can now be installed using the same methods described above in “2.3 Connecting the
Cap to the Column Wall”.

FigureA.43 Using a funnel to fill plastic tubes with fiained sand. Material will still
need to be pushed through the funnel into the tube.
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FigureA.44 Packing down fine sand within tube using a wooden dowel.

FigureA.45 Removing excess water from the tubes prior to adding more mate|
This is done to prevent overflow of fluid and material out of the tubes.
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A.3  Column Operation

A.3.1 Mounting the Column

The column can now be semi-permanently mounted to the specifications of the
researcher. When mounting the column care should be taken not to damage any of the
protrusions (e.g. tubing, electrodes, screws, etc...) (Figure 46). Suspendingitha col
from a peg board was been found to work well. It allows for many potential locations for
attaching column experiment peripherals (e.qg. fluid conductivity cellspigs/tubing.
The column can be hung vertically framo metal railings that are attached to the peg
board (Figure 46). Next, two wire loops are created below the metal railiggse(B 7).
The column is hung from the wire loops by wrapping a Velcro strap around the column
wall below the top cap and the wire loops (Figure 47). The weight of the column is borne
by lip of the top cap. It is critical to make sure that the Velcro is tight to ensatbeha
column is secure and locked in a vertical position and will not be compromised mid-

experiment.

FigureA.46 Potential column mounting cohfiguration. A fluid conductivity cell is hot
in wood on the left.
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FigureA.47 Column suspended by peg board metal railings with wire loops
Velcro straps.

A.3.1.1 Mounting Flow-Through Fluid EC Cell

The flow-through fluid EC cell should be mounted at approximately the same
elevation as the fluid outlet from the column it is sampling from. This was found to allow
for easier manipulation of the head, and thus the flow rate, through the ECats®. It
allows for a shorter distance fluid must travel between the column and the EQicéll w
reduces sampling time delay. It is recommended that the EC cell be tilted slightly
upwards in the flow ward direction (Figure 46). This will decrease the likelihoant of
bubbles or particles being trapped within the cell. The poes®reither will greatly

affect the accuracy of measurements.

A.3.2Initiating Flow

Once the column is mounted, flow can be initiated through the bottom of the
column. A typical set-up with a peristaltic pump places two fluid reservoickgbaund
and tracer solutions) to one side of the pump with the column on the other (Figure 48).
Note that when initiating flow the fluid at the top, inside the column is at atmospheric
pressure; therefore, greater energy will be need to initiate flow througbltiran then

will be needed during normal operatioassuming the effluent hose is held &vaer
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elevation than the top of the column. As a result, the speed of the pump might need to be
greater than that used during normal operating conditions. Prior to starting the pump,
ensure that any shut-off valves between the pump and fluid reservoir are open. Start
pumping fluid prior to opening the shutoffs inline from the pump to the column. This
prevents fluid from momentarily flowing backwards, out the column base. If onengsausi
peristaltic pump employing a cartridge with adjustable channelstadeald the hose
against the rollers, ensure that these channels are tight enough to seal theihgse
rotations with the added pressure of the water elevation. A good way to check & fluid i
being pumped into the column is to place the end of effluese in beaker of water. If air
bubbles emanate from the hose, fluid is being injected (Figure 49). If fluid fdavthie
hose, close the shut-off valve at the base of the column and any sampling hoses
immediately as this indicates that fluid is exgtithhe column through either the base or
fluid sampling hoses. It often takes longer than anticipated for fluid to be vésiitileg

the effluent hose.

~ “1 N

Direction of Flow

FigureA.48 Picture of typical column pumping set-up. Blue arrows indicate thetigin
of flow.

96



FigureA.49 End of effluent hose placed in beaker holding a small volume o
water. Note the air bubble forming at the tip indicates fluid is being injected
thecolumn.

A.3.2.1 Removing Air from Top Void

Air is still present in the void in the top end cap. To remove this, rock the column
back and forth using with the exit nozzle as a “pivot point”. Knocking laterally on theaca
also be performed. These actions will force trapped air to travel pastitm®zzle. This will

likely need to be continued for longer than expected to remove all trapped air.

A.3.2.2 Flushing

It is important that once the column is fully assembled that the system be flushed
with a background solution to remove foreign sdutet are likely be present after
packing. Column effluent fluid EC can be used as a proxy for when undesired solutes have
been removed. Stabilization of effluent EC at a value similar to the injectigtiosolor
several of hours is a good goal to show that undesired solutes have been flushed out and
voids are predominantly saturated with the injected solution.
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A.3.3 Effluent Discharge Control

The discharge through the column is primarily controlled by the injection r#te of
pump. Currently a peristaltic pump is being used since it enables pumping without pump
machinery coming into contact with the fluid. A less critical control of the digeha the
hydraulic head at which effluent hose outlets are placed. It is howevertamipitrat the
head of all effluent hoses is maintained above the head in the fluid reservoir. Ifdhie hea
lower in an effluent hose, the system will be under suction and will be more prone to

unpredictable behavior and unintended draining.

A.3.3.1Multi-Port Discharge Control

If multiple effluent hoses are being used, their relative heads will control the
discharge through each (e.g. hoses with lower head will gr@ater discharges). It was
found that small differences (several millimeters) in head would result in laagges in
discharge; therefore, a more reliable control was found by placing a mechanical
restriction (e.g. shut-off valve or clamp) on the hagé the lower flow rate- typically
the intracolumn sampling hose. This hose was then placed at a much lower head (several
inches) than the other effluent hoses. By doing this, the discharge control through one of
the hoses is mechanical instead of hydraulic which results in a more consistence

discharge with less chance of unintended draining occurring.

When using an intraelumn sampling tube it is important to consider the
simplifying assumptions gained by using a colunmainly a 1D flow field alorg the
length of the column. By allowing fluid to exit m@blumn, lateral flows are induced into
the sampling hose resulting in a multmensional flow field. The greater the discharge
through the sampling hose, the more tH2 dssumption will be violate Therefore, it is

advantageous to minimize the discharge through any intra-column sampling tubes.

A.3.3.2_ Warning about shut-off valves and draining

Depending on the column design, there can be multiple fluid outlets (e.g. one at
the top of the column and one for fluid sampling midway up the column). It is possible
for midcolumn tubes to become a drain for the system above its outlet. This can be
avoided by maintaining saturation in both tubes and positioning them at a similar head.
This maintains the head for both outlets at a similar value so the system will discharge
from both. Also, if the pump is turned off and the column left saturated, all tubes should
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be closed. If left open, the system will drain through the lower tube. This could lead to

purging material above the lower tube of fluid resulting in the need to repack theaxcolum

A.3.3.3Need to check hoses for air bubbles after system has been idle

After being idle for about a day, air bubbles have been observed to develop in the
tubing around and within the peristaltic pump. Before beginning to pump fluid into the
column, it is recommended to check tube for air. If it is found, disconnect the tube flow-
ward of the valve near the base of the column and pump fluid through until the air has
been emoved. Elevating the tube until taught and flicking the sides can help air move

through the tube faster than the fluid thus saving time and fluid.

A.3.4 Recording Data

A.3.4.1 ECM 3082 Software Note Recording Feature
Fluid EC is recorded via a proprietary computer program (ECM 3082) from the

device's manufacturer. ECM 3082 is limited to operating only on computers running
Windows XP or earlier and has a keybobes$ed interface. EC data streams through the
interface btiis not recorded. In order to record data measurements they must be written
to a text file. ECM 3082 has the ability to record typed notes within the feed of EC data
making it good for recording information relative to recent measurements. A lhig i
system is that the last line of any note is not recorded to the external text file.réesadd
this, add an additional blank line below any note you are taking by hitting Entee befor
exiting the noteaking feature. If a more exact tirseamp of when theate was taken is
desired, pressing Enter after exiting the rtatang function will initiate a data reading

with a timestamp that will be approximately the same as the note.

A.4  Troubleshooting

A.4.1 Assembly Troubleshooting
During and after assembly, a number of problems have often been encountered.

Troubleshooting some of these if outlined below.

A.4.1.1 Fixing Leaks during Assembly

The source of the leak will dictate what a potential fix may be; however, it is
recommended that the time be taken to fix the leak in the proper way over potential work

arounds. It will take less time in the end to assemble the column correctly thdn to ¢
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corners and end up with a problem during an experiment! Therefore, if leaks are
emanating from any threaded connection it should be separated and reassemiial. Pote
causes for leaky threaded connections are: the Teflon tape was wrapped in the wrong
direction, insufficient layers of Teflon tape were used, or the connection wasesautetr

until tight.

Leaks can also emanate from epoxied connections (i.e. the sampling tube or
potential electrodes embedded in the column wall). If leaks occur heresstheohution is
to do what is necessary to stop the leak (e.g. drain the column), remove the old epoxy, and
apply a new epoxy seal. It is also possible to cover the leak with additional epoxy on top
of the original epoxy; however, this will not remove the fluid already trappedp@&da
fluid could be problematic depending on the type of experiments being conducted (e.g.
diffusion into immobile fluids). If a quicker fix is needed, Wdred sealant can be used in
lieu of epoxy. It was found to be possiblestal an active leak using Udlred sealant;

however, this should only be done when absolutely necessary.

A.4.2 Experiment Troubleshooting

A.4.2.1 Unintended Draining During an Experiment

Unintended draining of the column can occur in many ways. In most cases, air
will begin to enter the column from the top exit tube first. If draining has be&aisuoif
enough for air to be visible anywhere within the column, the column will need to be
repacked (Figure 50). If it can be verified that air has only entered the void opteaf,
flow can be reversed by pumping to push out the air. Since the view of the top of the
material is obstructed by the cap, the best way to verify that air hasteckthe
material, if there are not visual indicators, is to reverse the flow by pumping.hiim
long it takes for fluid to begin to exit the top of the column again and, since the flow rate
is known, the volume needed to displace the air is known. If this is less than the volume
of the void in the cap (approximately 8 mL), air will likely not have reachedniterial
— the experiment is saved! To remove the air that has now been trapped in the void, rock
the column multiple times in several directiamgil no air is seen to exit through the

tubing.
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FigureA.50 Example of column that has drained. The location of the transition from
saturated to partially saturated is noted.

A.4.2.2 Fixing Leaks during an Experiment

Leaks may also occur during experiments and, depending on the experiment, may
or may not need to be repaired. The proportion of flow into the column versus flow
through the leak can indicate if a fix is necessary. This is left to the judgriniet

reseacher.

Reassembly is usually the only reliable fix. Stopping a leak during an exgmgrim
is difficult, and slowing the leak to an acceptable rate maybe the only optioeaK a |
occurs at an epoxied connection, it may be possible to repair by applyicgred-
sealant. If the source of the leak is from anywhere else then the leak can atteenpt to
fixed with vacuum grease. If the leak during an experiment cannot be patched through
any method then the column will need to be repacked.

A.4.2.3 Removing Trapped Air in Tubes during an Experiment

If air gets trapped in the exiting flow tubing (top exit and any sampling tdbhes)
it can be removed by flicking the tubing around the air bubble. This should be coupled
with holding the end of the tubing at a higleéevation than the air bubble to help release
the air towards the tubing exit. It is important to remember that the flow rates for all
exiting tubing are sensitive to minor changes in elevation heads of the ends of the tubing
After releasing air out ahe tubing, the flow rates can change, and, therefore, might need

to be reestablished.
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A.4.2.4 Corrosion/Discoloration of Effluent

After an experiment was run overnight, column effluent was found to be discolored
to a slight pale yellow. This change occurred during the night while no human influence
was possible. A likely cause was that the top and bottom stainless steel wies mwese
corroding and discoloring the effluent. This was confirmed after disasserniblg
column by placing the stainlesest meshes into a beaker of water and inducing an
electrical current through them with a small car battery. After approximatedyr] the
water turned the same pale yellow color. A possible cause of corrosionhdsitimg the
night the geophysical caii unit automatically incrementally increased the current
through the wire meshes. This had been observed at other times with the IRISP&ysc
control unit; however, it was not confirmed in this instance. At this time it is alscauncle

how to prevent this from occurring in future experiments.

A.5 Preparation & Assembly Steps Summary
1. 3-D Print Dispersion Plate

2. Drill Center Holes in End Caps

3. Mount Electrodes & Sampling Hose in Column Wall
4. Cut-Out Two Conductive, Metal Mesh Disks

5. Cut-Out TwoPolyester Mesh Disks

6. Wrap Upper Portion of Two Conductive Screws in Teflon Tape
7. Cut-Out Rubber Gaskets Assembly

8. Epoxy Sprinkler Head to Bottom End Cap

9. Thread Nozzle into Top End Cap

10.  Drill Hole for Conductive Screw in End Caps

11. Create Holes for Condugée Screw in Meshes

12. Install Dispersion Plates into End Caps

13. Install Meshes into End Caps

14.  Attach Bottom Cap to Column Wall

15.  Fill Void in Bottom Cap with Fluid

16. Pack Column with Material

17.  Attach Top Cap to Column Wall

18.  Begin Pumping

19. Check for Leaks
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Table A.1Materials List

Part Name Details/Brand Source
Column Atlantic Screen and Manufacturing
Wall 2-inch, Schedule 40 clear
PVC
Chemical resistant PVC PVC McMasterCarr Part No.
rods. 8745K63(http://www.mcmaster.com/#8745k63
End Caps 1.5-inchs per cap. /=13ki4ck); Custom fabricator Advanced
Fabrication has taken up toPrecisionMachining, Gerry Dillion
2 months. (http://www.advancedprecisionmachine.con/)
_ 18-8 Stainless steel ;82 McMasterCarr Part No. 91793A157
Conductive _
s thread, 1-1/2 inch long, | (http://www.mcmaster.com/#91793al157/=12ha
crew
binding head rbr)
) . McMasterCarr Part No. 92141A006
Conductive| 18-8 Stainless steel, #5
_ (http://www.mcmaster.com/#92141a006/=12ha
Flat Washer screw size
w2q)
) ) McMasterCarr Part No. 91841A007
Conductive| 18-8 Stainless steel;82
(http://'www.mcmaster.com/#91841a007/=12ha
Hex Nut thread
uab)
Polyester McMasterCarr Part No. 9218T73
Mesh #198 (0.0029-inch

openings)

(http://www.mcmaster.com/#9218T73)
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TableA.1 Continued.

McMasterCarr Part Nos: 1/64" - 9556K81
Gasket | Paper Fiber/Bun&l Rubber (http://www.mcmaster.com/#9556k81/=12gfrvv
Rubber | Blend, 1/64" or 1/32" thick ), 1/32" - 9556K82
(http://www.mcmaster.com/#9556k82/=12gff
_ Rainbird PA-8S
Sprinkler ) ) _
Head Shrub adapter, 1/2-inch| (http://www.sprinklerwarehouse.com/Rain
ea
female threads BirdSprinkler-Shrub-Adapterstozzlesp/pa-
Adapter
8s.htm)
Sprinkler Amazon (http://www.amazon.com/Thogus-
Head 1/24nch NPT male PolyethyleneFitting-Adapter-
Adapter to | threading to 3/8-inch hose Barbed/dp/BO0O8TSYL1Y?ie=UTF8&psc=1&fe
Hose Fitting dir ect=true&ref_=oh_aui_search_detailpage)
_ Rainbird, 5F Matched Precipitation Rate
Sprinkler _ ) _
Head Full circle spray (http://www.sprinklerwarehouse.com/Rain
ea
BirdSprinkler-SprayNozzlesp/5f.htm)
Stainless . McMasterCarr Part No. 9319T173
_ 316 Stainless steel, #40
Steel Wire _ ) (http://www.mcmaster.com/#9319t173/=12hb5lI
(0.015-inch openings)
Meshes n)
Stratasys Eden 260VS 3D Printer, CECS
: : . : Garage,
Dispersion| Acrylonitrile Butadiene
_ Brown Hall W160, CSM
Plate Styrene plastic o _ )
(https://inside.mines.edu/CEQf&signlab).
Previously worked with Casey
Ag'/AgCl | Pellet: 2 mm diameter x 2 . .
. . In Vivo Metric, E206
Electrodes mm, 70 mm silver wire
Krayden Inc. (https://krayden.com/buy/cytec
k45-
Epoxy Cytec Easypoxy® K45
6-50z-easypoxy.html)
(https://www.cytec.com/pro
ducts/easypoxy-Kb)
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Table A.1 Continued.

Any hardware retailer

Silicone DAP All-Purpose 100%
N _ (http://www.dap.com/dapproducts-ph/all-
Sealant | Silicone Adhesive Sealant . .
purpose-10Gsiliconeadhesivesealant/
Dow Corning ® High
Vacuum Grease
. Amazon (http://www.amazon.com/Dow-
Vacuum | (http://www.dowcorning.cq _ _
o CorningVacuum-Lubricant-5-
Grease | m/applications/search/produ
_ 30z/dp/BO0IUHMNWO)
cts/details.aspx?prod=0101
88
17&type=PROD)
Flow-thru
Fluid _
~ | Internal volume of 30.1 pLl Amber Science, model No. 829.
Conductivit
y Cells
Benchtop
Conductivit - Amber Science, model No. 3082 or 4082
y Meter
Amazon (http://www.amazon.com/Plated
Electrode Female
Banana Gold plated, 2mm Bullet-Connector-
Plugs Battery/dp/BOOTS5SW7FE?ie=UTF8&ref_=cf
_sw_r_other_awd_HsF.wbTFGN4HJ)
Pump model no. 7553-12
cartridge model no. 77200-
Peristaltic 60,
Cole Parmer
Pump speed control box model

no. 7553-71

105



Table A.1 Continued.

1/8-inch ID hose (fits L/S
Top Cap
16
Barbed/ .
Masterflex tubing) to 1/8 Home Depot
Threaded |
o inch NPT
Fitting
1/8-inch ID hose (L/S 16
1/8 to
. Masterflex) to 1/1énch ID
1/16inch ID Cole-Parmer (product no. EW-31518-29)
hose adapter
Adapter
1/4-inch ID hose (L/S 24
1/4to Masterflex) to 1/8nch ID
1/8inch ID | hose (L/S 16 Masterflex) Cole-Parmer (product no. EW-30703-50)
Adapter adapter
1/16-inch | Tygon general lab tubing
ID Tubing clear Cole-Parmer (product no. EW-06407-71)
1/84nch ID | L/S 16 Masterflexubing
Tubing for use with peristaltic
Cole-Parmer (product no. EW-96410-16)
pumps
1/44nch ID | L/S 24 Masterflex tubing
Tubing for use with peristaltic
Cole-Parmer (product no. EW-96410-24)
pumps
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Figure A51 Assembled column
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Figure A52 Exploded view of columassembly
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As noted in this document, two methods were used to disperse fluid flow during
injection to reduce the possibility of preferential flow paths occurring in thermakand/or
development of stagnant zones near the injection point: (1) a spray nozzl¢ and (2
perforated dispersion plate. The perforated plate was designed to be threaded mdo the e
cap and sit approximately 1 cm above the injection spray nozzle. The plate weiszaidcr
into equal, radial areas and holes placed at the centroid of eacBiareiacumferential
rows (courses) of holes were used, therefore the radius of the plate was divided into s
equal lengths, x. Courses where numbered in ascending order out from the center of the
plate (e.g. the course at the center of plate was md tha course on the outer edge was n
= 6). A relationship between the angles defining the bounds of the areas within eaeh cours

of holes was developed. It was found to be:

%= Tavs (A1)
Z K H WiBlthe sector angle of the of th& iF R X Uy\sHhe sector angle of the first course,
and n is the course number. A derivation of this equation is included below. The center of

mass for the areas was then calculated using (Precision Microdrivieed,i@015):

8 A48’ A(4258
= qgf@ga (& "59] (A2)
7 J(ae-?Ka?5e0]

where- is the radial distance from the origin to the center of mass. To function well, it

was decided that holes should be distributed in a way that maximized their distamce

each other in all directions (i.e. not just between courses but also within ae)cours

Therefore, the cord length between holes within a course was calculated. Théxatio

DQG WKLV FRUG OHQJIJWK ZDV WKHQ RSWLPLIW& WR HTXDO F
IRXQG WKDW WKH RW@&N LA .INO HeiQulaiMisbRA 36@e angle was

rounded to the nearest value which was — 120°. The location of the holes in the

dispersion plate could then be calculated by Eqn. B1 and B2. Results are summarized in

Table 1. A total of 108 holes were placed.
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TableA.2 Summary of hole placement data

Total radius, I Number of Radial distance o
25.75 _ 6 4.29
(mm): radial stepsn: each step, xmm):
Distance t
Angle of . Cordlength
_ Outerradius _ centerof
Radiaktep |arcarea, Q@ Inner radius o  Area betweenm
of area mass, X
number, n (deg) area(mm) (mm~"2) holes
(mm) (mm)
(Egn. 1) (mm)
(Eqn. 2)
1 120.0 4.29 0.00 38.58 2.37 4.10
2 40.0 8.58 4.29 38.58 6.54 4.47
3 24.0 12.88 8.58 38.58 10.79 4.49
4 17.1 17.17 12.88 38.58 15.07 4.49
5 13.3 21.46 17.17 38.58 19.35 4.49
6 10.9 25.75 21.46 38.58 23.63 4.49

To aid in experimental control, an O-ring seal was placed in the overlapping region
between the top of the dispersion plate and the column wall edge. A groove was designed
into the plate for the O-ring to seat into (Precision Microdrives Limited, 2018ptAvas
also cut into the top of the plate for a standard screwdriver for ease of irstadiad
removal. A larger diameter hole for passage of wiring to the charged mesh used in
geophysical analysis was placed near the outer edge of the plate so as to eferdnce
with the spray nozzle. A groove was run from this hole to the center of the platieifigr w
to allow charge to enter the mesh at its origin. Doing so can simplify geoahgsalysis.

The plate was rendered in SolidWorks (Dassaulté®yss) and-P printed using ABS

plastic.

Derivation of Equation for Area Discretization

The area of a sector of a circle is found by:

#= —
2

ZKHUH $ LV WKH DUHD RI WKH VHFWRU LYWWHKH QH W RU

radius. This equation calculates the area of a sector centered about the origid.the f
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area of a sector some distance away from the center, all thatheeddse is to calculate the
area of the entire sector and subtract out the area of the central portion of thélbexte
depicted in Figure 51 for a quarter of a circle discretized into three sdottis case, the
area of the sector one radigs out from the central sectorz,Aan be found by:

aR
#G—TF#S
: afl _ aR
te = 7|:7

FigureA.53 Example discretization of sector

This equation can be generalized for the area of a sector any number oftepdialus

from the origin to:

- & &7
#a= — F—¢ (A.3)
where A is the area of the sector somfenmumber of radial steps out from the originisr
the radius of the outer edge of tHesector, andt: is the radius of the inner edge of the n

sector.

Now, let us divide the radius of the entire circle into some number of equal lengths, x
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T= = (A4)

where x is the distance between radial steps/sectors, r is the total radeisicflé) and n is

the number of discretized sectors. Substituting Eqn. A4 into A3 for r and simplifgltsyi

AT

#5= 2

#5 = (A5)

64?5
Next, in order to separate the circle into equal areas, the sectors must b elisoreet
VPDOOHU DUHDV E\ GHFUHDVLQJ WKH VHRWRABQD QJOH

U (64?p

#é: 6

(A.6)

If we solve Eqgn. A6 for the first step/sector from the origin, the central séu®reduces to:

Hy= — (A7)

Since all areas are to be equal, we can setAjequalto Egn.A DQG VR®YH IRU

%= Fazs (A8)

Z K H WHs the sector angle of the first step from the origin, and n is the number of radial

steps out from the origin. As stated above, Eqn. B8 assumes that the radius is divided into n

number of equal lengths and that the circle is discretized into equal, sectors are.
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APPENDIX B
SHORT COLUMN RESISTIVITY SEQUENCE

Provided below is the column resistivity sequence used in this #sedescribed in
Chapter 2, section 2.4.1(EigureB.1). It was also used to determine geometric factors and
collect data. The sequence was repeated 11 times for the geometric factor measwuaathents,
repeated continuously throughout the experiments. The first segment of the sédgience
contains the Cartemn coordinates for all 18 electrodes. The second segment contains the 4

guadripoles being measured in the resistivity survey.

X Y V4
0.025908 00
0.025908 0.244 0
0.051816 0.0825 0
0.03750.0825 0
0.0125 0.0825 0

0 0.08250
0.051816 0.1625 0
0.03750.16250
0.025908 0.16150
0.025908 0.1635 0
0.01250.1625 0

0 0.16250
0.051816 0.22 0
14 0.03750.220

15 0.025908 0.219 0
16 0.025908 0.221 0
17 0.01250.22 0

© 0O ~NO U WNPF H

[l S S T
wWwN Rk O

18 0 022 O

# A B M N
1 1 2 9 10
2 1 2 15 16
3 7 12 8 11

13 18 14 17
FigureB.1 Short column resistivity sequence file
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APPENDIX C
MONSTER COLUMN (1.245m) PACKING PROCEDURE

Although the experiments are not included in this thesis wptdracerexperiments
were alsgerformed in a long, 1.245-m column with 5 equally spaced sampling ports. The
experiments were published in Sherman et al. (20A@)icting concentration histories from
upstream data in column experime(t#ps://doi.org/10.1029/2018WR023420 which |
was a ceauthor. The monster column packing procedure follows the same steps outlined in

the short column packing manual. All sampling ports must be primed (filled with \aatbr)
closed off withzipties prior to starting the addition of saturated material to the column. Once
packing is completed, it is cruciad tap the top endcap for a long enough duration (~10
minutes) to allow all of the air in the top cap to escape. Aftecahgpletion of tle steps in

the column packing manual, simultaneously close the valve underneath the bottom cap to not
allow any water to flow out of the bottom of the column and turn the pump off. Next, close
the valve at the top of the colunfPrior to starting a tracexxperiment, the monster column
must be flipped upside-down, so that the bottom cap is now the top cap and vice versa.
Flipping the column allows for a more even packing configuration, which as a résuk al

for the average linear velocities to becomearmmonsistent throughout the column.

Reconnect the pump tubing, turn on the pump and open the bottom valve simultaneously.
Then quickly, open the top valve. If the top valve is not opened quickly enough, assuming
there is minimal to no air in the cohin cap, the pressure can build quickly enough that leaks

may OCcCur.
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APPENDIX D
3D TANK EXPERIMENT PREPARATION

A map view portion of the tank is provided (FigDrg&). The full thickness of #70
Accusand in the tank is ~35-36 cm.

(A) (B)

(©)

FigureD.1 (A) Map view diagram of 3-D tank set-up and components. (B) Cross-section of
electrode configuration in the subsurface. (C) 3D view of all tank components.
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To fill the tank with fluid without creating trapped air, there are two main options.
Option X remove all of the Accusand, fill the tank with degassed solution and then repack the
Accusandn 1 cm tall intervals using the same stirring and tapping technique as previously
outlined in the column packing secti@gdption 2:Fill each of the seven buandseven
downgradient tank reservoirs with solution slowly over a couple days enough tele abl
hydraulically connect them to the up- and dogvadient constant head devices (labeled 2
and 3 in the figure) using siphons. In order to connect the constant head devices to the tank
reservoirs, a siphon for each tank reservoir must be connected to the constant heag device b
removing all of the air from it using a syringe (Figue$, D.2, andD.3). Once
hydraulically connected, connect the constant head device to the storage reserfibther
remainder of the tank, raise both constant headcds and 3 by 1 cm evedqy to the
desired heads. This will allow any entrapped air to be pushed vertically out o$tie sy
secondary constant head device (labeled 1, above) and a dual-valve controlledegdvity f
has been added to the upgrad&de of the tank in order to increase the efficiency of the
flow-back system due to a lackftdw-rate control on the submersible pump. An overflow
section was added to increase the efficiency of the system by collectinipwwerbe
poured back into the storage reservoir. Stagnant solution must not be left in the tank for long
periods of time (>~1 month) as organic matter in the tank lining will breakdown asudveis
and promote bacterial growth in the tank. If bacterial/microbial growth is olusirviee
sediment in the tank, flush the tank with diluted bleach by adding approximately ~260 mL of
6% sodium hypochlorite to a full (~1000 L), degassed influent reservoir and mixing
thoroughly. It is assumed that after 72 hours of filling the degassing resénadithe
solution is degassed. The influent and degassing reservoirs alternate aseaerlhg that as
the influent reservoir drains (feeding the tank), the degassing reseridieeoime the
influent reservoir once the influent reservoir is empty. The old influent resexwair
becomes the new degassing reservoir and is filled with 1000 L solution. The backfiogv dr
are moved accordingly and the influent reservoir is always feeding thtbedghmicron
sediment, carbon filters and the ultraviolet (UV) treatment prior to goinghattahk. The
capacity of the UV treatment is 3 gallons per minute (Figug9.
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FigureD.2 A) Upgradient hydraulic setp for tank B) Pictures from lab for system in A)
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FigureD.3 A) Downgradient hydraulic diagram for 3@nk B) Pictures from lab for system in A)
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To inject tracer solution, a similar constdrgad device saip is used to ensure
constant injection rates into 3 upgradient wells via 2 peristaltic pumps (FguresndD.4).
A submersible pump feeds constant head device 4 with backflow drains into the tracer
solution reservoir via three separate lines dispersed on at the top of the resemamiyo e
mix the solution. Three different feeds to two peristaltic pumps pump tracepeahub
three upgradient wells. In order to create a truly Blume, rubber stoppers were driven

down into the injection wells at a depth of approximately 28 cm above the base of the tank.

FigureD.4 A) Tracer injection hydraulic diagramrf8D-tank B) Pictures from lab for
systemin A)

During two preliminary experiments where tracer solution was injected inte 3 up
gradient wells, the injected plume immediately sank to the bottom of the tank ankgdravel
along the tank base, yielding observations unusable for analysis. This was af nedaler
stopper- “packers” failing in addition to the wells being completely open, not padtted w
sediment, where densityriven flow was allowed to propagate.
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APPENDIX E
3-D TANK EXPERIMENT RESISTIVITY SEQUENCE

The resistivity sequence for the tank is included in the structured text bhelaawbe
directly copied and pasted into a text file and imported into ProSys for IR&IS3ro
measurement collectiott.was repeated continuously throughout the duration of
experiments. The first segment outlines the Cartesian coordinate locatiah ofusabered
electrode 192. The second segment contains the resistivity survey sequence. The sequence
contains 4 different surface arrays running dipole-dipole sequences, and 12 nested

guadripoles as similarly sep in the columns.

# X Y Z

1 0.2286 1.2192 35
2 0.4826 1.2192 35
3 0.8382 1.2192 35
4 0.9906 1.2192 35
5 1.2446 1.2192 35
6 1.4859 1.2192 35
7 1.8288 1.2192 35
8 2.0193 1.2192 35
9 2.2606 1.2192 35
10 2.4955 1.2192 35
11 2.7178 1.2192 35
12 2.921 1.2192 35
13 3.2131 1.2192 35
14 3.49885 1.2192 35
15 3.7211 1.2192 35
16 3.9624 1.2192 35
17 2.0955 0.2413 35
18 2.0955 0.508 35
19 2.0955 0.7493 35
20 2.09551.016 35
21 2.0955 1.2573 35
22 2.0955 1.5367 35
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55

2.09551.7272 35
2.0955 2.00025 35
2.0955 2.22885 35
0.5207 1.2827 20
0.5207 1.2573 20
0.5207 1.2319 20
0.5207 1.2065 20
0.5207 1.2827 10
0.5207 1.2573 10
0.5207 1.2319 10
0.5207 1.2065 10
1.4097 1.2827 20
1.4097 1.2573 20
1.4097 1.2319 20
1.4097 1.2065 20
1.4097 1.2827 10
1.4097 1.2573 10
1.4097 1.2319 10
1.4097 1.2065 10
2.4384 1.6637 20
2.4384 1.6383 20
2.4384 1.6129 20
2.4384 1.5875 20
2.4384 1.6637 10
2.4384 1.6383 10
2.4384 1.6129 10
2.4384 1.5875 10
2.4384 1.2827 20
2.4384 1.2573 20
2.4384 1.2319 20
2.4384 1.2065 20
2.4384 1.2827 10
2.4384 1.2573 10
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56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

2.4384 1.2319 10
2.4384 1.2065 10
2.4384 0.8509 20
2.4384 0.8255 20
2.4384 0.8001 20
2.4384 0.7747 20
2.4384 0.8509 10
2.4384 0.8255 10
2.4384 0.8001 10
2.4384 0.7747 10
3.4163 1.2827 20
3.4163 1.2573 20
3.4163 1.2319 20
3.4163 1.2065 20
3.4163 1.2827 10
3.4163 1.2573 10
3.4163 1.2319 10
3.4163 1.2065 10
3.2004 0.20955 35
3.2004 0.41275 35
3.2004 0.8255 35
3.2004 1.02235 35
3.2004 1.2319 35
3.2004 1.42875 35
3.2004 1.63195 35
3.2004 2.0574 35
3.2004 2.25425 35
0.6477 0.2286 35
0.6477 0.4318 35
0.6477 0.635 35
0.6477 0.8509 35
0.6477 1.04775 35
0.6477 1.4351 35
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0.6477 1.6256 35
0.6477 1.8288 35
0.6477 2.0193 35

89
90
91

0.6477 2.21615 35

92

11

12
13
14
15
16

10
11

12
13
14

10
11

12
13
14
15
16
17
18
19
20
21

10
12
13
14
15
16

10
11
12
13
14

22
23

24
25

26
27

10

28
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11
13
14
15
16

10
11
12
13
14

29
30

31

32

33

34
35
36
37
38
39
40
41

10
11
12
14
15
16

10
11
12
13
14

42

43
44
45

10
11
12
13
15
16

10
11
12
13
14

46

a7

48
49

50
51

10
11
12
13
14
16
10
11
12
13

52
53

10
11
12
13
14

54
55
56
57
58
59
60
61

10
11
12
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14
15
11
12
13
14
15
16
12
13
14
15
16
13
14
15
16
14
15
16
15
16
16
28
32
86
87

13
14
10
11
12
13
14
15
11
12
13
14
15

62
63

64
65
66
67
68
69
70
71

10
10
10
10
10
11
11
11
11
12
12
12
13
13
14
29
33
84
84
84
84
84
84
85
85

72
73

74
75
76
77
78
79
80
81

12
13
14
15
13
14
15
14
15
15
27

10
10
10
10
11
11
11
12
12
13
26
30
83
83
83
83
83
83
84
84

82
83

84
85
86
87
88
89
90
91

31

85
86
87

88
89
90
91

88
89
90
86
87

92

87

93

88

94
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95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

84
84
84
84
85
85
85
85
85
86
86
86
86
87
87
87
88
88
89
34
38
17
17
17
17
17
17
18
18
18
18
18
19

85
85
85
85
86
86
86
86
86
87
87
87
87
88
88
88
89
89
90
37
41
18
18
18
18
18
18
19
19
19
19
19
20

88
89
90
91
87
88
89
90
91
88
89
90
91
89
90
91
90
91
91
35
39
19
20
21
22
23
24
20
21
22
23
24
21

89
90
91
92
88
89
90
91
92
89
90
91
92
90
91
92
91
92
92
36
40
20
21
22
23
24
25
21
22
23
24
25
22
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128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160

19
19
19
20
20
20
21
21
22
42
46
50
54
58
62
74
74
74
74
74
74
75
75
75
75
75
76
76
76
76
77
77
77

20
20
20
21
21
21
22
22
23
45
49
53
57
61
65
75
75
75
75
75
75
76
76
76
76
76
77
77
77
77
78
78
78

22
23
24
22
23
24
23
24
24
43
47
51
55
59
63
76
77
78
79
80
81
77
78
79
80
81
78
79
80
81
79
80
81

23
24
25
23
24
25
24
25
25
44
48
52
56
60
64
77
78
79
80
81
82
78
79
80
81
82
79
80
81
82
80
81
82
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161 78
162 78
163 79
164 66

165 70

79
79
80
69
73

80
81
81
67
71

81
82
82
68
72
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APPENDIX F
STAMMT-L MODELING

STAMMT-L is a useful modeling tool developed by Roy Haggerty at Oregon State in
20009. It can perform forward and inverse modeling. It is an executable that can fmrun f
command line or by double clicking the executable file. There is awviten, highly
detailed manual that comes along with downloading the software and it is recomnietded t
the user reads through the manual prior to starting any modeling. The documnemiihti
detail the forward and inverse modeling steps well; the following isdiecl as an extra
resource if needed. It is noted that the user must track units either through cemonkesp
them in standard base units of meters and seconds. If units are not consistent, BFLAMM

will still likely run, but the output results will b@accurate.

With forward modeling in STAMMTL it is recommended that you start with one of
the example files that most represents your system and then modify the ipoeiess
accordingly. Most input parameters regarding the numerical simulation iMSTTAL will
not need to be changed. The physical input parameters needed for your system:

1. Capacity coefficient
Average linear velocity
Longitudinal dispersivity
System length
Observation length
Concentration (magnitude or normalized) and injection duration

Pulse or stepped injection

© N o g s~ w D

Mass transfer type and respective components

9. Reactions / Species / Daughter products if applicable
The physics file which defines system parameters for one of my column egpexiis
shown (Figurd-.1).
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FigureF.1 STAMMT-L physics file

The chemistry file corresponding to the physics file in Figuieis where species tracer
concentrations and reactions are included (Fi§zg

FigureF.2 STAMMT-L chemistry file

All of the necessary files to run STAMMT in forward mode must be in the same folder
(FigureF.3)
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FigureF.3 Folder seup of all files required to run STAMMT-L in forward mode

The following segment will outline how run STAMMI in inverse mode to optimize
for transport parameterall of the necessary files to run STAMML in inverse mode must

be in the same folder (FiguFe4).

FigureF.4 Folder seup of all files required to run STAMMT-L in inverse mode
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The format of the unit 24 input file is shown below (Fighr®). It includes
normalized fluid electrical conductivity measurements and the correspondaygeator.
The fluid electrical conductivity was normalizedarder to work around any discrepancies
between the input fluid electrical conductivity and the calculated condgentmput to
STAMMT-L. The xx corresponds to the observation distance from source, 163 is the number

of rows of data.

XX=
Time
163

25.87576
69.87576
73.87576
79.87576
84.87576
85.87576
88.87576
92.87576
96.87576
100.8758
103.8758
107.8758
111.8758
116.8758
120.8758
126.8758
129.8758
132.8758
135.8758

0.163
Meas

0

0.00114
0.002422
0.006839
0.015102
0.019091
0.028352
0.044308
0.065109
0.084627
0.110415
0.142613
0.175524
0.214418
0.256447
0.323265
0.353184
0.380254
0.417296

FigureF.5 Format of Unit 24 input file for STAMMT-L Inverse Mod€&ime is in
minutes. The measured fluid conductivity is normalized to injection fluid
conductivity.

The format of the Unit 29 parameter optimization file is provided (Figu@k par()
corresponds to the mass transfer type requirements. Singlerstterder mass transfer will
only require 1 parameter, par(1). Other mrdtie mass transfer types will require additional
inputs such as the mean and standard deviation of the mass transfer rate distribadon par(
par(2). With this file, a non-zero number corresponds to optimizing that parameto A
parameter corresponds to holding the input parameter constant. In this exampleacitg ca
coefficient (btot), and the single rate, fimtder mass transfer rate are being optimized while

all other nput parameters are being held constant.
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000
000

000
000

VX
btot
Rm
Rim
alphalL
dilute
lam_m
lam_im
yield_m
yield_im
par(1)
par(2)
FigureF.6 Format of the Unit 29 parameter estimation file for STAMMTInverse
Mode
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APPENDIX G
ARDUINO DATA LOGGERSETUPAND IMPLMENETATION

The Arduino data logger set-up used in the tank experiments in this thesis was
developed by Ben Hoogenboom and | in Fall 2017 and Spring 2018. Ben’s senior design
report goes into more detail about the background of the design of this set-up, which is
attached at the end of this appendix section. A diagram of the Arduinp seth all three
measurement stationspsovided (Figurés.1). Each measurement station has the
corresponding sensors feeding to three different wells. The final code developed s
designed to cycle through each measurement station separately and thenthegfiind
electrical condativity (uS/cm), temperature (Celsius), and pH ([H+]) is attached in tkte ne

section.

FigureG.1 Arduino setdp with Atlas Scientific sensors in 3@ank.
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The code that Ben developed to run the Arduino and store each measurement,
including EC, pH, and temperature at wells #14, #20, and #36 to a data file is included below,
and directly used in the tankhe code can be directly copied and pasted into a new text file
and saved as an Arduino compatible script and the compiled and run.

/[ EC/ PH/TEMP COMBO PROBE PROJECT

/I By Ben Hoogenboom

/l To send a command to a port, open the serial monitor, and the number of the port followed
by a colon and the command (if any) that you want to send. If no command is séht, it w
open that port.

/[ Example: "11:Status" (without quotes) will return the status of port 11.

/I NOTE: AUTO-MODE MUST BE OFF TO SEND MANUAL COMMANDS!

/I Refer to Atlas Sci datasheets for commmands. Ports are as follows:

/l'1: Set1, EC

/['5: Set 1, Temp

I/ 3: Set 1, PH

//11:Set 2, EC

/[ 15: Set 2, Temp

// 13: Set 2, PH

/117: Set 3, EC

Il 12: Set 3, Temp

/1 16: Set 3, PH

/lIn general, ports on the SPE are linked with the following channels. (Ignotentbss
rewiring instrument)

/I 1: goes to P1

/Il 2: goes to P5

/I 3: goedo P3

Il 4. goes to P7

/I'5: goes to P2

/Il 6: goes to P6

I 7: goes to P4

I/l 8: goes to P8
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[ m e s //

1 -1l

boolean arduino_only false; /I SET AUT®IODE --//
boolean log_data = false; /I SET LOGGING MGDE
intaf] ={1, 5, 3, 11, 15, 13, 17, 12, 16}; // SET ACTIVE POR¥$
int delay_var = 150000; /I downsampke rat/

Jfmm e s 1/

[ m e s //

T |

/[Be sure to include the Altsofbrary under Sketch>Include Library-> ZIP Library

/[The library file can be downloaded here:
http://www.pjrc.com/teensy/td_libs_AltSoftSerial.html

#include <AltSoftSerial.h>

AltSoftSerial altSerial,

I/l declare and initialize

byte computer_bytes reced/e 0; //How many characters bytes have been received to
computer

byte sensor_bytes _received =0;  //How many characters bytes have been received by

computer

char ecdata[30]; //INeed a char array for EC to parse
char computerdata[20]; //[Hold incoming data from pc
char sensordata[30]; //[Hold incoming data from the sensors
char *channel; //Char pointer used in string parsing
char *cmd, /[Char pointer usestring parsing

char *EC; /IChar pointer used in string parsing
char *TDS; //Char pointer used in string parsing
char *SAL, //Char pointer used in string parsing
char *GRAV; //Char pointer used in string parsing
char *PHp; /[Char pointer for PH

char *TEp; //Char pointer for temp

String PH; /[PH string to print

String TE; /[Temp string to print

intsl=5; //Arduino pin 5 to control pin S1 on SPE
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int s2 = 6; //Arduino pin 6 to control pin S2 on SPE

ints3 =7, //Arduino pin 7 to control pin S3 on SPE

int enable_1 =10; /[Enable SPE 1 port number on Arduino

int enable_2 = 4; /[Enable SPE 2 port number on Arduino

int port = 0; /lwhat port to open

int temport = 0; /1 guess | needed this.

int portnum = 0; /[Port identifier to loop through sensors

int count = 0; //Counter to know when all 9 measurements have been taken
boolean ecdone = false; /[Says that an EC reading has not been taken
boolean phdone = false; //Says that a PH reading has not been taken
boolean tempdone = false; //Says that a temp reading has not been taken
int sensorset = 0; //Semnset counter

int awakeset = 0; //Which sensor set is awake?

boolean setlawake = false; /lIs this sensor set awake

boolean set2awake = false; /lls this sensor set awake

boolean set3awake = false; thhis sensor set awake

/l end declare and initialize

void setup() {
pinMode(sl1, OUTPUT); //Set the digital pin as output
pinMode(s2, OUTPUT); //Set the digital pin as output
pinMode(s3, OUTPUT); //Set the digjpan as output

pinMode(enable_1, OUTPUT); //Set SPE 1 enable pin as output
pinMode(enable 2, OUTPUT); //Set SPE 2 enable pin as output

Serial.begin(9600); //Set the hardware serial port to 9600

altSerial.begin(9600); //Set the soft serial port to 9600

SleepAll(); /[Start with everything asleep

if (log_data == true) { /If we are logging the data...
delay(10000); //delay 10s to give time to open gobetwino

Serial.print("#S|LOGGER|[");

Serial.print(t");

Serial.print("Set:"); /Ilwrite header on text file
Serial.print(t");

Serial.print("EC:");

Serial.print(t");
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Serial.print("PH:");
Serial.print(t");
Serial.print("TDS:");
Serial.print(t");
Serial.print("SAL:");
Serial.print(t");
Serial.print("GRAV:");
Serial.print(t");
Serial.print("Temp:");
Serial.printin("]#");
}
}

void serialEvent() { /Itrigger when the data coming from the serial
monitor is received
computer_bytes_received = Serial.readBytesUntil(13, computerdat#R€3d the data
sent from the serial monitor until we see a <CR>.
computerdata[computer_bytes received] = 0; /Add a 0 to end of array. Prevents

transmitting incorrect data that may have been left in the buffer

}
void loop() {
if (arduino_only == true) {
count = 0;
for (intp:a){ Lé&op through all available ports
port = p;
if (port ==1 || port == 3 || port == 5) { /ISet which sensor set we are using

depending on active port

sensorset = 1;

}

else if (port == 11 || port == 15 || port == 13) {
sensorset = 2;

}

else if (port == 17 || port == 12 || port == 16) {
sensorset = 3;

}
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temport = port; I/ port is redefined when waking ports.

if (awakeset == sensorset) { /lif the sensor set we need is awake, do nothing.
}
else {
wake_set(sensorset); /I otherwise, wake it up!
}
delay(500);
port = émport; /[BAD!
open_channel(); /lopen correct port
delay(500);
altSerial.print("Rr"); //Send the command to take a reading
delay(2500);
compugr_bytes_received = 0; /IReset computer_bytes_received
take_reading(); /I take reading function

count = count + 1;
delay(100);
if (log_data == true && ecdone= true && phdone == true && tempdone == true) { // if

we want to log data and pH and EC and temp measurements have been taken,

write_data(); Il write data to file using Gobetwino
}
if (count == 9) { I/ if all 9 measurements have been taken,
delay(delay_var); // wait 15 seconds.--< CHANGE
DOWNSAMPLE RATE HERE!
count = 0;
}
}
}
else { /[ in manual mode
if (computer_bytes received = 0) { /l'if command sent from serial monitor
channel = strtok(computerdata, ":"); /Iparse the string at each colon
port = atoi(channel); /[Convert the ASCII char value of the port to be

opened into an int
cmd = strtok(NULL, ":"); /Iparse the string at each colon

if (port ==1 || port == 3 || port == 5) {
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sensorset = 1;

}

else if (port == 11 || port == 15 || port == 13) {
sensorset = 2;

}

else if (port == 17 || port == 12 || port == 16) {
sensorset = 3;

}

/I port might be redifined...

temport = port;

if (awakeset == sensorset) {

}

else {
wake_set(sensorset);

}

port = temport;

open_channel(); /lopen correct port
if (cmd!=0) { /[If a command has been sent
altSerial.print(cmd); //Send the command from the computer to the device

using the softserial port

altSerial.print(\r"); /Isend carriage return <CR>
cmd = 0;
}
computer_bytes received = 0; /IReset computer_bytes received

if (log_data == true && ecdone == true && phdone == true && tempdone == true)f{// i

we want to log data and pH an@€ End temp measurements have been taken,

write_data(); /Il write data to file using Gobetwino
}
}
take_reading(); /I take reading function
}
}
void open_channel() { /[This function controls what UART port is opened.
if (port > 10) { /[Ports on SPE 2 are increased by 10 to differentiate.
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port = port - 10;

}

portnum = port;

if (port <1 || port > 8)port =;1 /1f the value of the port is within range8(lthen
open that port. If it's not in range set it port 1

port -=1; //So, this device knows its ports as 0-1 but we have them
labeled 18 by subtracting one from the port to be opened we correct for this.

digitalWrite(s1, bitRead(port, 0)); //Sets a pin to 1/0 (high or low)

digitalWrite(s2, bitRead(port, 1)); //bitRead command tells us what the bit value is
for a specific bit loation of a number

digitalWrite(s3, bitRead(port, 2));

delay(50); //IMake sure the channel switching event has completed
return; //lgo back

}

void clear_reading() /] read data from sensor, and clear it. This is used to

ignore Sleep and Wake response codes.
if (altSerial.available() > 0) { //If data has been transmitted from device
sensor_bytes_receivedaitSerial.readBytesUntil(13, sensordata, 30); //we read the data
sent until we see a <CR>. We also count how many character have been received
sensordata[0] = 0;

}

}
void take_reading() {

if (altSerial.available() > 0) { //If data has been transmitted from device
sensor_bytes_received = altSerial.readBytesUntil(13, sensordata, 80gdtthe data
sent until we see a <CR>. We also count how many character have been received
sensordata[sensor tbg received] = 0; /lwe add a 0 just after the last character we
received. This will stop us from transmitting incorrect data that may have beentheft in
buffer
if (portnum == 1 || portnum ==7) { // if channel open is from an EC port,
if (log_data == false) { /I if not logging, write this to the Serial monitor.
Serial.print("Set: ");
Serial.printin(sensorset);

Serial.printin("EC:");
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Serial.printin();

}
print. EC_data(); // function to parse and print EC data.
ecdone = true; Il ec is done. great.
}
else if (porthum == 3 || portnum == 6) { // if channel open if from pH port,
PHp = sensordata,; //chaaypointer
PH = String(PHp); /[ char array to string
if (log_data == false) { /'if not logging, write this to the Serial monitor.

Serial.print(" Set: ");
Serial.printin(sensorset);
Serial.printin();
Serial.printin("PH:");
Serial.printin(PH);
Serial.printin();

}

phdone = true;
}
else if (porthum == 2 || portnum == 5) { // if channel open if from temp port,
TEp = sensordata;
TE = String(TEp);
if (log_data == false) { /I if not logging, write this to the Serial monitor.
Serial.print(" Set: ");
Serial.printin(sensorset);
Serial.printin();
Serial.printin("Temp:");
Serial.printin(TE);
Serial.printin();
}

tempdone = true;

}

else /I otherwise just print this. this should never run.

Serial.printin("Neither EC nor pH nor temp. Somethingtwaong.");
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}
void print_ EC_data() {

memcpy(ecdata, sensordata, 30);

EC = strtok(ecdata, ",");
TDS = strtok(NULL, ",");
SAL = strtok(NULL, ",");
GRAV = strtok(NULL, ",");
if (log_data == false) {
Serial.print("EC:");
Serial.printin(EC);
Serial.print("TDS:");
Serial.printin(TDS);
Serial.print'SAL:");
Serial.printin(SAL);
Serial.print("GRAV:");
Serial.printin(GRAV);
Serial.printin();

}
}

void write_data() {

the past loop to a text file
Serial.print("#S|LOGGER|[");
Serial.print(t");
Serial.print(sensorset);
Serial.print(t");
Serial.print(EC);
Serial.print(t");
Serial.print(PH);
Serial.print(t");
Serial.print(TDS);
Serial.print(t");
Serial.print(SAL);
Serial.print(t");
Serial.print(GRAV);

/lthis function will parse the EC data string
//copy to ecdata array to parse
/[Parse the array at each comma

/[Print parsed values.

/I this function writes EC and PH and temp data from
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Serial.print(t");
Serial.print(TE);
Serial.printin("]#");
PH="" /lreset all readings to be zero, in case of a failed reading from sensor.
EC =0;
TDS =0;
SAL =0;
GRAV = 0;
TE=""
phdone = false;
ecdone = false;
tempdone = false;
}
void SleepAll() {

/l make sure everything is awake

for (intn:a){ /I loop through each element of port array
port = n;
if (port ==1 || port == 3 || port == 5) {
digitalWrite(enable_1, LOW); /I enable SPE 1
digitalWrite(enable_2, HIGH);
open_channel(); /I open channel
altSerial.print(\r"); /I send a command to wake
delay(100);
clear_reading(); Il clear response code.
}

else if (prt == 11 || port == 13 || port == 15 || port == 17 || port == 12 || port == 16) {
//set correct sensor sets
digitalWrite(enable_1, HIGH); /[ enable SPE 2
digitalWrite(enable_2, LOW);
open_channel();
altSerial.print(\r");
delay(100);

clear_reading();

}
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}

Il put everything to sleep
for (intn:a){ /I loop through each element of port array
port = n;
if (port ==1 || port == 3 || port ==5) {

digitalWrite(enable_1, LOW); I/l enable SPE 1
digitalWrite(enable_2, HIGH);

open_channel();

altSerial.print("Sleep"); /I send command to sleep
delay(100);
clear_reading(); Il clear response code

}

else if (port == 11 || port == 13 || port == 15 || port == 17 || port == 12 || port == 16) {
//set correct sensor sets

digitalWrite(enable_1, HIGH);

digitalWrite(enable_2, LOW); /[ enable SPE 2
open_channel();
altSerial.print("Sleep"); /I send command to sleep
delay(100);
clear_reading(); Il clear mesge code
}
}

}

void wake_set(int s) { /l function to wake a certain set

/I pass set number to wake, enable expander, wake all, mark set awake
if (s==1){

if (set2awake == true) {

/I we're waking set 1.

/l'if set 2 is awake, put it to sleep
sleep_set(2);

set2awake = false;

}

clear_reading();
delay(2);

if (set3awake == true) { I if set 3 is awake, put it to sleep
sleep_set(3);

145



set3awake = false;
}
digitalWrite(enable_1, LOW);,
digitalWrite(enable_2, HIGH);
delay(2);
for (inti=0;i<3;i++){ Il loop through ports, send command to wake, wait, clear
response code
port =a[i;
open_channel();
delay(20);
altSerial.print("/r");
delay(500);

clear_reading();

}

awakeset = 1; /I set active awake set

setlawake = true; /l set 1 is now awake

}

elseif (s==2){
if (setlawake == true) {
sleep_set(1);
setlawake = false;
}
delay(2);
if (set3awake == true) {
sleep_set(3);
set3awake = false;
}
delay(2);
digitalWrite(enable_1, HIGH);
digitalWrite(enable_2, LOW);,
delay(2);
for (inti=3;i<6;i++) {

port = ali];
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open_channel();
delay(20);
altSerial.print(\r");
delay(500);
clear_reading();

}

awakeset = 2;

set2awake = true;

}
else {

if (set2awake == true) {
sleep_set(2);
set2awake = false;

}

delay(2);

if (setlawake == true) {
sleep_set(1);
setlawake = false;

}

delay(2);

digitalWrite(enable_1, HIGH);

digitalWrite(enable_2, LOW);

delay(2);

for(inti=6;1<9;i++) {
port = ali];
open_channel();
delay(20);
altSerial.print(\r");
delay(500);
clear_reading();

}

awakeset = 3;

set3awake = true;

}
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void sleepset(int s) { // funciton to put a set to sleep
/I pass set number to sleep, enable expander, sleep all
delay(30);
if(s==1){ Il sleeping set 1

digitalWrite(enable1, LOW);
digitalWrite(enable_2, HIGH);

delay(5);

for (inti=0;i<3;i++) {
port = a[i];
open_channel();
clear_reading();
delay(500);
altSerial.print("Sleey");
delay(200);
clear_reading();

}

}

else if (s == 2) { Il sleeping set 2
digitalWrite(enable_1, HIGH);
digitalWrite(enable_2, LOW);
delay(2);
for (inti=3;i<6;i++){

port = al[i];
open_channel();
clear_readig();
delay(500);
altSerial.print("Sleep");
delay(200);

clear_reading();
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else { Il sleeping set 3

digitalWrite(enable_1, HIGH);

digitalWrite(enable_2I.OW);,

delay(2);

for(inti=6;i1<9;i++) {
port = al[i];
open_channel();
clear_reading();
delay(500);
altSerial.print("Sleey");
delay(200);

clear_reading();

The next section includes Ben Hoogenboom’s senior design ré&pesigh of Low
Cost Macro and Micrécale Fluid Conductivity Loggerstyhich includes the background
and design of the Arduino measurement stations with Atlas Scientific sensarslefdded
is a potential design for aectrical conductivity micrdlow through sensor for future
research pursuits. This may serve as a more desirable and viable routeeasSAimftific
has ceased manufacturing their mifiaw through electrical conductivity cells used in the

column experiments here, and alternatives may not be financially reasonable.
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Abstract

The development of fluid flow models enables accurate predictions of
contaminant distribution dtuid production. Fluid property time series are used as a
proxy for mass transport in a laboratory setting to develop and test fluid fholelsn
Currently, commercial products that measure fluid properties, eleaanductivity
and pH, are unreasonably expensive or unobtainable. Two alternative instruments were
developed to continuously monitor fluid properties to develop and test 1D and 3D mass

transport models in quartz sand.

The first instrument measuressitu fluid conductivity and pH in a large sand
tank. It is to be used in environments where the sensors can be completely submerged in
the fluid. It is produced from commercial probes and circuits, and offers signiéiost
savings for researchers. This magmdume instrument is to be installén a largescale
sand reservoir simulation tank to develop and test a 3D mass transport model.

The second instrument measures fluid conductivity using a sample volume of just
10uL. An innovative four-coil induction method yields accurate conductivity
meaurements without disturbing flow in &b sand column. Once produced and
installed, this micrevolume instrument will facilitate the development and testing of a

1D mass transport model.
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Introduction

Objective

The overall objective of this design project is to develop instruments that
continuously monitor fluid properties (conductivity and pH, specifically) to be used in
fluid flow research. Differences in measurement scale require the implation of two

instrument designs.

The first goal of this project is to develop an accurate@esystem to
continuously measure in-situ fluid electrical conductivity (EC) and pH to be used in a
macroesized experiment about 4®%in size. Furthermore, this includes the modification
of existing sensors and the development of a multi-sensor instrument and logging

program.

The second goal of this project is to design an instrument that continuously
measures fluid conductivity without being completely submerged in the fluid. That is
design a circuit and theory of measurement behind a device that measure€flwd

displacing less tha@0uL of fluid from a2.5in column.

Motivation

The instruments presented here were developed to improve upon commercially
available instruments in terms of cost, ease of use, and reproducibility. Caaimerc
macravolume EC loggers are unnecessarily expensive to scale.-vbtume
conductivity loggers are no longer manufactured. The instruments described herei
meet the needs of researchers at the Colorado School of Mines not met by\aternati

commercial options. Researchers need these instruments to model fluid flow in
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sandstone by using conductivity as a proxy for mass transport, as discussed in the

following section.

Applications

The macro and micrgolume conductivity instruments will be used in research to
develop and test 1D and 3D mass transport models in porous media. In this research, a
conductivity time series is used as a proxy for mass transport through a samdires
Sand reservoirs are targeted in this research to study the extent of wmefiectsity in
sandstone as a result of a recent discovery of the reactivity of quartz[ais
accurate mass transport model has many environmental and industrialteypyslica
including contaminant flow prediction, aquifer monitoring, and fluid production

estimates in sandstone reservoirs (i.e. water, hydrocarbons).

To develop a 1D model of fluid flow, a column of homogeneous sand is saturated
with a standard solution of know conductivity and pH (figure 1). A lithium chemical
tracer is injected at the bottom of the column as fluid is pumped up through the column.
Micro-volume conductivity mesaurements are taken at discrete sampling ports by
displacing less than Q of fluid from the column. These conductivity time series will
yield a breakthrough curve as the lithium tracer reaches the sampling pertcimlamn.
Using the first two conductivity measurements, their corresponding breakthrough
curves, and the known pump rate, a 1D model of mass transport through the column can
be inverted and verified using thd Bieasurement point. The 1D model will be
compared to resistivity measuremetatisen in a fashion similar to a common field

geophysial survey (figure 2).

154



FigureG.1 Laboratory column filled with homogeneous quartz sand and a stand
fluid. Chemical tracer is injected at the bottom and flows up the column using a
pump. Micro-volume conductivity measurements are taken at intervals up the column

to develop and test a 1D mass transport model.

FigureG.2 Smaller column filled with homogeneous sand. Resistivity measurements
similar to those taken in a field geophysics survey are taken at points up tha.colum
These measurements are calibrated so the condudiasgd model can be translated to a

geophysics-based transport model.
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A similar methodology will be used to generate a 3D mass transport model in a
fully saturated homogeneous sand reservoir simulation tank (figure 3). The ahemic
tracer is injected and a flow is induced in taek. Macrevolume in-situ conductivity
and pH measurements are taken continuously at multiple locations in the tank to
monitor the flow of the tracer in the system. This will give a breakthrough curve
indicating the time at which the tracer reaches aelbcation in the tank. A 3D model
can be generated and tested against geophysical resistivity measurekeents ta
simultaneously to evaluate the accuracy of a geophysical field study [1].

FigureG.3 Large tank filled with homogeneous quartz sand used to develop a 3D mass
transport model. The sand is saturated with known solution and a chemical tracer
pumped through the tank. Macro-volume conductivity and pH time series are collected
to develop and test a 3D model of mass transport through sandstone. Resistivity
measurements are taken simultaneously in a fashion resembling a fighygiesp

survey to calibrate the mass transport model.

Background

Fluid Conductivity

Fluid conductivity is the materiakpperty of how easily a fluid permits the flow
of electric charge. In a conductive fluid, the flow of electric charge is edlbg an
electric field applied to the fluid. The means by which this electric field is apypdiees

for the two instruments psented here; the maewlume conductivity instrument
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utilizes a contact conductivity measurement while the mrotame instrument utilizes

an induction conductivity measurement.

Figure 4 shows a contact conductivity measurement scheme consisting tfdinades

completely submerged in a solution and connected to a potential source.

FigureG .4 Contact conductivity measurement theory used in the macro-volume
conductivity sensor. Conductivity of fluid is linearly related to the curreniegassm
the submerged electrodes. From: [2]

The potential applied between the electrodes is alternategith@olarizing the
electrodes or dissociating the fluid. The electrodes are a conductive mataraly
metal or graphite, and are either point or plate sources. A potential diffeseaqmaied
between the electrodes, creating a unidirectional edthd from the positive to the
negative electrode. In electrolytic solutions, like water, this eleatiat forces unbound
positive and negative ions to move through the solution according to the electric field
equation (equation 1), wheFe- the foice on the charged particlgjs the charge of the
particle, ancE"is electric field strength and direction applied by the electrodes [3,4].
As free ions move to the negative electrode, a measurable current flows from the
positive to the negative electte. The conductivity of the fluid is equal to the ratio of
the current density J to the applied electric field strength E, accordingnts Qaw
(equation 2) [4]. Therefore, in order to measure the conductivity of the fluid, the applied
potential must b&nown, the resulting current measured, and the dimensions of the

array must be known.

F~=qE~ (G.1)
J~=1(a (G.2)
Induction conductivity is measured using two coils of wire. An alternating

current is applied to the first coil, called the transmitter coil. This alternatingnturr
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results in an alternating electric field. According to Faraday’s law (exqudji an
alternating electric fieldK") results in an alternating magnetic fieBh through the
transmitter coil. This alternating magnetic field creates an electric field &ogaod
Ampere’s law (equation 4), which propagates as an alternating current agdordi
Ohm’s law (equation 2). This alternating current creates an alterridteid in the
proximity of the second coil, called the receiver coil, at which an alterngiigis
created according to Faraday’s law of induction (equation 5. This inducediglatent

the receiver coils is measured.
(G.3)
(G.49)

(G.5)

whereE is the induced EMF (voltage) in the receiver ciils the number of loops, and

Ais the area of the receiver coil.

An established equation from electromagnetic geophysics ttatebe ratio of

the primary (transmitter) to secondary (receiver) voltages is equal to [3]:

(G.6)

whereVsis the induced voltage angis the voltage in the primary coil. In the case of a
laboratory instrumenj, & I, anduy remain constant. Therefore, the ratio of the

secondary to primary voltages becomes:

(G.7)

whereV,is controlled,Vsis measured, andis determined experimentally using control
solutions to measure the conductivitypf an unknown solution.
pH

A pH probe compares the hydrogen ion concentration outside the probe to an

internal reference. The tip of the probe is a glass membrane that allowgérydons to
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diffuse from the solution being measured to the outer layer of the glass @ightahe

tip of a pH probe is a glass membrane. This glass membrane permits hydregen i

from the liquid being measured to defuse into the outer layer of the glass,anipe |

ions remain in the solution. A difference in hydrogen ion concentration inside and
outside the probe creates a small current in reference to a constant NaCl gidutien

5). This current is proportional to the concentration of hydrogen ions in the liquid being

measured.

FigureG.5 PH measurement probe design. From: [5]

FigureG.6 PH measurement concept of acidic vs. neutral vs. basic solutions. From: [5]

Macro-Volume Conductivity and pH Logger

Overview and Objective

The macrevolume fluid conductivity sensor integrates commercial sensors
available from Atlas Scientific [2,5] into an instrument that meets the needs of$se ma
transport research project. It is designed to log semi-continuous measurefhit&ts
and pH fom multiple sensors in lareggeale fluid monitoring environments where the
sensors can be completely submerged in the fluid. This instrument is presented as a
superior alternative to commercially available conductivity sensors inttisdess
expensive, easy to build, and scalable so that up to 8 complete suites (16 probes) of EC
and pH measurements can be collected by a single instrument. The followingssecti

159



will outline the macrevolume instrument operation, components, cost, logging

program, instructions for use, and test results.

Sensor Operation

The macrevolume conductivity sensor utilizes the theories for contact
conductivity and pH discussed in Sections 4.1 and 4.2. This section will elaborate on the

processes specific to the mas@ume condctivity instrument only.

The instrument consists of up to 16 probes connected to a single microcontroller
(see section 5.3). Each sensor is powered, receives commands, and returns a
measurement individually. All measurements used for these instrumesenartve to
an output voltage in reference to a known input voltage. Therefore, the voltages
provided to the sensor must be known absolutely. For this reason, the sensors must be
electrically isolated from unisolated circuit components, otherwise thédeewpower

leakage and inaccurate results [6, p466].

The probes themselves output a voltage signal that is translated by the internal
circuitry to a string of bits that represent the measurement value at that time. Gfsnman
sent to the sensor are encodsdASCII strings of characters followed by a "carriage
return” terminator, which tells the sensor the command has finished (sea §e6ji
Return strings from the sensor are formatted in an identical fashion, consfsting
string of characters follogd by a carriage return terminator [2,5]. All characters are
sent as a series of 0 or 5v voltages representing bits. These bits are impiteGRU

and transfered to a floating point number to be stored by the data logger.

All commands and measurementsst be sent through a single communication
serial port from the microcontroller to the computer. Therefore, the instrunrenhba
listen to a single sensor at one time. Measurement timing is controlled by the I&PU. T
CPU cycles through the sensors and listens to each one individually. The developed
code cycles through the sensors through the use of a serial port expander (see Secti
5.3 and Appendix 9).
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The pH and conductivity sensors require calibration in order to provide accurate
results. Power loss and voltage variations specific to the instrument desgben
accounted for before the instrument gives accurate results. Both sensorsapoiatt
linear calibration method, as shown by figure 7 below. Given the factory calirtie
sensors Wi output a response indicated by the red line. A calibration solution on the
lower end of the measurement range is taken and passed to the sensor (refgyence lo
Then, a calibration solution on the upper end of the measurement range is taken and
passedd the sensor (reference high). The sensor now outputs a calibrated measurement
based on the measured parameter (EC, pH) for every value on a line between the

reference values (ideal response).

FigureG.7 Two-point calibration method. A calibrated measuent (Ideal Response) is
given for every point along a line between the high and low reference values. From
https://learnadafruit.com/as$s/25550

Components and Circuitry

The macrevolume conductivity sensor is built from commercially available
sensors and circuits from Atlas Scientific [2,5]. Figures 8 and 9 describe the mai

components of the instrument, their purpose, and their source.
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FigureG.8 Macro-volume conductivity component circuit. Modified from [2,5]

FigureG.9 Macro-volume conductivity instrument

(1) Computer: A computer to power the instrument, send commands, and log data returned
from the instrument. It must be poweraad run the logging program for the entirety

of the experiment. The computer is connected to the instrument via USB.

(2) Microcontroller: The purpose of the microcontroller is to distribute power, send
command strings to circuit components, and translate maiived from circuit
components to usable information to be sent back to the computer. An Arduino Uno

microcontroller was used [7].
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(3) Serial port expander: The serial port expander (SPE) divides a single caratimumi
line from the microcontroller to muftle communication lines to the individual probes.
One line of communication can be open at a time, so it receives commands from the
microcontroller on which communication port to open through the S1, S2, and S3
connections. It then allows communication to the port through the appropriate Rx and
Tx connections on the right hand side of the SPE. The Atlas Scientific 1:8 serial port
expander was used [8].

(4) In-line voltage isolator: The EC and pH probes are very sensitive to electricaimois
the system. Thefere, the power and data connections must be isolated from other
circuit components. Each probe has its own isolator that sends voltages over a smal
air gap. This isolates the probe circuitry from the rest of the instryrag shown by
the dotted line [2,5].

(5) Atlas scientific circuitry chip: EC and pH probes need specific circuitryteep the
probe, receive commands, process probe measurements, and store calibrasisns. Atl

Scientific provides specialized chips to be used with their companion probks [2,5
(6) BNC Connector: The BNC adapter connects the circuitry to the probe cable [2].

(7) Probe: The probe contains the electrodes and materials that are submergediuh the fl
to measure EC or pH using the theory discussed in sections 4.1 and 4.2. Atlas scientific

probes were used [2,5].

(8) Experiment: The probes are completely submerged in a saturated sand, thowgh only
fluid is shown here.

Cost

Compared to commercially available conductivity loggers, this design is
significantly less expensive. Leend commercialanductivity loggers cost anywhere
from $1,000 to $1900 [9,10]. The proposed conductivity logger costs only $ar
both conductivity and pH measurements (table 1). Cost savings are accentuated if the

instrument is expended to include more sensonsudtsple sensors can be collected
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using the same instrument. Alternative commercial conductivity loggers woulidereq

the purchase of additional instruments to implement more sensors.

The following table outlines the total cost of a single conductivity/pH suite (arieCl
pH probe). The components listed below do not include a computer or calibration
solutions. It does not include cost estimates for shipping, labor, or tax.

Logging Program

The mass transport research project requires that the measurements are atored to
file to be analyzed and inverted at a later time. The instrument itself does aot hav
sufficient memory to do so. A logging program was implemented to be run on the

computer that saves the data to a text file.

This logging program was modified from the frese software program
Gobetwino [11]. The program commands were modified in accordance with the
permissions of the software to accommodate the measurement strings aadee f

microcontroller and the destdeutput text format.

Sensor readings are sent from the microcontroller to the computer via U&B se
communication. The microcontroller sends a series of specific chardzteeddrt the
logging program when to record data. The program then parses the data sirihg int
individual sensor components (pH, EC). It also records the measurement suite number
and records the time at which the readings were received so the location of the
measurements in the tank is known in position and time. Figure 10 simosyample of

the logging program output.
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Component Cost Additional EC / Cost

Arduino Uno [7] $2000 pH Suite
Serial Port Expander [8]  $1500 EC probe $139.00
EC Probe K1.0 [2] $13900 EC Circuit $60.00
EC Circuit Chip [2] $6000 pH probe $75.00
pH Probe K1.0 [5] $7500 pH Circuit $40.00
pH Circuit Chip [5] $4000 In-lin Voltage $52.00
In-line Voltage Isolatox2 [2]  $5200 Isolator x2
BNC Connectox2 [2] $2800 BNC Connector $28.00
Total $42900 X2
Total $394.00

FigureG.10 Logging program text file output. The logging program writes columns of
measurement time, EC/pH suite number (Set), and the measurement values to a

permanent text file on the computer. EC is measured in . Total dissolved solids
(TDS), Salinity (SAL), and specific gravity (GRAV) are functions of &@omatically
calculated by the sensor and not discussed in this paper.

Instructions For Use

A manufacturing protocol and operation manual were developed and provided to
researchers. Once built according to the wiring diagram, the instrument is to be
connected to the computer via USB cable. All programs and code run off a single USB
storage flash drive. First, the Arduino IDE should be opened and the instrument cod
loaded to it (appendix 9). Here, the instrument can be configured in a variety adrdiffer

modes to meet the needs of the user:
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1. Manual measurement mode: This mode is used when the user wishes to manually
communicate with the individual sensors. This mode is used when calibrating the
probes or when a single measurement wishes to be made. The user must send
commands to open the castserial communication port as well as probe commands
(calibrate, take reading, etc.). This mode is enabled by setting the value ardyino_onl

to False.

2. Automatic measurement mode: When this mode is enabled, the microcontroller
systematically cycles throtigthe available serial communication ports, sends a
command to each probe to take a reading, and reports the value. If this mode is
enabled, the user cannot send individual commands to the probes. This mode is

enabled by setting the value arduino_only toel

3. Logging mode: This mode is enabled to send the sensor data to the logging program
on the computer. This mode must be used in automatic measurement mode. It is

enabled by setting the value log_data to True.

Specific command string references are included in the user guide. Once the
desired operation mode is set by the user, the sketch is uploaded to the microcontroller
through the IDE. If logging mode is enabled, the IDE is closed and the Gobetwino
logging program is started. If logging mode is disabled, the serial monitor in the
Arduino IDE is opened to send commands to the sensor (if in manual measurement

mode) and view output.

Testing and Interpretation

The macrevolume conductivity instrument was tested for accuracy and stability.
After calibrating,one suite of EC / pH sensors were placed in DI water in a laboratory
setting. The probes logged the conductivity and pH of the solution for about 16 hours
over two consecutive nights. Figures 11 and 12 show the performance test results of the

macravolume conductivity logger.
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FigureG.11 Overnight test 1. Conductivity (blue) drifted by about 5%, while pH
(orange) drifted by about 1%.

FigureG.12 Overnight test 2. Conductivity (blue) drifted by about 8.5%, while pH
(orange) drifted by about 0.5

In the first overnight test, the conductivity drifted by able4tand the pH
drifted by about 1%. In the second overnight test, the conductivity drifted by ab&ut 8
and the pH drifted by less tharb® over the course of the test. The conductivity dsift
due to temperature fluctuations and the pH drift is due to carbon dioxide dissolving in

the solution from the atmosphere.

Fluid conductivity depends on the temperature of the fluid [6]. The Atlas
Scientific conductivity probe is calibrated to a temperatu25& by default. As the
temperature decreased overnight from 16:00 to 07:45, the conductivity decreased. At
08:00, sun rose and the conductivity increased. The temperature drift can be negated if
the temperature were logged simultaneously and corrected using the liftesqudriion
[12, p72]:

(G.8)
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whereCzsis the corrected valu€;is the measured valuejs the temperature

coefficient (usually assumed to e ), andt is the temperature.

The pH drift is due to C&rom the atmosphere dissolving in the DI water. In
the first test, figure 11, DI water was taken from a sealed storage @vritasnbeaker
in which the probes were placed. The beaker was only partially sealed from the
atmosphere. C&rom the atmosphere dissolved in the solution from 16:00 to 00:00,
resulting in an increase in the pH of the solution. Once equilibrated, the solution had a

more onstant pH, as shown by thé&% drift in the second overnight test, figure 12.

The stability of the instrument was verified in this test experiment. But, these
results suggest that further drift corrections must be made before theni@strcan be
instaled in the mass transport research tank. Because these drifts are repeatable and

consistent, they can be corrected.

Future Work

As discussed in section 5.7, a temperature measurement must be taken for each
EC / pH suite of probes. Atlas Scientific produaesompatible temperature probe that
should be included in this instrument. A temperature probe can be added to each suite
for $6200 only [2,5]. A second stability test is recommended in a controlled

environment to test the accuracy of the temperature correction.

This instrument was designed to measure up to 16 probes. That is 5 conductivity,
pH, and temperature suites. The purchase and installment of additional probes and
circuits is recommended before the instrument is installed in the mass transgantire
tank. The Arduino code and logging program was designed to accommodate this

expansion.

Micro -volume Fluid Conductivity Cell

Overview and Objective

The micrevolume conductivity sensor was developed to measure volumes of

fluid 20uL or less using an Arduino microcontroller and an innovative induction coll
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array. The following theory and design meets the needs of the mass traesgairch

project in that it is inexpensive and easily producible. This instrument replaces a
previouslyavailable micreconductivity cell made by Amber Science [13]. These
commercial instruments are currently being used in the mass transporthigsegct,

but they are no longer manufactured and must be replaced. The following sectidns deta
the unique theory developed to measure micro-volume fluids, a proposed circuit, and
production model.

Theory of Operation

The micrevolume conductivity sensor utilizes the theories for induction
conductivity discussed in Section 4.1. This section will elaboratesoprttesses
specific to the micrevolume conductivity instrument only. For this instrument, a unique
induction coil design was used to account for inadequacies in other conductivity
measurement methods. Contact conductivity can not be used on such small volumes of
fluid as electrolysis would occur in the fluid under the influence of the current needed to
obtain a useful measurement. In traditional 2-coil induction methods, there igaignif
electromagnetic leakage outside the coils that influences titictivity measurement,
especially when measuring mievolumes of fluid. The proposed solution uses a four-
coil array, which focuses the conductivity measurement to a smaller longitackaa

This yields more accurate measurements when measuringvoicaraes of fluid.

The four-coil design was proposed by Chang et al [14] to measure water afntent
crude oil inside a metal pipeline. Figure 13 below shows the four-coil induction array
that will be used in the micreolume conductivity meter. Four coils are wound around a

cylinder through which fluid flows. The relative dimensions are for reference only

FigureG.134 coil array
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Similar to a twecoil induction array, there are primary transmitter and receiver
coils (To, Ro) in the center of the array. There are also secondary transmitter and
receiver coils (T, Ry) outside the primary coils. The secondary coils are wired in series

with their primary coil counterpart, but they are wound in the opposite direction.

Chang et al developed equations for calculating the useful conductivity nreastiees
a function of distance from the center of the coil array. The useful conductivity
measuremen(;in equation 9, is the percentage of the measured signal that is not due

to currents induced outside the coil array.

(G.9)
whereRzis the distance to the inside of the coiandnj are the number of loops in the
andj coils, ljj is the distance between thandj coils, andgj is the geometric factor of
the coil, which is a function of the radius of the coil and its axial coordinate (Hiweel
distance from the center of the array). These values were defined for arsingieitter
and receiver coil array, as shown in figure 14. The primary coil parameterkeper
constant and secondary coil parameters defined to calculate the useful sayf@irof
coil array, shown in figure 15.

FigureG.14 Useful signal as a function of coil coordinate for a twib-
induction array. The transmitter coil is located®.&m and the receiver coill

is located afl..5m. The peak useful signal occurs at the midpoint of the two
with a value of 20%
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FigureG.15 Useful signal as a function of coil coordinate for a foait-

induction array. The primary transmitter coil is locate@.a, the primary

receiver coil is located d4t5m. The secondary transmitter coil is located at
Omand the secondary receiver colil is locategnat

As figure 14 shows, a two-coil induction array focuses the conductivity

measurement at the midpoint of the transmitter and receiver coildrlL At its peak,
the useful signal represents o2@% of the measured signal addcreases slowly
outside of the coils. This means that there is significant electromagnetieneted

outside the coil array, especially on the side of the transmitter coil.

Figure 15 shows that a fouaoil array triples the useful signal and betteufees
it within the primary coils. At its peak, useful signal represé68 of the measured
signal and remains high over the entire distance between the primarfocoiis 1m).
Outside the primary coils, the useful signal quickly decreases, evidemiafah
electromagnetic interference. Therefore, the-fmil array is superior to a twooll
array and maximizes the accuracy of conductivity measurements takennasiotivie

methods.

In practice, the geometric properties of the conductivity meter recagistant.
According the the induction conductivity theory described in section 4.1, an inductive
conductivity meter must know absolutely the transmitter AC voltage and mehsure
output AC voltage in the receiver coil to calculate the conductivity of the fhei t
surround. Accurate measurement of these parameters requires specialized circuit
components to control and measure voltage signals. These components and their

function are described by the circuit diagram and model in the followingsscti
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Final Design
Circuit

The proposed instrument circuitry is shown by figure 16 below. All components
listed are readily available for purchase from electronics manufactliierdesigned to
be constructed on an Arduino platform similar to the macro-volume conductivity

instrument. Dimensions are not representative of a constructed instrument.

FigureG.16 Circuit diagram for micrevolume conductivity cell. Unmodified voltages
are shown in red, transmitter coils in blue, receiver coils in green, and additrondl ci
elements in black.

(1) Computer: A computer to power the instrument and log returned data. It must be
powered and record data for the entirety of the experiment. The computer is

connected to the instrument via USB.

(2) Micro-controller: An Arduino Uno supplies power to the induction coils and
circuitry. It will output 5V DC to the transmitter coil cuit. It acts a the digital

sampler to measure the receiver coil AC voltage using a RMS measurement.
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®3)

(4)

®)

(6)

()

(8)

©)

Voltage Reference Diode: The input voltage to the transmitter current must be
known absolutely. The Arduino Uno outputs voltages witha error due to
internal power loss and variations in supplied power from the computer. A voltage

reference diode increases the accuracy of the voltage to @i#tai%o of 5V [15].

DDS Signal Generator: The DDS signal generator turns 5V DC to a sine wave
centered at 3.3V atspecified frequency. Though not included here, an instrument
op-amp is recommended to increase the peak voltage of the sine wave. This will

increase signal to noise ratio in the induction array.

Secondary Receiver Coil: The secondary receiver coil is wirsgries with the
primary receiver coil, but wound in the opposite direction. It is grounded to the

shared circuit ground.

Primary Transmitter Coil: The primary transmitter receives a sine waventur
from the DDS. It induces a current in the receiver coil according to the inductive

conductivity theory.

Primary Receiver Coil: Alternating current in the receiver coil is inducethdy
transmitter coil. The AC signal is passed to the receiver coil circuitry to graces

usable result.

Secondary Transmitt€oil: The secondary transmitter coil is wired in series with
the primary transmitter coil, but wound in the opposite direction. It is grounded to

the shared circuit ground.

Receiver Circuitry: The receiver circuitry receives an induced AC from the receive
coils and transforms them to a stable and usable result for the microcontroller.
There is a diode and capacitor to remove negative voltages from the signal, as they
cannot be read by the Arduino. There is also a Zener diode that disables the circuit
if there is a a voltage greater than 5V. It protects the circuit, as voipagasr than

5V will damage the Arduino. These components were taken from [16] and verified

using [17].
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(10) Fluid Tube: The fluid tube is a small diameter hole through which the flard fr
the saturated sand column is pumped. It can be connected to the column with
surgical tubing, though not shown here. The induction coils are wrapped around

the tube according to the dimensions outlined in the following section.

Model

As required by the mass transport research, the matone conductivity cell
must sample volumes of fluid less thanuROFigure 17 shows the recommended
dimensions and key elements of the proposed design that meets this specification. The
micro-volume conductivity cell consists of a foowoil array wrapped around resistive
plastic with a hole drilled along the axis of the cylinder. These components would be

connected to the circuit in the appropriate location as shown by figure 16.

FigureG.17 Computer model of micro-conductivity cell, not including circuitry.
Dimensions and parameters are shown below

Cell length 10cm

Cell diameter 5.25cm

Toto Ro 2cm
Toto Ry lcm
Fluid tube 1mm
diameter
Measurement 10uL
volume
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(1) Induction Coils: The induction coils are arranged in a-fmif

array as defined in section

2) Plastic Casing: A standard PFTE plastic cylinder is used to

support the coils and insulate the fluid from external electrical noise.

This resistive plastic is inexpensive to purchase and machine into a
cylinder with cuts to house the coils and fluid tube, as shown by figure

18 below.

FigureG.18 Side view of PFTE insulating plastic used to support
induction coils

) Fluid Tube: The fluid tube is the means by which the fluid
enters the measurement region between the coils. It is a 1mm hole
drilled through the center of the plastic casing. Surgidahg can be

used to move the fluid from the column to the instrument.
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They are wrapped around the plastic cylinder. Their orientation and dimensons a

shown by figure 19 and table 1 below.

Figure G.19 Coil geometry. From [18]

TableG.1. Coil dimensions

Coil diameter (a) 4.5cm
Coil width (b,c) 1.5cm
To, Rowraps 100
T1, Ruwraps 10
Wire size 15AWG

Future Work

The recommended mictmonductivity cell design has not been built. Further
evaluation of the circuit design by an electrical engineer is recommended;ngc
a virtual circuit test. An assembled cell should be calibrated to evaluate acandacy
determine the cell constant, which will vary for eaell assembled. Alternative
components may offer increased accuracy. Specifically, a more advanced
microcontroller may be necessary to give more accurate output voltageghed
sampling rate. Additionally, further experimentation with the dimensiottseof
coils, the number of loops, and the wire gauge will yield optimal design paramete

for future production.
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Summary

The conductivity instruments designed in this project meet the needs of
researchers at the Colorado School of Mines to develop and test mass
transport models. The macro-volume conductivity instrument continuously
logs insitu EC and pH, can be produced easily, and costs onlyf$429
suite of EC and pH measurements. The cost of expanding additional sensors
adds even more cost benefit over commercial options. After further
temperature corrections, thestrument can be installed in the sand tank to

develop and test a 3D mass transport model.

The micrevolume conductivity cell design will replace extinct
commercial options to measure fluid conductivity using a sample volume of
just10uL. The innovative four-coil induction method should yield accurate
conductivity measurements without disturbing flow in the mass transport
research columns. The proposed design should be evaluated by an
instrumentation professional before production. Once installed, these
instruments will play a crucial role in the development and testing of 1D

mass transport models.

References

[1] Foster, Allan. Personal Interaction. 16 Apr. 2018.

[2] Atlas Scientific. EZO EC Datasheet. EZO EC Datashestyw.atlas
scientific.com/product_pages/circuits/ezo_ec.html.

[3] Swidinsky, Andrei. “Introduction to Electrical and Electromagnetic Methods.”
Golden, CO, Colorado School of Mines.

[4] Wakeham W. et al. (2007) Material Properties: Measurement and Data. In: Tropea
C., Yarin A.L., Foss J.F. (eds) Springer Handbook of Experimental Fluid Mechanics.
Springer, Berlin, Heidelberg

[5] Atlas Scientific. EZO PH Datasheet. EZO PH Datashegtyw.atlas
scientific.com/product_pages/circuits/ezo_ph.html.

177



[6] Malmstadt, Howard V.et al. Electronics and Instrumentation for Scientists.
Benjamin/Cummings, 1982.

[7] “Arduino Uno REV3.” Arduino Store, 2018, store.arduino.cc/usa/arduimm
rev3.

[8] Atlas Scientific. 8:1 Serial Port Expander Datasheet. 8:1 Serial Port Expander
Datasheet, www.atlascientific.com/product_pages/components/port_expander.html.

[9] “Conductivity, Resistivity, and TDS Meters.” Products, CBlrmer,
www.coleparmer.comz/conductivityresistivity-and-tdsmeters

[10] “Thermo Scientific Orion Star A112 Conductivity Benchtop Meter.” Fisher
Scientific, www.fishersci.com/shop/products/oriataral12-conductivity-benchtop-
meter/p4529293# ?keyword=conductivity+meter.

[11] “Gobetwino.” 0.5, Gobewtino@Mikmo.dk, www.mikmo.dk/gobetwinaht

[12] Wedlock, Bruce D., and James K. Roberge. Electronic Components and
Measurements. Prentice Hall, 1969.

[13] “Conductivity Micro Flow Cells.” Amber Science, Incwww.conductivity-
meters.com/microflowCells.
html.

[14] Chang, L., Xu, Q. H., & Liu, B. W. (2011Qptimization design of electromagnetic
conductance sensor for the water content of crude oil inside pipeline.Applied Machanic
and Materials, 557, 628.
doi:http://dx.doi.org.mines.idm.oclc.org/10.4028/www.safenhet/ AMM.55-

57.628

[15] Sear, Umar. “Arduino Based DDS Signal Generator Using AD9851.” Hackster.io,
30 June 2017, www.hackster.io/lumar-sear/arduinoseaddssignatgeneratoiusing-
ad9851-ed4d8e.

[16] Negi , Ankit. “Arduino AC Voltmeter Projec .” Circuit Digest, 22 Dec. 2017,
circuitdigest. com/microcontrollgsrojects/arduin@cvoltmeter.

178



[17] Magrab, Edward B., and Donald S. Blomquist. The MeasuremdimnafVarying
Phenomena: Fundamentals and Applications. Wiley-Interscience, 1971.

[18]  An Introduction to the Air Cored Coil. R.Clarke@Surrey.ac.uk, 4 A810,
info.ee. surrey.ac.uk/Workshop/advice/coils/air_coils.html.

[19] Errington, John L. “John Errington’s Experiments with an Arduino.”
Skillbank.co.ukwww.
skillbank.co.uk/arduino/measure.htm.

[20]  Mallon, Edward. “Measuring Electrical Conductivity with Arduino.”Underwater
Arduino Data Loggers, 12 Aug. 2017, thecavepearlproject.org/2017/08/12/measuring
electricatconductivitywith-a

179



APPENDIX H
GMSH MESH GENERATION AND R3T DIFFERENCE INVERSIONS

The text file defining all of the electrodes and boundary conditions as points, lines,
surfaces and extruded surfaces described in section 2.4.2.6 (Figure 2.6) is includiéel c@ihe
be directly imported into Gmsh and then inside the graphical user interface {lB&dBystem
definition was fit with the default, 3D mesh optidrne raw text file defining all of the
electrodes and boundary conditions as points, lines, surfaces and extruded sudacearbbk

copied and pasted into a text file and imported into Gmsh for meshing of physieah.syst

/l Gmsh projectreated on Tue May 31 10:37:31 2011
cl1=0.05;

/I first row

Point(1) = {0.2286, 1.2192, 0, cl1}; //Electrode 1
Point(2) = {0.4826, 1.2192, 0, cl1}; //Electrode 2
Point(3) = {0.8283, 1.2192, 0, cl1}; //Electrode 3
Point(4) = {0.9906, 1.2192, 0, cl1}; //Electrode 4
Point(5) = {1.2446, 1.2192, 0, cl1}; //Electrode 5
Point(6) = {1.455, 1.2192, 0, cl1}; //Electrode 6
Point(7) = {1.8288, 1.2192, 0, cl1}; //Electrode 7
Point(8) = {2.0193, 1.2192, 0, cl1}; //Electrode 8
Point(9) = {2.2606, 1.2192, 0, cl1}; //Electrode 9
Point(10) = {2.49555, 1.2192, 0, cl1}; //Electrode 10
Point(11) = {2.7178, 1.2192, 0, cl1}; //Electrode 11
Point(12) = {2.921, 1.2192, 0, cl1}; //Electrode 12
Point(13) = {3.2131, 1.2192, 0O, cl1}; //Electrode 13
Point(14) = {3.49885, 1.2192, 0, cl1}; //Electrode 14
Point(15) = {3.7211, 1.2192, 0, cl1}; //Electrode 15
Point(16) = {3.9624, 1.2192, 0, cl1}; //Electrode 16

/| Transverse Line B
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Point(17) = {2.0955, 0.2413, 0O, cl1}; //Electrode 17
Point(18) = {2.0955, 0.508, 0, cl1}; //Electrode 18
Point(19) = {2.0955, 0.7493, 0, cl1}; //Electrode 19
Point(20) = {2.0955, 1.016, 0l1g; //Electrode 20
Point(21) = {2.0955, 1.2573, 0, cl1}; //Electrode 21
Point(22) = {2.0955, 1.5367, 0, cl1}; //Electrode 22
Point(23) = {2.0955, 1.7272, 0, cl1}; //Electrode 23
Point(24) = {2.0955, 2.00025, 0, cl1}; //Electrode 24
Point(25) = {2.0955, 2.22885, 0, cl1}; //Electrode 25

I/ Points for Nest Electrodes

//Inj Upper

Point(26) = {0.3175, 1.3081, 0, cl1}; //Electrode 26, 30
Point(27) = {0.3175, 1.27, 0, cl1}; //Electrode 27, 31
Point(28) = {0.3175, 1.1684, 0, cl1}; //Electrode 28, 32
Point(29) = {0.3175, 1.110865, 0, cl1}; /Electrode 29, 33

/L Upper

Point(30) = {1.3589, 1.3208, 0, cl1}; //Electrode 34, 38
Point(31) = {1.3589, 1.2827, 0, cl1}; //Electrode 35, 39
Point(32) = {1.3589, 1.1811, 0, cl1}; //Electrode 36, 40
Point(33) = {1.3589, 1.143, O, cl1}; //Electrode 37, 41

/11 3/4 L -1 Upper

Point(34) = {1.8034, 1.5113, 0O, cl1}; //Electrode 42, 46
Point(35) = {1.8034, 1.4732, 0, cl1}; //Electrode 43, 47
Point(36) = {1.8034, 1.3716, 0O, cl1}; //Electrode 44, 48
Point(37) = {1.8034, 1.3335, 0, cl1}; //Electrode 45, 49

/1 3/4 L - 2 Upper
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Point(38) = {1.8034, 1.1049, 0, cl1}; //Electrode 58, 62
Point(39) = {1.8034, 1.0668, 0, cl1}; //Electrode 59, 63
Point(40) = {1.8034, 0.9652, 0, cl1}; //Electrode 60, 64
Point(41) = {1.8034, 0.9271, O, cl1}; //Electrode 61, 65

/I2L Upper

Point(42) = {2.3622, 1.31953, 0, cl1}; //Electrode 50, 54
Point(43) = {2.3622, 1.28143, 0, cl1}; //Electrode 51, 55
Point(44) = {2.3622, 1.17983, 0, cl1}; //Electrode 52, 56
Point(45) = {2.3622, 1.14173, 0, cl1}; //Electrode 53, 57

//3L Upper

Point(46) = {3.3655, 1.3208, 0, cl1}; //Electrode 66, 70
Point(47) = {3.3655, 1.2827, 0, cl1}; //Electrode 67, 71
Point(48) = {3.3655, 1.1811, O, cl1}; //Electrode 68, 72
Point(49) = {3.3655, 1.143, 0, cl1}; //Electrode 69, 73

/l Trans\erse Line C

Point(50) = {3.204, 0.20955, 0, cl1}; //Electrode 74
Point(51) = {3.204, 0.41275, 0, cl1}; //Electrode 75
Point(52) = {3.204, 0.8255, 0, cl1}; //Electrode 76
Point(53) = {3.204, 1.02235, 0, cl1}; //Electrode 77
Point(54) = {3.204, 1.2319, 0,4, /Electrode 78
Point(55) = {3.204, 1.42875, 0, cl1}; //Electrode 79
Point(56) = {3.204, 1.63195, 0, cl1}; //Electrode 80
Point(57) = {3.204, 2.0574, 0, cl1}; //Electrode 81
Point(58) = {3.204, 2.25425, 0, cl1}; //Electrode 82

/[Transverse Line D
Point(59) = {0.6477, 0.2286, 0, cl1}; //Electrode 83
Point(60) = {0.6477, 0.4318, O, cl1}; //Electrode 84
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Point(61) = {0.6477, 0.635, 0, cll1}; //Electrode 85
Point(62) = {0.6477, 0.8509, 0, cl1}; /Electrode 86
Point(63) = {0.6477, 1.01775, O, cll1}; //[Electrode 87
Point(64) = {0.6477, 1.4351, O, cl1}; //Electrode 88
Point(65) = {0.6477, 1.6256, 0, cll1}; /Electrode 89
Point(66) = {0.6477, 1.8288, 0, cl1}; //Electrode 90
Point(67) = {0.6477, 2.0193, 0, cl1}; //Electrode 91
Point(68) = {0.6477, 2.21615, 0, cll¥Electrode 92

/Ipoints for foreground

Point(69) = {0, 1.2192, 0, cl1};
Point(70) = {0.000, 0.000, 0.000, cl1}
Point(71) = {0.2286, 0.00, 0, cl1};
Point(72) = {0.3175, 0.00, 0.0, cl1};
Point(73) = {0.6477, 0.00, O, cl1};
Point(74) = {1.3589, 0.00, 0, cl1};
Point(75) = {1.8034, 0.00, 0, cl1};
Point(76) = {2.0955, 0.00, 0, cl1};
Point(77) = {2.3622, 0.00, 0, cl1};
Point(78) = {3.204, 0.00, 0, cl1};
Point(79) = {3.3655, 0.00, 0, cl1};
Point(80) = {3.9624, 0.00, 0, cl1};
Point(81) = {4.29, 0.0, 0.0, cl1},
Point(82) = {4.29, 1.2192, 0, cl1};
Point(83) = {4.29, 2.44, 0, cl1};
Point(84) = {3.9624, 2.44, 0, cl1};
Point(85) = {3.3655, 2.44, 0, cl1};
Point(86) = {3.204, 2.44, 0, cl1};
Point(87) = {2.3622, 2.44, 0, cl1};
Point(88) = {2.0955, 2.44, 0, cl1};
Point(89) = {1.8034, 2.44, 0, cl1};
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Point(90) = {1.3589, 2.44, 0, cl1};
Point(91) = {0.6477, 2.44, 0, cl1};
Point(92) = {0.3175, 2.44, 0, cl1};
Point(93) = {0.2286, 2.44, 0, cl1};
Point(94) = {0.00, 2.44, 0, cl1};

//Additional Dummy Points to split domain into 2 sections
Point(95) = {0.3175, 1.2192, 0.0, cl1}

Point(96) = {0.6477, 1.2192, 0.0, cl1};

Point(97) = {1.3589, 1.2192, 0.0, cl1};

Point(98) = {1.8034, 1.2192, 0.0, cl1}

Point(99) = {2.0955, 1.2192, 0.0, cl1}

Point(100) = {2.3622, 1.2192, 0.0, cl1};

Point(101) = {3.204, 1.2192, 0.0, cl1};

Point(102) = {3.3655, 1.2192, 0.0, cl1};

// join Longitudinal Surface Line A of electrodes
Line(1) = {82, 16},
Line(2) = {16, 15},
Line(3) = {15, 14},
Line(4) = {14, 102},
Line(5) = {102, 13},
Line(6) = {13, 101},
Line(7) = {101, 12},
Line(8) = {12, 11},
Line(9) = {11, 10},
Line(10) = {10, 100};
Line(11) = {100, 9},
Line(12) = {9, 99},
Line(13) = {99, 8},
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Line(14) = {8, 7};

Line(15) = {7, 98};
Line(16) = {98, 6};
Line(17) = {6, 97},
Line(18) = {97, 5};
Line(19) = {5, 4},

Line(20) = {4, 3};

Line(21) = {3, 96};
Line(22) = {96, 2},
Line(23) = {2, 95};
Line(24) = {95, 1};
Line(25) = {1, 69},

// join Transverse Surface Line B
Line(26) = {88, 25},
Line(27) = {25, 24},
Line(28) = {24, 23};
Line(29) = {23, 22},
Line(30) = {22, 21},
Line(31) = {21,99},
Line(32) = {99, 20},
Line(33) = {20, 19},
Line(34) = {19, 18},
Line(35) = {18, 17};
Line(36) = {17, 76},

/l join Transverse Surface Line C
Line(37) = {86, 58},
Line(38) = {58, 57},
Line(39) = {57, 56},
Line(40) = {56, 55},
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Line(41) = {55, 54};

Line(42) = {54, 101};
Line(43) = {101, 53};

Line(44) = {53, 52},
Line(45) = {52, 51};
Line(46) = {51, 50};
Line(47) = {50, 78};

// join Transverse Surface Line D

Line(48) = {91, 68};
Line(49) = {68, 67};
Line(50) = {67, 66};
Line(51) = {66, 65},
Line(52) = {65, 64},
Line(53) = {64, 96};
Line(54) = {96, 63},
Line(55) = {63, 62},
Line(56) = {62, 61},
Line(57) = {61, 60};
Line(58) = {60, 59},
Line(59) = {59, 73},

//Inj row

Line(60) = {92, 26};
Line(61) = {26,27};
Line(62) = {27,95};
Line(63) = {95, 28},
Line(64) = {28,29};
Line(65) = {29, 72},

/IL row
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Line(66) = {90, 30};
Line(67) = {30,31};
Line(68) = {31,97};
Line(69) = {97, 32};
Line(70) = {32,33};
Line(71) = {33, 74};

/Il 1 3/4L row

Line(72) = {89, 34};
Line(73) = {34,35};
Line(74) = {35,36};
Line(75) = {36,37};
Line(76) = {37, 98};
Line(77) = {98, 38};
Line(78) = {38,39};
Line(79) = {39,40};
Line(80) = {40,41};
Line(81) = {41, 75};

Il 2L row
Line(82) = {87, 42};
Line(83) = {42,43};

Line(84) = {43,100};
Line(85) = {100,44},

Line(86) = {44,45};
Line(87) = {45, 77};

/Il 3L row
Line(88) = {85, 46};
Line(89) = {46,47};

Line(90) = {47,102};
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Line(91) = {102,48};
Line(92) = {48,49};
Line(93) = {49, 79};

I/l Connect points as Lines for Boundaries of Tank
Line(94) = {69, 70};
Line(95) = {70,71};
Line(96) = {71,72};
Line(97) = {72,73};
Line(98) = {73, 74};
Line(99) = {74, 75},
Line(100) = {75, 76};
Line(101) = {76, 77};
Line(102) = {77, 78};
Line(103) = {78, 79};
Line(104) = {79, 80};
Line(105) = {80, 81};
Line(106) = {81, 82};
Line(107) = {82, 83};
Line(108) = {83, 84};
Line(109) = {84, 85},
Line(110) = {85, 86};
Line(111) = {86, 87};
Line(112) = {87, 88};
Line(113) = {88, 89};
Line(114) = {89, 90};
Line(115) = {90, 91};
Line(116) = {91, 92};
Line(117) = {92, 93};
Line(118) = {93, 94};
Line(119) = {94, 69};
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/IAdditional Lines
Line(120) = {93, 1}
Line(121) = {1, 71};

/IAdditional Lines
Line(122) = {84, 16};
Line(123) = {16, 80};

//IMake Planes for Extruding
/lcreate surfaces

Line Loop(124) = {94,95,-121,25};
Plane Surfaq@25) = {124},

/[create surfaces
Line Loop(126) = {96, -65, -64, -63, 24, 121},
Plane Surface(127) = {126};

/Icreate surfaces
Line Loop(128) = {97, -59, -58, -57, -56, -55, -54, 22, 23, 63, 64, 65};
Plane Surface(129) = {128};

/lcreate surfaces
Line Loop(130) = {98, -71, -70, -69, 18, 19, 20, 21, 54, 55, 56, 57, 58, 59},
Plane Surface(131) = {130};

/Icreate surfaces
Line Loop(132) = {99, -81, -80, -79, -78, -77, 16, 17, 69, 70, 71};
Plane Surface(133) = {132};

/Icreate surfaces
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Line Loop(134) = {100, -36, -35, -34, -33, -32, 13, 14, 15, 77, 78, 79, 80, 81};
Plane Surface(135) = {134};

/lcreate surfaces
Line Loop(136) = {101, -87, -86, -85, 11, 12, 32, 33, 34, 35, 36};
Plane Surface(137) = {136};

/Icreate surfaces
Line Loop(138) = {102, -47, -46, -45, -44, -43, 7, 8, 9, 10, 85, 86, 87};
Plane Surface(139) = {138};

/Icreate surfaces
Line Loop(140) = {103, -93, -92, -91, 5, 6, 43, 44, 45, 46, 47},
Plane Surface(141) = {140};

/Icreate surfaces
Line Loop(142) = {104, -123, 2, 3, 4, 91, 92, 93};
Plane Surface(143) = {142};

/lcreate surfaces
Line Loop(144) = {105, 106, 1, 123},
Plane Surface(145) = {144};

/lcreate surfaces
Line Loop(146) = {107, 108, 122, -1},
Plane Surface(147) = {146};

/Icreate surfaces

Line Loop(148) = {109, 88, 89, 90, -4, -3, -2, -122};
Plane Surface(149) = {148};
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/lcreate surfaces
Line Loop(150) = {110, 37, 38, 39, 40, 41, 42, -6, -5, -90, -89, -88};
Plane Surface(151) = {150};

/Icreate surfaces
Line Loop(152) = {111, 82, 83, 84, -10, -9, -8, -7, -42, -41, -40, -39, -38, -37};
Plane Surface(153) = {152};

/lcreate surfaces
Line Loop(154) = {112, 26, 27, 28, 29, 30, 31, -12, -11, -84, -83, -82};
Plane Surface(155) = {154},

/lcreate surfaces
Line Loop(156) = {113, 72, 73, 74, 75, 76, -15, -14, -13, -31, -30, -29, -28, -27, -26};
Plane Surface(157) = {156},

/Icreate surfaces
Line Loop(158) = {114, 66, 67, 68, -17, -16, -76, -75, -74, -73, -72};
Plane Surface(159) = {158},

/lcreate surfaces
Line Loop(160) = {115, 48, 49, 50, 51, 52, 53, -21, -20, -19, -18, -68, -67, -66};
Plane Surface(161) = {160},

/[create surfaces
Line Loop(162) = {116, 60, 61, 62, -23, -22, -53, -52, -51, -50, -49, -48},
Plane Surface(163) = {162},

/Icreate surfaces
Line Loop(164) = {117, 120, -24, -62, -61, -60},
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Plane Surface(165) = {164};

/lcreate surfaces
Line Loop(166) = {118, 119, -25, -120};
Plane Surface(167) = {166};

Il extrude surfaces

fg1[] = Extrude {0, 0, -0.36} {Surface{125}; Layers{ {9}, {1} }; Recombine; };
fg2[] = Extrude {0, 0, -0.36} {Surface{127}; Layers{ {9}, {1} }; Recombine; };
fg3[] = Extrude {0, 0, -0.36} {Surface{129}; Layers{ {9}, {1} }; Recombine; };
fg4[] = Extrude {0, 0, -0.36} {Surface{131}; Layers{ {9}, {1} }; Recombine; };
fg5[] = Extrude {0, 0, -0.36} {Surface{133}; Layers{ {9}, {1} }; Recombine; };
fg6[] = Extrude {0, 0, -0.36} {Surface{135}; Layers{ {9}, {1} }; Recombine; };
fg7[] = Extrude {0, 0, -0.36} {Surface{137}; Layers{ {9}, {1} }; Recombine; };
fg8[] = Extrude {0, 0, -0.36} {Surface{139}; Layers{ {9}, {1} }; Recombine; };
fg9[] = Extrude {0, 0, -0.36} {Surface{141}; Layers{ {9}, {1} }; Recombine; };
fg10[] = Extrude {0, 0, -0.36} {Surface{143}; Layers{ {9}, {1} }; Recombine; };
fg11[] = Extrude {0, 0, -0.36} {Surface{145}; Layers{ {9}, {1} }; Recombine; };
fg12[] = Extrude {0, 0, -0.36} {Surface{147}; Layers{ {9}, {1} }; Recombine; };
fg13[] = Extrude {0, 0, -0.36} {Surface{149}; Layers{ {9}, {1} }; Recombine; };
fg14[] = Extrude {0, 0, -0.36} {Surface{151}; Layers{ {9}, {1} }; Recombine; };
fg15[] = Extrude {0, 0, -0.36} {Surface{153}; Layers{ {9}, {1} }; Recombine; };
fg16[] = Extrude {0, 0, -0.36} {Surface{155}; Layers{ {9}, {1} }; Recombine; };
fg17[] = Extrude {0, 0, -0.36} {Surface{157}; Layers{ {9}, {1} }; Recombine; };
fg18[] = Extrude {0, 0, -0.36} {Surface{159}; Layers{ {9}, {1} }; Recombine; };
fg19[] = Extrude {0, 0, -0.36} {Surface{161}; Layers{ {9}, {1} }; Recombine; };
fg20[] = Extrude {0, 0, -0.36} {Surface{163}; Layers{ {9}, {1} }; Recombine; };
fg21[] = Extrude {0, 0, -0.36} {Surface{165}; Layers{ {9}, {1} }; Recombine; };
fg22[] = Extrude {0, 0, -0.36} {Surface{167}; Layers{ {9}, {1} }; Recombine; };

/IMake tank volume
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Physical Volume(1) = {fg1[1], fg2[1], fg3[1], fg4[1], fg5[1], fg6[1], fg7[1], fg8[1]g®[1],
fgl0[1], fgl1[1], fg12[1], fg13[1], fg1l4[1], fg15[1], fg16[1], fg17[1], fg18[1], fg19[1],
fg20[1], fg21[1], fg22[1]};
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APPENDIX |
SEAWAT MODELING

The details of the blaekentered finite difference mesh that is described in section 2.4.2 are included.

Figurel.1 Model structure for finite difference flow and transport simulations. The boundadjtions
of the model consist of no-flow (black) and constant-head (light blue) definitibes44 screened wells
and 14 up- and dowmradient constant reservoirs aspkcitly simulated as wells. Note: The 4flow
barriers (black) are explicitly simulated.
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Figurel.2 MODFLOW and MT3DMS Finite difference model discretization for flow and parisimulations. The spatial
resolution (Length x Width x Depth) is 1 cm x 1 cm x 4 cm. The discretization cah@wertical layers, 942,084 cells, and
942,084 nodes.
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APPENDIX J
CORRECTION OF RAW RESISANCE VALUES FROM IRIS

Included here are the resistance data presented in section 2.5.2. The resisadoce dat
the 4 surface lines (A, B, C, and D) from the IRIS Syscal Pro contautker esneasurements
(approximately 9,655 out 296,340 measurements or 3.3 % of the measurements) that were
removed. The outliers were most likely due to measurement error from thén&RI8anifested
in large changes in resistance values from one timestep to the next that were fhamtre t
change introduced by the introduction of the conductive tracer. The raw resasmder the
surface lines (Figuré.1 A, B, C and D) and the corrected data (Figure J.1, Aa, Bb, Cc, and Dd)
are included for reference. The same process was performed for the nesigaodgiraw
resistance data (Figude2 A, B, C, D, and E). However, these data containedhgsical
vertical shifts in the data. These data were verticaltlghified back to the background resis&anc
data prior to the injection of the NaCl tracer solution. The raw and correctearddtath
included (Figurel2). As clearly shown in the comparison of raw and corrected data at times of
~48-54 hours, ~205 hours, and ~300 hours, there were time intervals that consistently produced
outlier data. This may be the result of poor contact resistance from an elettiftidg during
the sampling of wells which lines up with some of the outlier measurement tempotiahnsca
After each sampling campaign, tbentact resistance was checked and the sequence was

restarted.

196



FigureJ.l Raw (A, B, C, and D) and corrected (Aa, Bb, Cc, and Dd) resistance data fofaak su
lines (A, B, C, and D). Nonsensical and nonphysical measurements were removed freet data
where the difference between one measurement to the next was not thef teguttreakthrough of
NaCl tracer and likely the result of measurement error.
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FigureJ.2Raw (line) and corrected (circles) resistance data from 3D tank NaCl tracer tdk6foested quadripolecations

(Wells #3, #14, #19, #20, #25, and #36). Data from both 10 cm above (red) and 20 cm above (black) the base o€the tank ar
shown. Nonsensical and nonphysical measurements were removed from data sttendifezence between one
measuremenbtthe next was the result of the breakthrough of NaCl tracer and likelystiieobEmeasurement error.

Nonsensical vertical offset in the raw resistance measurements were vertifatyt® the background reference datum.
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APPENDIX K
LESSONS LEARNED

Throughout the pursuits of thiaster’s thesis, there were many hurdles overcome in the
lab that, if shared here, will eliminate the same hurdles for future endeakeysark listed here:

1. Don’t ever rush packing a column or rushing an experiment. Rushing usually leads to
errors that require starting the entire process over (packing or egpéemtirely).

2. Always model experiments to the best of your ability prior to developing exeseti
apparatus and starting experiments. This will save time overall. A lot of time with this
project was spent iterating through different geophysical electrode degitme column
scale in the laboratory. Modeling them upfront would have save a greaf tdea.o
Modeling the density-driven transport effects at the tank scale at the lgpairihe
project would have answered a lot of questions sooner, rather than at the end.

3. Don't use peristaltic pump tubing for long durations of time (24 hours strafight)
operating at a high flow rate (200+ mL/min) for fluid inflow into the 3D tank. The
ColeParmer tubing will degrade and tear. Either use a gravity feed fromralagco
constant head device fed by a submersible pump or use a submersible pump fed directly
into a primary constant head device.

4. For the column electrode configuration orientation, both Briggs et al. (2014) and
Swanson et al2012) configuration will work. However more consistency was achieved
using the configuration utilized in Briggsat (2014). In other words, we achieved more
consistency in the column experiments using a measurement configuratioashat w
normal to flow direction as opposed to parallel to flow direction.

5. Numerical modeling of DDMT parameters can turn into “knob” turning very quidily
order to make use of the geoelectrical techniques at both scales, it is mosiouseful
constrain parameters that should known and isolate the unknowns one at time. Knowns
should include the average linear velocity, longitudinalefisipity, and the capacity
coefficient (from coupled geoelectrical techniques), where the mass transeorat

rates, which we have a really hard time measuring even in lab settings, should be
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inversely optimized for. Estimating parameters in this mawikesave a lot of time and
also provide the most useful insight into parameter estimation.

. During two preliminary experiments where tracer solution was injected intgradipnt
wells, the injected plume immediately sank to the bottom of the tankaredled along

the tank base, yielding observations unusable for analysis. This was a reshbliesf
stopper- “packers” failing in addition to the wells being completely open, not padtted w

sediment, where densityriven flow was allowed to propagate.
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