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ABSTRACT 

The advection-dispersion equation (ADE) often fails to predict solute transport in part 

due to the presence of less well connected, less-mobile pore space. Here, we explore the role of 

porosity or flowpaths of differing mobility and their physical effects on tracer transport in a 

series of controlled 1-D column- and 3-D tank-scale experiments. Experiments at both scales 

included co-located (spatially and temporally) fluid electrical conductivity (�ê�Ù) and bulk 

apparent electrical conductivity (�ê�Õ) to help parse the relationship between mobile and less-

mobile domains. Systems with domains of differing mobility showed elongated tailing in 

observed �ê�Ù breakthrough curves and a lag between �ê�Ù and �ê�Õ, phenomena not easily described 

by the ADE. Numerical models—STAMMT-L for the 1-D column experiments coupled with 

analytical graphical methods, and SEAWAT and R3t for the 3-D tank-scale experiments—were 

used to estimate physical parameters controlling transport.  

At the 1-D column-scale, three different grain packings were studied in 24.4-cm length 

columns, including 1) homogeneously packed #20/#30 Accusand, which contains intergranular 

but no intragranular pore space; 2) St. Cloud zeolite clinoptilolite, and 3) crushed amorphous 

silica glass, both of which contain intergranular and intragranular pore space. Experiments 

included stepped NaCl tracer injections at Peclet numbers ranging from 3 to 1000 to investigate 

flow-rate controls on physical solute transport parameters. The zeolite and amorphous silica 

glass results both indicated the presence of a less-mobile domain and mass transfer rates between 

more- and less-mobile porosity influenced by tracer injection duration and flow rate, confirmed 

by numerical models in STAMMT-L, whereas data from the homogeneous Accusand indicated 

little less-mobile pore space, as expected.   

At the 3-D tank-scale, a synthetic-heterogeneous aquifer was developed with four 

impermeable barriers installed in otherwise homogeneously packed #70 Unimin sand within a 

429 cm x 244 cm x 36 cm tank. A 72-hr NaCl-pulse tracer injection at a Peclet number of 15 was 

performed.  Results indicate solute trapping behind the impermeable barriers, creating advective 

flowpaths of different lengths. The orientation of the impermeable barriers with respect to bulk 

flow direction controls the formation of these pathways. The observation of less-mobile 

flowpaths from the co-located �ê�Õ versus �ê�Ù measurements at 12 different locations indicated that 

a stagnation zone forms directly downgradient of the largest barrier (perpendicular to primary 
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flow direction), which was imaged in 3D electrical resistivity inversions. Our co-located �ê�Õ 

versus �ê�Ù data also indicate density-dependent flow that is primarily occurring within the highly 

permeable well conduits, and difference inversions indicate the plume increasing in thickness 

with depth, characteristic of density-dependent flow. Observed data and numerical simulations 

both indicated an influence of density-driven solute transport in the locations directly up- and 

downgradient of the largest impermeable barrier on observed hysteresis in �ê�Õ versus �ê�Ù 

measurements due to solute collection directly upgradient of the barrier and allowing density-

differences to manifest and propagate downgradient. Numerical simulations in SEAWAT and 

R3t helped isolate physical transport controls within the synthetic aquifer due to the impermeable 

barriers, density-driven flow, or a combination of the two.  
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 CHAPTER 1 

TOPIC INTRODUCTION AND IMPORTANCE OF SOLUTE TRANSPORT 

1.1       Topic Introduction  

“Water is the elixir of life; without it life is not possible” (Fetter, 2001). Not only do 

humans need this water to survive, but they also depend on it for agricultural and industrial 

purposes, food production, as well as daily extravagances such as watering front lawns exhibited 

in high-income portions of the world. Approximately 40 percent of residents in the United States 

depend on groundwater resources (United States Census, 2011). These resources are renewable 

long term as long as extraction rates do not exceed replenishment rates; however, in many places 

across the US this is not the case. For example, the Ogallala Aquifer and the Central Valley 

aquifer system in California are two instances in the US where groundwater is currently being 

mined at rates faster than replenishment. Many economically disadvantaged countries are also 

dependent on groundwater resources and will become even more so as their populations increase 

(Clifton et al., 2010). Climate change is also expected to affect groundwater components of the 

hydrologic cycle, such as aquifer recharge and water quantity, potentially in a negative 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 well. 

Both natural and anthropogenic contaminant sources can decrease groundwater quality, 

including microbial agents, saltwater intrusion along coastal aquifers, additives in gasoline, 

manufacturing of kitchenware, clothing, drilling for oil, leachate from landfills, and mining for 

resources (CSWRCB, 2013; Fetter, 2001; Freeze and Cherry, 1979). Some of these contaminants 

reside in the form of dissolved agents, or solutes, within the aquifers. As more aquifers become 

contaminated, coupled with increases in stress on water quantity, the remediation or removal of 

these contaminants is going to become critical.  
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1.2       Importance of Solute Transport 

Most of the limitations in removing contaminants from an aquifer system are from a 

limited understanding of the physical, chemical, and microbial characteristics of the aquifer 

system that control where solute transports. This is usually the result of not being able to 

adequately characterize natural heterogeneity inherent in geological deposition and is 

exacerbated by our limited ability to image the subsurface. There are many different tools that 

hydrogeologists and engineers use to locate contaminants within aquifers, such as field testing 

and geophysical methods, and they use these data in combination with numerical modeling to 

make predictions. Unfortunately, many of our mathematical descriptions that our modeling tools 

are built upon are dependent on assumptions that don’t accurately represent natural systems. 

Here, in Chapter 2 of this thesis, I characterize parameters with geophysical tools that will allow 

us to more adequately describe solute transport within complicated aquifer systems. The 

parameters can be used in mathematical models to help develop a better understanding of how 

solutes transport in these natural systems.   
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CHAPTER 2 

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 and remediation of 

contaminated freshwater. Non-Fickian or “anomalous” solute transport, described by 

characteristics such as early arrival times, elongated tailing, and concentration rebounding, are 

not described adequately by the advection-dispersion equation (ADE). The ADE has failed to 

accurately describe conservative transport scenarios in a variety of laboratory- (e.g., Swanson et 

al. 2012; Sudicky et al. 1985) and field-scale experimental results (e.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. 2007). As a result, it is difficult to predict solute transport using the 

ADE in many geologic systems. Some of these studies attribute the failure of the ADE to fit 

observations to the presence of small-scale zones (with respect to the measurement scale) that are 

“less-mobile” relative to advection. To address this issue, dual-domain mass transfer (DDMT) 

models, among others, were developed as a non-local modification of the ADE that incorporates 

less-mobile domains; this model can produce non-equilibrium conditions between two separate 

flow domains connected by a mass-transfer rate and the concentration difference (Coats & 

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

There are few controlled laboratory-scale experiments that robustly explore the controls 

on solute transport, especially over a range of flow rates and scales extending to 3-D (Maina et 

al. 2017). Lab-scale (mm-m) studies (e.g., Coats and Smith 1964; Briggs et al. 2014; Swanson et 

al. 2012, 2015; MahmoodPoor Dehkordy et al. 2018), field-scale studies (m to 100s of m) (e.g.,  

(Feehley et al. 2000; Zheng et al. 2011;Briggs et al., 2018) and numerical studies (e.g., Haggerty 

et al. 1995; Liu et al. 2012; Baratelli et al. 2011; Baratelli et al. 2014; Wheaton & Singha, 2010) 

have shown that DDMT better predicts transport than the ADE under a variety of conditions.  

Assuming conservative transport, mass transfer between the two domains depends on 1) 

geometry of grain surfaces; 2) scale, shape, and volume of mobile and less-mobile porosity; and 

at larger scales, 3) hydraulic conductivity variations (Haggerty et al. 1995).  Natural porous  
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media are composed of a distribution of particle sizes and this distribution, in part, controls what 

pore fraction is accessible by advection and dispersion what is accessible only by diffusion 

(Bear, 1975; Lafolie et al, 1993). Numerical simulations have demonstrated that it is difficult to 

accurately describe solute transport through aggregated media using any form of effective grain 

size with an ADE due to non-equilibrium conditions within the porous medium that control early 

breakthrough and tailing behavior (Lafolie et al. 1993). Additionally, there are many reaction 

mechanisms that can create less-mobile zones, such as sorption or grain-surface boundary-layer 

speciation reactions (Harvey et al. 1994). 

The simulated and observed departures from Fickian transport may also be controlled by 

flow conditions. Numerical experiments at the pore scale have shown that in advection-

dominated systems that as the Peclet number (Pe) increases, a less-mobile domain (relative to 

advection) may arise in a medium due to small-scale heterogeneities, which can be better 

described by DDMT when compared to the ADE (e.g., Liu et al. 2012). Recent numerical and 

field-scale experiments have similarly suggested that DDMT parameters are sensitive to 

variations in flow rate (MahmoodPoor Dehkordy et al. 2018, 2019). MahmoodPoor Dehkordy et 

al. (2019) observed an increase in the mass-transfer rate as flow rate increased in tracer 

experiments within urban stream sediments, consistent with previous numerical studies that 

showed that variations in pumping rates influence the diffusion of solute out of loaded less-

mobile domains (Haggerty & Gorelick, 1995).  

 Consequently, scaling the definition of mobile and less-mobile pore space from pores to 

the field is convoluted, and likely is a function of relative fluid residence time. In this work, 

“ less-mobile” 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 of less- and more-mobile 

domains, �Ú [-], and the first-order, single rate mass transfer rate between the two, �Ù [T-1], at two 

different experimental scales. NaCl tracer experiments are conducted in 1-D columns with a low, 

intermediate, and high flow rate for three materials: 1) homogeneously packed #20/#30 

Accusand, which 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 at the 1-D column (cm) scale, the 

Darcy flux range investigated here ranged more than an order magnitude, stretching from 

approximately 0.8 m/day to 33 m/day. Tracer experiments are also conducted in a pseudo-field-

scale 3-D tank packed with #70 Unimin sand and heterogeneities in the form of synthetic, 

physical, impermeable no-flow barriers, to create less-mobile zones at a larger scale than the 

pore-scale, as has been important in some recent field experiments (e.g., Briggs et al. (2018)). At 

the column scale in our work, mobile pore space is defined as porosity dominated by advective 

transport (largely intergranular porosity) and less-mobile pore space is primarily accessible by 

diffusion (largely intragranular porosity). At the field scale, “mobility” is defined as flowpaths 

where fast advection dominates, and less-mobile pore space is defined either was paths 

controlled by diffusion or slow advection, such as low hydraulic gradient areas such as 

stagnation zones downgradient of relatively impermeable lithologies, or low hydraulic 

conductivity regions. Thus, the Peclet number is a useful metric for distinguishing zones of 

relative mobility. Subsequently, the objectives for this investigation are to quantify how: 

1) Darcy flux controls the amount of less-mobile pore space and mass transfer rates at the  

1-D column (pore scale).  

2) The combination of physical aquifer heterogeneity and density-driven transport controls 

the estimates of less-mobile pore space at the 3-D tank intermediate scale. 

 We use ionic tracer experiments at both scales and collect co-located fluid electrical 

conductivity (�ê�Ù) and bulk electrical conductivity (�ê�Õ) 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., 2012). The use of electrical resistivity 

measurements allows for 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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Figure 2.1 Definition of less mobile pore space when scaled from pore scale to intermediate field scale transport applications
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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 estimating pore 

volumes in fractured sedimentary porous media for oil reservoir analyses (Warren at al. 1963) 

and explain observed early breakthrough of solute and asymmetrical breakthrough curves in 

consolidated sedimentary cores (Coats & Smith, 1964). DDMT is a non-local model with two 

separate but connected transport domains. The first domain, characterized as the mobile portion 

of the medium, is available for transport by advection, dispersion, and diffusion. The second 

domain, characterized as a less-mobile portion of the medium (relative to advection), is often 

assumed to be only available by a diffusion-like process into and out of the domain, where the 

mass-transfer rate connecting mobile and less-mobile domains has often been assumed to a first-

order, single rate constant, �Ù [T^-1] (e.g., Ma & Zheng, 2011):   

                          �à�à
�×�¼�Ø 

�×�ç
= �Ï �®(�à�à �&�à �Ï�%�à ) 
F �Ï �®(�à�à �R�Ï�%�à ) 
F �4�Ü�à       (2.1) 

                                                   �4�Ü�à= �à�Ü�à�Ù(�%�à 
F �%�Ü�à)                                                          (2.2) 

   

where �à�à , �à�Ü�à are porosity fractions of mobile and less-mobile domains respectively [-], �%�à , �%�Ü�à 

are dissolved species concentrations in the mobile and less-mobile pore space [M*L^-3], �R is the 

average linear velocity in the mobile domain [L*T^-1], and �&�à  is the full hydrodynamic 

dispersion tensor [L^2*T^-1], and �4�Ü�à is a reaction term that couples both domains [M*L^-

3*T^-1]. Equation 2.1 is sometimes written in terms of �Ú, the ratio of  �à�Ü�à to �à�à .  Multirate mass 

transfer is also commonly used (Roy Haggerty, 2009), where a distribution of mass transfer rates 

is considered. 

To compare the observed transport behavior across varying media and flow rates, the 

Peclet (Pe) and Damkohler (DaI) numbers are often used. The Peclet number provides insight 

into the ratio of advection to diffusion in the mobile, intergranular domains: 

�2�A=  
�é�ß

�½�Û      (2.3) 
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where �H is the characteristic length (e.g., average grain size or 1/10th the transport length, 

depending on the system) [L], and �&�Û is the diffusion coefficient [L^2T^-1].  DaI allows 

investigation into the ratio between the mass transfer rate of solutes into and out of less-mobile 

pore space to the advection of solutes in the mobile pore space when a DDMT approach is 

considered:   

�&�=�+=  
���@�5�>


� �Ô�Ø

� �Ø

�A�ß

�é
     (2.4) 

At a DaI of approximately 1, advection is approximately equal to mass transfer, and it is 

expected that mass transfer will occur, provided there is a less-mobile porosity. At a DaI much 

larger than 1, mass transfer processes dominate advection such that the system acts like a single 

domain with both domains in effective equilibrium with one another; at a DaI much less than 1, 

advection dominates such that the less-mobile pore space isn’t explored by the diffusion of solute 

(Bahr & Rubin, 1987). Consequently, flow rates should control, in part, our ability to “see” the 

less-mobile pore space. 

In much of the work incorporating DDMT, it is assumed that less-mobile pore space is 

only accessible by means of solute diffusion into and out of the mobile pore space. With natural 

geologic heterogeneity it is likely that in some systems that differences in relative mobility 

between domains are driven by advection (e.g., Briggs et al., 2018). DDMT has been 

successfully applied in systems with multiple domains, all advection-dominated, even when the 

velocity difference between the domains is not substantial (Baratelli et al. 2011). DDMT has also 

been successful in describing tailing observed as a result of variably advection-dominant 

fractures, where diffusion-controlled tailing was proven not to be present (Becker & Shapiro, 

2000). Baratelli et al. (2014) found that when the connectivity of a heterogeneous porous 

medium is poor, the small-scale heterogeneities can be effectively captured with an average 

dispersion coefficient using the ADE when considering a large enough control volume. 

However, in the presence of preferential-flow pathways, DDMT offers an improvement to 

transport prediction.  
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2.2.2    Geophysics in DDMT Studies 

Many lab-scale studies (e.g., Comina et al. 2011; Slater et al. 2000; Slater et al., 2002) 

and field-scale studies (e.g., Monego et al., 2010; Singha & Gorelick, 2005) have successfully 

applied 3-D electrical resistivity tomography (ERT) to image ionic solute plumes. Some research 

has explored how co-located fluid (�ê�Ù) and bulk electrical conductivity (�ê�Õ) collected during 

ionic tracer experiments can be used to quantify parameters controlling solute transport, such as 

�W�K�H���F�D�S�D�F�L�W�\���F�R�H�I�I�L�F�L�H�Q�W������)—the ratio of less-mobile pore space (�à�Ü�à) to mobile pore 

space (�à�à )—�D�Q�G���W�K�H���P�D�V�V���W�U�D�Q�V�I�H�U���U�D�W�H�����.�����E�H�W�Z�H�H�Q���W�Z�R���G�R�P�D�L�Q�V, considering DDMT (Briggs et 

al. 2014; Swanson et al. 2012). Some of these studies have looked at the 1-D column scale (e.g., 

MahmoodPoor Dehkordy et al. 2018; Briggs et al. 2014; Swanson et al. 2012), with others 

testing these ideas at the field scale (Singha et al. 2007; Briggs et al. 2014, 2018; MahmoodPoor 

Dehkordy et al. 2019; Hampton et al. 2019). In a single-domain medium, co-located �ê�Ù and �ê�Õ 

measurements are expected to respond to the presence of an ionic tracer together, according to 

Archie’s Law. In a dual-domain medium where mass transfer occurs, the co-located �ê�Ù and �ê�Õ 

have the potential to deviate from one another due to solute loading and unloading of the less-

mobile pore space occurring at a different rate (or rates) than in the mobile pore space. �ê�Ù 

measurements are thought to preferentially sample �à�à , which change quickly during tracer 

injection and flush, whereas �ê�Õ samples both �à�à  and �à�Ü�à, thus changes more slowly as �à�Ü�à is 

more slowly loaded or unloaded (Briggs et al., 2014). For example, during a stepped injection 

tracer test, as �ê�Ù reaches equilibrium, solute continues to migrate from �à�à  to �à�Ü�à, thus driving a 

continued change in the �ê�Õ. The same occurs during the tracer flush back to background, creating 

a hysteresis between �ê�Õ and �ê�Ù that allows for the �H�V�W�L�P�D�W�L�R�Q���R�I������������
�� �Ô�Ø

�� �Ø
 �����D�Q�G���.�������(�V�W�L�P�D�W�L�R�Q���R�I������

�D�Q�G���.���F�D�Q���E�H���S�H�U�I�R�U�P�H�G���E�\���I�L�W�W�L�Q�J���W�K�U�R�X�J�K���Q�X�P�H�U�L�F�D�O���V�L�P�X�O�D�W�L�R�Q�V���R�I���ê�Ù and �ê�Õ that can be 

compared to observed data (Singha et al. 2007; Swanson et al. 2012), or, more recently, an 

analytical approach (Briggs et al., 2014). However, in the presence of fast mass transfer, where 

rounded hysteresis limbs between �ê�Õ versus �ê�Ù are observed, a semi-analytical or numerical 

�D�S�S�U�R�D�F�K���P�X�V�W���E�H���X�V�H�G���W�R���H�V�W�L�P�D�W�H���.��(Briggs et al., 2014).  Given these analyses, geophysical 

methods may provide important information to parameterize flow and transport models that is 

difficult to otherwise attain.  
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2.3       Methods 

 The methods section describes the 1-D column- and 3-D tank-scale experiments 

independently. The column-experiment component outlines the experimental setup and column 

parameter estimation using an analytical-graphical approach (Briggs et al., 2014) and numerical 

inversions using STAMMT-L (Haggerty, 2009). The tank-experiment component consists of the 

experimental setup for that system, numerical modeling using SEAWAT and R3t, and tank 

parameter estimation following the same analytical and numerical techniques used in the column 

experiments.  

2.3.1   1-D Column Scale Experiments 

2.3.1.1 Column Setup 

A series of nine tracer experiments were conducted in duplicate using a NaCl tracer 

pushed upward through columns packed with three different geologic media: 1) a coarse-grained 

silica sand, specifically #20/#30 Accusand; 2) a zeolite clinoptilolite manufactured by St. Cloud; 

and 3) an artificially crushed amorphous silica glass similar to glass previously manufactured by 

Corning (Table 2.1). The Accusand served as a single-domain control, only having intergranular 

pore space. The zeolite and amorphous glass have intergranular and intragranular pore space. 

 

The three materials were wet packed into clear polyvinyl chloride (PVC) 24.4 cm in 

length, 5.2 cm in diameter, with one sampling port positioned along the length of the column at L 

= 16.3 cm from the base and another at the column effluent (Figure 2.2 A, B).  To prepare for the 

tracer tests, the porous media were placed in deionized water and stirred to eliminate trapped air 

in the medium. The column apparatus was then wet-packed by adding 1-cm increments of 

material, stirring to remove any air, and then tapped lightly with a plastic mallet to allow the 

material to settle into as uniform a packing as possible until the column was fully packed 

(Oliviera et al. 1996). 
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Property #20 / #30 

Accusand 

St. Cloud Zeolite 

Clinoptilolite 

Crushed Amorphous 

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 1.5 2.0 

Gradation coefficient (-) 0.98 0.83 1.1 

Grain shape well-rounded 

(spherical) 

subangular-

subrounded 

angular 

Intragranular porosity 

present 

No Yes Yes 

Table 2.1 Physical properties of geologic material used for column experiments. 
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A 

 

B 

 
Figure 2.2 Column experiment set-up. (A) NaCl tracer is injected upward from the influent 
reservoir using a peristaltic pump. Amber Science micro-flow cells measure �ê�Ù at 16.3 cm and 
24.4 cm from the inlet. Direct-current electrical resistivity electrodes are labeled. (B) Electrical 
resistivity array used to measure �ê�Õ at 16.3 cm. The spacing between the potential electrodes is 
approximately 1.7 cm. Current is driven into the column through the current electrodes, which 
have been incorporated on the sides of the column wall with stainless steel electrodes. The 
change in potential is measured with silver/silver chloride electrodes. 
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 Conductivities were measured to constrain parameters controlling mass transfer. �ê�Ù was 

measured during the experiments by two micro-flowthrough cells made by Amber Scientific, 

with a sampling volume of 7 uL and measurement resolution of +/-0.1 uS/cm. The cells were 

calibrated using 1413 uS/cm, 2764 uS/cm, and 12,880 uS/cm calibration solutions at a 

temperature of 23 �( . �ê�Ù was recorded at a 1-minute temporal resolution at the two fluid 

sampling ports. The �ê�Ù measured at 16.3 cm was co-located with measured �ê�Õ, which was 

measured with a Wenner array configuration with approximately 1.7 cm spacing between 

electrodes installed along the column wall. The silver/silver chloride potential electrodes and 

stainless steel current driving electrodes were installed in a configuration previously used in 

column experiments (Figure 2.2B; e.g., Briggs et al. 2014). Together, the four electrodes created 

one quadripole used for collection of �ê�Õ measurements. The quadripole was measured 

approximately three times per minute, and data were collected continuously for the entirety of 

each tracer experiment using an IRIS Syscal Pro (France) with an adapter for reducing current in 

lab-scale systems. To obtain a geometric factor, K, measured resistances needed to be converted 

to �ê�Õ. To do this, the column was filled with fluid of a known �ê�Ù, and the quadripole was then 

used to measure the resistance between the potential electrodes a total of twenty times. Given the 

injected current and the measured difference in voltage potential, Ohm’s law was used to 

calculate resistance and equation 2.5 was used to calculate K [L]:  

 

�ê�Õ= �ê�Ù=
�5

�Ë�Ä
      (2.5) 

 

where R is resistance [ohms]. The arithmetic average of these 20 measurements for the 

quadripole was then used to estimate an average K that was then used to calculate �ê�Õ in the 

sediment-filled columns during the tracer experiments.  
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2.3.1.2 Column 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. Once the system 

was clean, a low conductivity NaCl background solution (�ê�Ù ~ 160 uS/cm, corrected to 25 

degrees Celsius) was flushed through the column until the porous medium reached equilibrium. 

Both background and tracer (�ê�Ù ~ 940 uS/cm, corrected to 25 degrees Celsius) solutions were 

made with degassed DI water from a Millipore purifier (~1-2 uS/cm), thoroughly mixed, and 

stored in airtight high-density polyethylene (HDPE) storage containers. Chloride was chosen as a 

conservative tracer, where it was assumed to undergo mass transfer into and out of the physical 

less-mobile and mobile domains during the tracer experiments without sorbing nor reacting 

(Swanson et al., 2012). Tracer injection durations were selected to allow for pseudo-equilibrium 

in the less-mobile domain, consisting of the injection of 5 pore volumes of tracer solution at each 

flow rate. After the five pore volumes of tracer were injected, the background solution was 

immediately injected until �ê�Õ reached pre-tracer condition values.  

Prior to the start of the tracer solution injection, the side sampling port was opened and 

controlled such that the sampling port flow rate was approximately 10% of the total column flow 

rate to maintain, as much as possible, 1-D flow (e.g., Briggs et al., 2014). Three flow rates were 

used to study controls on dual-domain mass transfer behavior for each of the materials (Table 

2.2).  The variation in the highest flow rate across the three materials was due to wear of the 

peristaltic tubing when the pump was set to the maximum revolutions per minute (RPM) 

possible. Flow rates were manually checked at the outlet and sampling port throughout each 

experiment. 
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Table 2.2 List of column-scale experiments. The total column flow rates (Qtotal), flow rate of 
sampling port (Qsampling), mean temperature of fluid at sampling port, standard deviation of 
temperature, and injection duration of ionic NaCl tracer are shown for each experiment. 

Experiment    

# 

Media Qtotal 

(mL/min) 

Qsampling 

(mL/min) 

Mean 

�6�Ù�ß�è�Ü�×  

(�( ) 

standard  

deviation 

�6�Ù�ß�è�Ü�×(�( ) 

tracer 

injection 

duration 

(min) 

1  

#20/#30 

Accusand 

 

49  0.4 23.2        0.1 21 

2 49        0.5 23.2        0.1 21 

3 5        0.4 20.8        0.3 213 

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  

St. Cloud 

Zeolite 

Clinoptilolite 

 

47        3.3 17.3        0.1 33 

8 47        3.8 17.8        0.2 33 

9 5        0.5 17.8        0.6 316 

10 5        0.6 17.1        0.8 316 

11 1        0.1 24.2        0.4 1440 

12 1        0.1 23.3        0.2 1448 

13  

Amorphous 

glass 

 

45        2.6 18.7        0.1 37 

14 45        2.8 18.6        0.1 37 

15 5        0.5 17.3        0.7 339 

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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 �ê�Ù and �ê�Õ measurements must be co-located spatially and temporally to ensure that the 

observed offset between the two measurements is not artificially produced (Briggs et al., 2014; 

Swanson et al., 2012); however, this can be difficult due to different sampling volumes of the 

measurements. �ê�Õ will see tracer breakthrough and background flush before the change in �ê�Ù 

breaks the plane of the effluent ports due to the larger area averaged, or support volume, in the 

�ê�Õ measurements when compared to the �ê�Ù measurements. Consequently, to co-locate �ê�Ù and �ê�Õ 

in time, the temporal midpoint between 10% of the rising limb of the �ê�Ù breakthrough curve 

(BTC) and 90% of the �ê�Ù falling limb BTC and temporal midpoint between 10% of the rising 

limb of the �ê�Õ BTC and 90% of the �ê�Õ falling limb BTC were aligned, which proved robust for 

this analysis and minimized the impact of the tails.  

�ê�Ù and �ê�Õ are both temperature dependent. Most modern �ê�Ù measurement devices default 

to temperature correct the measured �ê�Ù to a default of 25 degrees Celsius (Hayashi, 2004): 

�ê�Ù= �ê�Ù,�6�9�( [1 + 
c�Ü
k�6�Ù�ß�è�Ü�×
F �6�6�9�(
o
g]    (2.6) 

where �ê�Ù is the fluid conductivity at the measured temperature of the sampling port effluent 

[uS/cm], �ê�Ù,�6�9�( is the default, corrected fluid conductivity output from the Amber Science 

microfluidic unit [uS/cm], �Ü is a constant related to the specific ionic salt vs. temperature 

relationship [-], �6�Ù�ß�è�Ü�× is the measured temperature of the sampling port effluent [�( ], �6�6�9�( is the 

temperature the �ê�Ù is corrected to [�( ]. Due to the variation in the �6�Ù�ß�è�Ü�× during each experiment 

(Table 2.2) and because �ê�Õ is measured at the temperature of the fluid within the column, �ê�Ù was 

back-calculated from equation 2.6 and used for further analysis. This was done to ensure 

observed offset between �ê�Ù and �ê�Õ was not the result of artificially produced temperature 

correction of �ê�Ù and not �ê�Õ. �Ü= 0.019 is used here, consistent with other literature (Eaton et al. 

1998; Hayashi, 2004). When temperature does not remain constant during the measurement 

collection, temperature correction of either �ê�Ù or �ê�Õ, but not both, can produce artificial offset in 

�ê�Õ versus �ê�Ù and lead to inaccurate estimation of �Ú.  
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2.3.1.3 Column Parameter Estimation 

 �à�à  was determined from the median tracer arrival time of tracer solute measured in the 

rising limb of the �ê�Ù BTCs, averaged for all flow rates, and assumed to be constant for each 

medium. A version of Darcy’s law was implemented to calculate �à�à  from the median arrival 

time:  

      �à�à =  
�Ê�ß�Ú�ß�Ì�×

�º�Î�Ú�×�à�Ø�Ù(
�Ï �Þ�Ì�Ø�Û�×�Ô�Ù�Ò

�ß�Ø�Ð�Ï�Ô�Ì�Ù
)
      (2.7) 

where  �3�ç�â�ç�Ô�ß is the total flow rate of fluid through the column [L^3/T], �#�Ö�â�ß�è�à�á is the cross-

sectional area of the column wall [L^2], �@�æ�Ô�à�ã�ß�Ü�á�Ú is the distance from the base of the column to 

the sampling plane [L], and �P�à�Ø�×�Ü�Ô�á is the median breakthrough time of ionic tracer in measured 

�ê�Ù [T]. This calculation was performed for the original and duplicate experiments for each 

medium, and arithmetically averaged for each medium across all three flow rates to get an 

estimate and standard deviation for �à�à . 

 �à�Ü�à was estimated through graphical analysis of �ê�Õ versus �ê�Ù hysteresis using the Briggs 

et al. (2014) analytical approach. Four hinge points (�ê�Õ,�4,�5,�6,�Ô�á�× �7, Figure 2.3) for each hysteresis 

�F�X�U�Y�H�����I�U�R�P���R�U�L�J�L�Q�D�O���D�Q�G���G�X�S�O�L�F�D�W�H���H�[�S�H�U�L�P�H�Q�W�V�����Z�H�U�H���V�H�O�H�F�W�H�G���W�R���F�D�O�F�X�O�D�W�H����: 

                               �� = 
e

l


� �Í ,�. �7
� �Í ,�-

� �Í ,�-�7
� �Í ,�,


p�>
l

� �Í ,�/ �7
� �Í ,�,

� �Í ,�. �7
� �Í ,�/


p

�6

i         (2.8) 

Hinge points �ê�Õ,�4and �ê�Õ,�5 were determined from fitting a line to the rising limb of the tracer 

injection. �ê�Õ,�6 was determined from the equilibrium condition in �ê�Õ during the tracer injection 

plateau. Hinge point �ê�Õ,�7 was determined from fitting a line to the falling limb of the tracer 

injection back to background conditions. To keep fits consistent across all experiments, the lines 

were manually fit in MATLAB using the line-draw tool due to noise and non-ideal hysteresis 

curve shape in the data.  
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Figure 2.3 �*�U�D�S�K�L�F�D�O���V�H�O�H�F�W�L�R�Q���R�I���K�\�V�W�H�U�H�V�L�V���K�L�Q�J�H���S�R�L�Q�W�V���W�R���F�D�O�F�X�O�D�W�H�������I�U�R�P���ê�Õ versus �ê�Ù for both 
rising (�ê�Õ,�4,�5,�6) and falling limbs (�ê�Õ,�6,�7,�4) for St. Cloud zeolite clinoptilolite medium at Q = 5.0 
mL/min. Time is in pore volumes. 

With the four hinge points selected �à�Ü�à �Z�D�V���F�D�O�F�X�O�D�W�H�G���E�\���P�X�O�W�L�S�O�L�F�D�W�L�R�Q���R�I���W�K�H���D�Y�H�U�D�J�H�G�������I�R�U��

both rising and falling limbs by the Darcy-estimate �à�à : 

�à�Ü�à= �à�à 
e

l


� �Í ,�. �7
� �Í ,�-

� �Í ,�-�7
� �Í ,�,


p�>
l

� �Í ,�/ �7
� �Í ,�,

� �Í ,�. �7
� �Í ,�/


p

�6

i     (2.9) 

�= was estimated using the inverse mode of STAMMT-L (Haggerty, 2009) assuming a 

single, first-order mass-transfer rate where mass-transfer into less-mobile pore space was limited 

to a 1-D geometry to be representative of 1-D flow in the columns�����. was optimized by 

minimization of the error between normalized, non-interpolated �ê�Ù for each experiment (original 

and duplicate) and the model estimate. The �ê�Ù rising and falling limbs of each experiment were 

fit separately. This was performed to isolate the inverse fits for the rising and falling limbs to 

minimize the error between observed and optimized data. All other parameters were held 
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�F�R�Q�V�W�D�Q�W���W�R���L�V�R�O�D�W�H���.���D�Q�G���D�Y�R�L�G���R�Y�H�U�I�L�W�W�L�Q�J���R�I���R�E�V�H�U�Y�H�G���G�D�W�D, including the �à�Ü�à and �à�à  as 

estimated above. The longitudinal dispersivity was held fixed at 10% of the transport length from 

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

best-fit �.��was the arithmetic average between the inverse fits for both the rising and falling limbs 

of �ê�Ù BTCs for both original and duplicate experiments.  

2.3.2    3-D 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, 

intermediate-scale system within a 3-D tank. Seven upgradient and seven downgradient 

reservoirs were connected to constant-head devices through individual siphons to establish a 

constant hydraulic gradient across the tank. The constant-head devices 1,2 (upgradient control) 

and 3 (downgradient control) established an approximately linear hydraulic-head gradient across 

the tank (Figure 2.4 A, 2.5 A). The upgradient hydraulic head was set at 35 cm above the base of 

the tank and the downgradient hydraulic head was set at 22 cm above the base of the tank, for an 

overall hydraulic gradient of 0.03. The tank had 44 observation wells of 2.5 cm internal diameter 

placed in 8 separate rows (Figure 2.4 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 Corporation, Idaho. The installation of four impermeable plastic barriers were included 

to incorporate physical heterogeneity and created comparatively shorter- and longer-flow 

pathways. More detailed descriptions about the specifications and construction of the synthetic 

aquifer can be found in Schulte (2009), the developer of the system.  

The synthetic aquifer was outfitted with geophysical electrodes for resistivity 

measurements. Four surface resistivity lines were installed using 45 1.9-cm long stainless-steel 

screws inserted into the top of the sand surface. One longitudinal line, A (parallel to the primary 

flow direction), and three transverse lines, B, C, and D (normal to the primary flow direction), 

were installed with approximately 22-cm spacing between electrodes with some variations 

around the impermeable barriers (Figure 2.4 A). The survey type for the surface lines was 



 

20 
 

dipole-dipole. Forty-eight nested subsurface electrodes were also installed at six locations at 

depths of 10 and 20 cm above the base of the tank for each location near a series of wells (Well 

#3, #14, #20, #19, #25, and #36), with spacing between current electrodes and potential 

electrodes set at 7 and 4 cm, respectively (Figure 2.4 A, B), such that data could be collected 

using a Schlumberger array. Resistance was measured at both depths to constrain the injected 

plume in three dimensions (Figure 2.4 B). The locations of the nested electrodes were 

strategically positioned around six individual wells to co-locate �ê�Ù and �ê�Õ measurements for 

hysteresis analysis. 

To estimate �ê�Õ from the measured resistances for each set of nested electrode 

quadripoles, geometric factors were approximated using the method of images:  

K =
�8��

�-
�7

�²�¾ 
 �> 

�-
�7

�²�¾�Ô
 �? 

�-
�7

�²�¿
 �? 

�-
�7

�²�¿�Ô
 �? 

�-
�7

�³�¾
 �? 

�-
�7

�³�¾�Ô
�>

�-
�7

�³�¿
�>

�-
�7

�³�¿�Ô

     (2.10) 

where K is the geometric factor (L), A,B are the current electrodes, M,N are the potential 

electrodes, Mi,Ni are the imaginary potential electrodes reflected over the surface boundary and 

F

AM ,  

F

AMi , 

F

AN , 

F

ANi , 

F

BM, 

F

BMi , 

F

BN , 

F

BNi  represent the distance between the two defined 

electrodes (L).  The top surface of the sand in the tank was used as the upper boundary condition 

to produce the locations of the imaginary electrodes. The geometric factors for the nested 

quadripoles 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 operated at a sampling 

temporal resolution of 10 minutes. Of the 165 total measurements for each survey, 84 were for 

surface line A, 21 were for surface 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 each depth at each of the 

6 different locations previously outlined. Six stacks were collected for each resistance 

measurement to capture a standard deviation for each measurement.  



21 
 

 

 

 

 

 Figure 2.4 (A) Map view of the tank setup. Tracer fluid is injected into three upgradient locations using a series of peristaltic pumps 
directly into the #70 Unimin sand at a depth of 28 cm above the base of the tank. �ê�Ù was measured in all 44 wells and 14 up- and 
downgradient reservoirs (UR, DR) up to 3 times per day using a handheld OrionStar Electrical Conductivity Meter at the base, 10, and 
20 cm above the base of the tank. Four resistivity surface lines (A, B, C, and D in dipole-dipole configuration) and 12 nested 
resistivity quadripoles (6 locations, 2 different depths: 10 and 20 cm above the base of the tank) were also simultaneously recorded at 
a 10-min resolution during the tracer experiment. (B) Cross-sectional view of nested resistivity electrodes co-located with six wells 
within the tank (Wells #3, #14, #19, #20, #25, and #36). The electrode configuration is in a Schlumberger configuration. Current is 
driven on the outside electrodes (7 cm apart), and the difference in potential is measured between the inner electrodes (4 cm apart, 
directly adjacent to the well). Resistance measurements are taken at two different depths in the tank (10 cm and 20 cm) from the base 
of the tank. Impermeable no-flow barriers are labeled #1-#4. 
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2.3.2.2 Tank Tracer Injections 

 Tracer tests consisted of three phases: 1) preparation, 2) tracer injection, and 3) system 

flush. A degassing reservoir of 1 m3 in volume was filled with tap water and allowed to degas by 

being exposed to the atmosphere for approximately 72 hours. The sand-filled tank was then filled 

with approximately 1 cm of water per day for approximately a month via the upgradient and 

downgradient constant-head devices to allow entrapped air to escape vertically out of the pore 

space. Once the tank was fully saturated, the up- and downgradient reservoirs were set to 

constant hydraulic heads (using constant head devices 2 and 3 (Figure 2.4 A). The hydraulic 

gradient was approximately linear from the upgradient to downgradient portions of the tank, with 

some variability around the no-flow barriers, and held constant through the tracer test (Figure 2.4 

A). The primary upgradient constant-head device (device 2) was supplied from a gravity feed 

from a secondary constant-head device (device 1). The secondary device was fed via a 

submersible pump from a storage reservoir containing tap water that was passed through a 5-

micron sediment filter, 5-micron activated carbon filter, and a 0.011 m^3/min capacity ultraviolet 

(UV) light treatment all in series. The UV light treatment was included to mitigate the 

introduction of active biological agents to the tank. The background solution had a �ê�Ù of ~580 

uS/cm (corrected to 25�( ).  

Prior to starting the tracer injection, background resistance measurements were taken 

over 16.5 hours for all surface lines (A,B,C,D) and nested quadripoles (at Well #3, #14, #19, 

#20, #25, and #36) to provide good data on initial conditions. During the tracer experiment, �ê�Õ 

was measured continuously with ~10-minute temporal resolution. �ê�Ù was recorded at in all 14 

reservoirs and 44 observation wells at 3 different depths (base, 10 cm above, and 20 cm above 

the tank base) at least once per day and up to three times per day using a handheld OrionStar 

electrical conductivity probe. The �ê�Ù measurements in the tank experiments were uncorrected 

from the default temperature correction to 25 �(  as was done in the column experiments.  

 The tracer test consisted of a 72-hr injection of dissolved NaCl solution (~1210 uS/cm, 

made with tap water, corrected to 25�( ) into three upgradient locations directly into the #70 
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Unimin porous media (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 mL/min. The 

total discharge prior to the introduction of the tracer solution in the tank during background 

flushing was ~240 mL/min with a hydraulic gradient of 0.03 and increased to about ~255 

mL/min during the 72-hour injection. Once the tracer had been flushed such that the tank had 

approximately reached pre-tracer injection �ê�Õ conditions, the experiment was concluded. This 

occurred approximately 10 days after the NaCl injection stopped; measurements were collected 

continuously until the end of the experiment.  

2.3.2.3 Predicting Density-Driven Flow  

Density effects have been observed in this synthetic aquifer system during low 

conductivity tracer tests before; however it was thought that these effects occurred primarily in 

the wells themselves (Schulte, 2009). Nonetheless, preliminary calculations were included to 

choose a tracer concentration where density effects were minimized. Detailed approaches have 

been derived for predicting density instabilities in heterogeneous porous media (Barth et al. 

2001). Here, a more simplified approach for predicting density instabilities for a natural gradient 

test in a homogeneous porous medium is applied (Oostrom et al. 1992):  

 �Ù�æ�ç�Ô�Õ�Ü�ß�Ü�ç�ì=
�O[


� �ß�Ý�Ì�Î�Ð�Ý�7
� �Í�Ì�Î�Ö�Ò�Ý�Ú�à�Ù�Ï

� �Í�Ì�Î�Ö�Ò�Ý�Ú�à�Ù�Ï

]

�o
    (2.11) 

where  �Ù�æ�ç�Ô�Õ�Ü�ß�Ü�ç�ì is the stability ratio [-], used to determine if density instability is expected to 

occur;  �é�ç�å�Ô�Ö�Ø�å is the density of the tracer solution [M/L^3] , �é�Õ�Ô�Ö�Þ�Ú�å�â�è�á�×  is the density of the 

background solution [M/L^3] , K is the hydraulic conductivity [L/T] and q is the Darcy velocity 

[L/T] . Density instabilities are expected to begin when �Ù�æ�ç�Ô�Õ�Ü�ß�Ü�ç�ì > 0.3 (Barth et al., 2001; 

Schulte, 2009). To calculate the stability ratio, an approximation for the Darcy velocity was 

determined using the Dupuit-Forchimer discharge solution:  

�M=
�Ä�Û[

�B�Ó�,
�. �7�Ó�Ñ

�. �C

�.�Û�H
]

�Û�Ô�Ù�Õ
      (2.12) 
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where �D�4 is the head in the upgradient portion of the aquifer [L] , �D�Ù is the head in the 

downgradient portion of the aquifer [L] , �D�Ü�á�Ý is the head at the location of tracer injection, [L]  

and L is the longitudinal length of the aquifer [L] .   

The background solution density was measured three times by filling a 50 mL volumetric 

flask, finding its mass, and averaging the three measurements. The same test was performed for 

the NaCl tracer solution (�ê�Ù ~ 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/m^3. Using the critical stability 

threshold of �Ù�æ�ç�Ô�Õ�Ü�ß�Ü�ç�ì = 0.3, the maximum allowable tracer density, �é�ç�å�Ô�Ö�Ø�å,�Æ�º�Ñ was calculated 

to determine how close �é�ç�å�Ô�Ö�Ø�å was to the critical density. The �é�ç�å�Ô�Ö�Ø�å,�Æ�º�Ñ was 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 calculated using the 

�é�Õ�Ô�Ö�Þ�Ú�å�â�è�á�× and �é�ç�å�Ô�Ö�Ø�å was 0.04; since 0.04 is substantially less than 0.3, it was assumed that 

density instabilities within the aquifer would be negligible. These were calculated using a K of 

0.0141 cm/s, �é�Õ�Ô�Ö�Þ�Ú�å�â�è�á�× of 996.32 mg/cm^3, �é�ç�å�Ô�Ö�Ø�å of 997.33 mg/cm^3,  �D�4 of 35 cm, �D�Ù of 

22 cm, �D�Ü�á�Ý of 32.5 cm, L of 429.54 cm, and q of 4E-4 cm/s. 

2.3.2.4 Numerical Modeling of Solute Transport in SEAWAT  

NaCl tracer tests at the 3-D tank scale were simulated with SEAWAT Version 4, a block-

centered finite-difference code (Langevin et al. 2007), which couples MODFLOW-2000 

(Harbaugh et al. 2000) and MT3DMS (Zheng & Wang, 1999). Forward simulations were used to 

model flow, conservative solute transport, and identify potential density effects between injected 

tracer and background solutions. The model was also used to identify a reasonable experiment 

duration by varying the hydraulic gradient. The numerical simulations were solved with the TVD 

(total variation diminishing) method to minimize numerical dispersion introduced with the finite 

difference solver (Zheng & Wang, 1999; Goswami et al. 2011). To include density-driven 

transport effects, SEAWAT incorporates the density change as a function of the concentration 

under isothermal conditions (Equation 2.13):  
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�é�á�Ø�ê= �é�â�å�Ü�Ú�Ü�á�Ô�ß+ �Ý�%    (2.13) 

where �é�á�Ø�ê is the fluid density as a function of concentration [M/L^3] , �é�â�å�Ü�Ú�Ü�á�Ô�ß is the original 

density of the fluid [M/L^3] , �Ý is an empirical constant, and C is the solute concentration 

[M/L^3] . The empirical constant, �Ý, has been assumed to be 0.7143 characteristic of systems 

where one fluid has a salt concentration of zero and the other has a salt concentration equivalent 

to that of seawater (Langevin et al., 2007).  

2.3.2.5 Flow and Transport Model 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 conditions (Figure 2.4 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 (Figure 2.6 A, B). The 

temporal discretization was approximately every 0.5 minutes as determined by the TVD solver 

scheme.  

Impermeable barriers were included as no-flow boundary conditions. The Unimin #70 

sand was assumed to be homogeneous and isotropic with a K of 0.864 cm/min based on Sakaki 

& Illangasekare (2007). The wells were assumed to have a K 1000 times that of the aquifer as 

the wellbores were not packed with any sediment (Schulte, 2009). Specific yield (0.25) and 

specific storage (0.01 cm) values were assumed based on unconsolidated sand (Anderson et al. 

2015; Domenico, 1972; Johnson, 1967). The specific yield and porosity for the wells were 

assigned to be near 1. To 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 sand at individual rates of 5 mL/min (Figure 2.4 A). The 

mobile porosity was set to 0.45, based on calibration for the aquifer from previous tracer 

experiments (Schulte, 2009). The longitudinal dispersivity was assumed to be 0.3 cm, based on 

the tank scale, and the horizontal transverse and vertical transverse dispersivities were assumed 
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to be 10% and 1% of the longitudinal dispersivity (0.03 and 0.003 cm) (Gelhar et al., 1992; 

Zheng & Wang, 1999). The diffusion coefficient for Cl- was assumed to be 1E-9 m^2/sec as 

estimated in deep-sea sediment (Yuan-Hui & Gregory, 1974). Additionally, SEAWAT required 

the density of the background solution (996.32 mg/L) and the dimensionless constant �Ý (set to 

0.7143); Langevin et al., 2007). The hydraulic heads were measured in the tank using an 

electronic tape. The root-mean 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 0.99 (Figure 2.5). 

From the close matching of observed and simulated heads, it was concluded that calibration of 

the flow model was not necessary.  

 

2.3.2.6 R3t Electrical Resistivity Tomography Modeling 

 R3t was used to simulate the 3-D electrical flow and inversion, and is a freeware 

executable developed by Andrew Binley at Lancaster University (Binley, 2019a). Gmsh,  

freeware mesh generation software with a graphical user interface (GUI), was utilized for mesh 

generation (Geuzaine & Remacle, 2009) for R3t. The 3-D tank was discretized into physical 

points for all resistivity electrode locations and corners of the tank in x and y dimensions. These 

coordinates were extruded to convert 2-D surfaces into the third dimension (depth) with 10 

vertical nodes or 9 vertical layers at 4 cm increments (Figure 2.6 C). All point, line, and surface 

definitions were uploaded into Gmsh.  Next, the 3-D definition of points in the tank was fit with 

a finite-element mesh using the automated 3-D meshing tool in Gmsh. The average element 

length was 5 cm with finer mesh around the electrode locations as defined by their relative 

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 for formatting 

purposes for R3t.
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Figure 2.5 (A) Contour plot of measured heads prior to start of tracer injection using a well sounding tape. (B) SEAWAT forward-
modeled versus measured heads. RMSE is 0.4% and an r-squared of 0.99. Impermeable no-flow barriers are labeled #1-#4.  

1 2 

3 
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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 the root-mean-square error 

between observed and simulated data, as recommended in the R3t user guide (Binley, 2019b): 

[�,�Í �S�×
�Í �S�×�,+ �Ù�4]�¿�I =  �,�Í �S�×

�Í [�@ 
F �B(�I �ç)] 
F �Ù�4�I    (2.14) 

�I �ç�>�5= �I �ç+ �¿�I     (2.15) 

where �, is the Jacobian, �,�Í  is the transposed Jacobian, �@ is the resistance data set, �I �ç is the 

inversion of �@ at a desired timestep t, �S�× is the data weight vector which is equivalent to the 

inverse of the standard deviation of each measurement in the data set, �S�×
�Í  is the transposed data 

weight vector, �Ù is the smoothing parameter, �4 is the roughness matrix, �¿�I is the parameter 

update for each iteration, and �B(�I �ç) is the forward model of the inversion �I �ç.  

The difference inversions for each desired time step were solved with respect to a 

reference inversion of background measurements (averaged from 99 background surveys of all 

165 measurements, including the average standard deviation of each measurement) prior to 

tracer injection with a median standard deviation of 0.11%. The resistance data for each desired 

time step was modified with equation 2.16 prior to the solving of each difference inversion 

(Binley, 2019b):  

�@�ç,   �à�â�×�Ü�Ù�Ü�Ø�×= �@�ç
F �@�Õ�Ô�Ö�Þ�Ú�å�â�è�á�×+  �B
k�I�Õ�Ô�Ö�Þ�Ú�å�â�è�á�×
o   (2.16) 

where �@�ç,   �à�â�×�Ü�Ù�Ü�Ø�× is the modified resistance dataset for the desired time step that goes into the 

difference inversion [ohms], �@�ç is the resistance data for the desired time step output collected in 

the tank [ohms], �@�Õ�Ô�Ö�Þ�Ú�å�â�è�á�× the average resistance data set for all of the surveys prior to the 

start of tracer injection [ohms], �I �Õ�Ô�Ö�Þ�Ú�å�â�è�á�× is the background inversion using 

�@�Õ�Ô�Ö�Þ�Ú�å�â�è�á�× [ohm-m], and �B
k�I�Õ�Ô�Ö�Þ�Ú�å�â�è�á�×
o is the forward model apparent resistance from the 

background inversion �I �Õ�Ô�Ö�Þ�Ú�å�â�è�á�× [ohms]. This methodology establishes the difference 

inversion (LaBrecque & Yang, 2009). The median standard deviation of all the resistances for 

each of the quadripoles in the 165 measurement survey sequence during the tracer experiment 
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was 0.14% for the 32 time steps inverted. To account for other errors beyond simply those in 

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

 

2.3.2.7 Tank Parameter Estimation 

 The same parameter estimation methodology for the column experiments was used in the 

tank �W�R���H�V�W�L�P�D�W�H�������D�Q�G���.�����7�K�H���D�Q�D�O�\�W�L�F�D�O���P�H�W�K�R�G���Z�D�V���D�S�S�O�L�H�G���W�R���F�D�O�F�X�O�D�W�H�������D�Q�G���6�7�$�0�0�7-L 

numerical inversions were used to fit the entire �ê�Ù BTCs for each of the 10 locations where �ê�Õ 

versus �ê�Ù were measured in order to estimate �.. The �. diffusion geometry was set to 3-D to 

represent the 3-D tank system. �à�Ü�àwas calculated using the calibrated �à�à  from previous tracer 

experiments (Schulte, 2009) using equation 2.9 with the estimated �Ú.  

 

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

 To investigate the influence of density-driven transport on DDMT parameter estimation 

at the 3-D tank scale, forward simulations of the tracer experiments were performed separately in 

MT3DMS and SEAWAT and were coupled with electrical flow in R3t. Simulations of �ê�Õ versus 

�ê�Ù were performed separately in MT3DMS and SEAWAT to isolate the controls on transport 

from the impermeable barriers from controls sourced from density-driven flow. To link the 

solute transport concentrations to the apparent bulk electrical conductivity, a total dissolved 

solids (TDS) conversion to �ê�Ù was applied (2.17): 

�ê�Ù(
�è�Ì

�Ö�à
) =

�Í�½�Ì (
�Ø�Ò
�½

)

�Ö
     (2.17) 

where c is a dimensionless constant, assumed to be 0.55, representative of natural waters with �ê�Ù 

ranging from approximately 500 – 3000 uS/cm (Hem, 1985; Rusydi, 2018). 
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Figure 2.6 (A) Model definition for fluid flow. Spatial discretization is 1 cm by 1 cm by 4 cm depth. Boundary conditions are 
specified. (B) Model Definition for Transport.  Spatial discretization is 1 cm by 1 cm by 4 cm depth. Boundary conditions are 
specified. (C) Model definition for electrodes for finite-element mesh generation in Gmsh for R3t electrical flow. All surface and 
nested electrodes are defined as explicit points on the surface and extruded downward in 9 layers (every 4 cm). The spatial 
resolution or characteristic average side length of each element is 5 cm and is finer around surficial and nested electrodes. There are 
9 layers in the vertical direction (every 4 cm). Note: The no-flow barriers are explicitly simulated in 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 �ê�Ù were then converted to �ê�Õ using Archie’s Law (2.18) (Archie, 1942):  

�ê�Õ=  �=�à�à �ê�Ù     (2.18) 

where a is a dimensionless fitting parameter [-], �à, the total porosity of the porous medium [-], 

and m is the dimensionless cementation exponent of the porous medium [-]. a is assumed to be 1 

and m is assumed to be 1.45, consistent with unconsolidated, quartz sand (Friedman, 2005; 

Friedman & Robinson, 2002). The inverse of the calculated �ê�Õ was then input in R3t as apparent 

resistivity for the forward simulations. This process was performed for each desired time step. 

 To isolate controls from the physical impermeable barriers, density-driven solute 

transport, and flow rate, six different aquifer conditions were simulated (Table 2.3).  

Table 2.3 Forward Modeling Scenarios for Tank System 

Scenario Hydraulic 
Gradient 

Impermeable Barriers 
Simulated 

Density Differences 
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    1-D Column NaCl Tracer Experiments 

  The repeatability of the 1-D column experiments is high (Figure 2.7 A-I). Minor 

variability is observed in the BTC tails in the #20/#30 Accusand and St. Cloud zeolite 

clinoptilolite media (Figure 2.7 B, C, and D), most likely from slight differences in tracer 

injection duration, experiment temperature, and the sampling flow rate between original and 

duplicate experiments (Table 2.2). There is also some variability in the plateau of the 1.1 mL/min 

amorphous silica glass original and duplicate experiments (Figure 2.7 G) due to larger 

temperature variability relative to other experiments and the column having to be repacked in 

between original and duplicate runs due to air getting into the column around one of the current 

electrodes during the original experiment.  

2.4.1.1 #20/#30 Accusand Control 

 The Accusand experiments at all flow rates show minor hysteresis between �ê�Ù and �ê�Õ 

(Figure 2.8 A-C), which is consistent with previous experiments in the same medium (Swanson 

et al., 2012). Though the #20/#30 Accusand is a simple medium, we estimate a small less-mobile 

domain, which remains constant across all experimental flow rates at 0.04 (Table 2.4), consistent 

with a previous analysis of 0.01 (Swanson et al., 2012). Regardless of flow rate, the mass-

transfer rates are approximately zero (Table 2.4), also consistent with Swanson et al. (2012). All 

approximated DaI numbers are <<1 and Pe numbers are 10, 50, and 400 for the three 

experiments (Table 2.4), indicating strongly advective-dominated systems; together, these values 

indicate that mass transfer would not occur, even if non-negligible less-mobile porosity existed. 

Interestingly, numerical simulations in the literature show the increasing presence of dual-

domain behavior within intergranular pore space at Pe numbers > 1.6 in porous media that lack 

intragranular pore space due to increasing non-equilibrium conditions that develop from 

preferential flow pathways (Liu & Kitanidis, 2012), which is not observed.  
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Figure 2.7 Observed breakthrough curves from all column experiments with MATLAB interpolation up to a temporal resolution of 
5 measurements per minute. �ê�Ù (black) and �ê�Õ (blue) for original experiment runs (solid lines) and repeat experiments (dashed 
lines) are shown for all three media at low (left column), intermediate, and fast (right column) flow rates. Top row: #20/#30 
Accusand, Middle row: St. Cloud zeolite clinoptilolite, Bottom row: crushed amorphous silica glass. 
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Figure 2.8 Column hysteresis results from co-located �ê�Õ vs. �ê�Ù during NaCl tracer tests. Grey solid lines represent original and 
duplicate experiments. The colored represents the arithmetic mean between duplicate experiments. #20/#30 Accusand at A) Q = 1.1 
mL/min, B) Q = 5.0 mL/min, and C) #Q = 49 mL/min; St. Cloud zeolite clinoptilolite at D) Q = 1.1 mL/min, E) Q = 5.0 mL/min, and 
F) Q = 47 mL/min; amorphous silica glass at G) Q = 1.1 mL/min, H) Q = 5.0 mL/min, and I) Q = 45 mL/min. 
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Table 2.4 Estimated �à�à , �à�Ü�à, �Ù, and approximated Pe and DaI for all column NaCl tracer experiments. 

Flow Rate  

1.1 mL/min 

 

5 mL/min 

49 (Accusand) / 47 (Zeolite) / 45 

(Amorphous) mL/min 

Medium �à�à ,std 

(-) 

�à�Ü�à 

(-) 

�Ù  

(s -̂1) 

DaI 

 (-) 

Pe 

(-) 

�à�à , std 

(-) 

�à�Ü�à 

(-) 

�Ù  

(s -̂1) 

DaI 

(-) 

Pe 

(-) 

�à�à ,std 

(-) 

�à�Ü�à 

(-) 

�Ù  

(s -̂1) 

DaI 

(-) 

Pe 

(-) 

#20 / #30 

Accusand 

0.37

+/ 
F0.03�Ù 

0.041�Ô 2�'


F10�á 

2E-6 10 0.37 

+/ 
F 0.03�Ù 

0.041�Ô 5�'


F10�á 

8E-7 50 0.37 +/ 
F0.03�Ù 0.037�Ô 4�'


F8�á 

6E-6 400 

St. Cloud 

Zeolite 

Clinop-

tilolite 

0.49

+/ 
F 0.05�Ù 

0.18�Ô 7�' 
F 6�á 0.1 20 0.49 

+/ 
F0.05�Ù 

0.17�Ô 3�' 
F 5�á 0.1 10

0 

0.49 +/ 
F0.05�Ù 0.16�Ô 4�'


F5�á 

0.1 1000 

Amorphou

s Silica 

Glass 

0.41 +/ 
F0.1�Ù 0.36�Ô 5�' 
F 6�á 0.1 3 0.41 +/ 
F0.1�Ù 0.33�Ô 2�' 
F 5�á 0.1 20 0.41 +/ 
F0.1�Ù 0.16�Ô 6�'


F4�á 

0.2 100 

 

�:�Ù estimated from �ê�Ù BTC median travel time 
�: �Ô estimated from analytical method from Briggs et al. (2014) 
�: �á estimated from numerical inversion in STAMMT-L isolating mass transfer rate utilizing estimated parameters from analytical 
method 
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2.4.1.2 St. Cloud Zeolite Clinoptilolite  

In the zeolite, hysteresis is observed between �ê�Õversus �ê�Ù at all three flow-rate 

experiments (Figure 2.8 D-F). When the DaI is near 1, as in the case with the 1.1, 5, and 47 

mL/min experiments (Table 2.4), the mass transfer of solutes into the less-mobile domain is 

approximately equal to the advection rate of solutes through the mobile domain, leading to the 

observed hysteresis between �ê�Õ and �ê�Ù. The 1.1 mL/min experiments (Figure 2.8 D) show an 

unsteady, changing rate of mass transfer out of the intragranular pore space, based on the 

observed �ê�Õ change in the falling limb of the tracer injection at a variable rate, which is not seen 

at either 5 or the 47 mL/min experiments. This unsteady behavior was similarly observed in 

column tracer experiments of the same flow rate and using zeolite (Swanson et al., 2012). The 

�R�E�V�H�U�Y�H�G���P�D�J�Q�L�W�X�G�H���R�I���. in 1.1 and 5 mL/min experiments are consistent with previous studies 

on the same media (Briggs et al., 2014; Swanson et al., 2012).   

We find a flow dependence in our estimates. T�K�H���H�V�W�L�P�D�W�H�G���. increases as flow rate 

increases from 1.1 to 47 mL/min, which is consistent with recent in-situ field experiments in 

urban stream sediments (MahmoodPoor Dehkordy et al., 2019).  Our estimated less-mobile pore 

space slightly decreases as flow rate increases, which contradicts recent findings that less-mobile 

porosity slightly increases with flow rate (MahmoodPoor Dehkordy et al., 2019). This could be 

the result of the less-mobile intragranular domain not being completely loaded with solute during 

the five pore-volume tracer injection, either due to short loading durations (especially at higher 

flow rates) or development of preferential flow pathways as the advection becomes stronger, 

leading to pore space that is no longer accessible by tracer solute entirely. If it is assumed that a 

portion of the less-mobile pore space has become unavailable due to preferential flow at the 

highest flow rates, this would result in the amount of less-mobile pore space estimated from 

�ê�Õversus �ê�Ù to be underestimated during the tracer injection when compared to the lower-flow 

rate experiments. This observation indicates that less-mobile pore space is also dependent on 

tracer injection duration, as thoroughly investigated previously in the literature (Briggs et al., 

2014).



38 

2.4.1.3 Amorphous Silica Glass 

Hysteresis is observed in the amorphous glass at all three flow rates (Figure 2.8 G-I). 

Again, these hysteresis results show that the less-mobile pore space and the mass transfer rates 

observed are dependent on the advection rate in the mobile domain. Like the zeolite, the 

estimated �. increases from 1.1 to 45 mL/min. However, the estimated less-mobile porosity 

decreases more notably as the flow rate increases than what is observed in the zeolite 

clinoptilolite (Figure 2.8 G-I, Table 2.4). The tracer injection loading time decreases by less than 

two orders of magnitude between the highest and lowest flow-rate experiments, whereas the 

estimated �. increases by approximately 2 orders of magnitude between these tests. The loading 

time at the highest flow-rate experiment should be long enough to load the less-mobile pore 

space to the same extent as in the lowest flow-rate experiment assuming all other influences 

constant, such as the less-mobile porosity; however, the difference in hysteresis between flow 

rates may support the idea that at the highest flow rate, not all of the less-mobile pore space 

within the medium is available due to advection limiting solute transfer through preferential flow 

pathways.  

2.4.1.4 STAMMT -L Inversions for Column Experiments 

 The average root-mean-square error in fitting the rising limb of the �ê�Ù BTCs across all 

flow rates was 9% for the #20/#30 Accusand, 7% for the zeolite clinoptilolite, and 10% for the 

amorphous silica glass (Figure 2.9). The early-time mismatch between observed and best-fit data 

is likely the result of fixing the longitudinal dispersivity parameter at a constant 10% of the 

observed transport length (1.63 cm) for all of the inversions across all flow rates. Despite the 

initial mismatch, the estimates at late times fit well, when the less-mobile domain is being loaded 

with solute by diffusion. The STAMMT-L inversions for the falling limb �ê�Ù BTCs produced an 

average RMSE between original and duplicate experiments of 10% for the #20/#30 Accusand, 

5% for the zeolite, and 14% for the amorphous silica glass (Figure 2.10). The difference between 

observed and best-fit data is better at early times than at late times possibly due to complex 

tailing behavior that the first-order, single-rate DDMT model fails to fully describe. A multi-rate 

DDMT may be able to better describe the complex tailing behavior observed in the falling limbs 

of the �ê�Ù BTCs.
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2.4.2 3-D Tank NaCl Tracer Experiments  

 The �Ì �Œ time-series data show the relatively longer and shorter flowpaths around the no-

flow barriers (Figure 2.11). Also, density-driven solute transport is observed within some of the 

wells, as �Ì �Œ increases 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 also capture the shorter 

and longer flowpaths well (Figure 2.12 A-I), and the shape of the plume in 3-D agrees well to the 

observed �Ì �Œ plume maps in terms of the plume extent and the observed density sinking of the 

plume. Density-effects were specifically observed in Well #14 (upgradient of and centered in 

front of no-flow barrier #2), both in the ER difference inversions (Figure 2.12 C) and the �Ì �Œ 

measurements at all depths Figure 2.15). When the tracer (+1.1kg/m^3 when compared to the 

background solution) reaches the highly permeable wellbores, it sinks before continuing 

downgradient. These density effects are highly spatially variable, and controlled in part by the 

presence of the barriers. For example, density effects are observed in Well #25 but not Wells #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 heterogeneity introduced from 

impermeable barrier #2; Wells #19 and #20 are in a faster pathway when compared to Well #25. 

The physical heterogeneity introduced by the impermeable barriers, coupled with the 

permeability of the well bores, both control solute transport. 

2.4.2.1 Coupled  �Ì �ˆ vs. �Ì �Œ Measurements 

The observed hysteresis is controlled in part by the presence and orientation of the no-

flow barrier relative to bulk flow direction (Figure 2.13). For example, hysteresis between �Ì �ˆ 

and �Ì �Œ measurements is observed directly downgradient of the largest no-flow barrier (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 upgradient of the impermeable 

barrier #2 (e.g., Well#14). The orientation of no-flow barrier #2 creates a relatively less-mobile 

domain directly downgradient of it, which has been seen in the field behind cobbles within 

glacially deposited lake sediments (Briggs et al., 2018). 
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Hysteresis is also driven by density-dependent flow.  For example, as the solute 

transports into the aquifer after sinking in the well column (e.g., Well #25; Figures 2.11, 2.13), a 

larger observed hysteresis is observed than if there was not density dependence (e.g, Wells #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 observed in Well #25 may be 

the result of 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 function of tracer 

density as well as heterogeneity.  DDMT parameters (�à�à , �à�Ü�à, �Ù) were estimated for all 

locations with co-located data (Table 2.5).  �à�à  was sourced from previous model calibration for 

the synthetic aquifer and assumed constant (Schulte, 2009). �à�Ü�à appears to increase directly 

downgradient of impermeable barrier #2 and also vertically in Well #25; the latter result also 

suggest the controls of density-driven flow on parameter estimation. Estimated �= remains fairly 

constant at all locations around 8E-6/s.    

2.4.2.2 STAMMT -L In versions 

          The root-mean-squared errors from the STAMMT-L inversion fits for each of the observed 

�ê�Ù 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 for the 1-D column 

BTCs, likely because the no-flow barriers and three-dimensionality of the system are not being 

explicitly simulated in the inversions. The RMSE between observed and measured data generally 

increased downgradient as the prediction location was farther away from the injection source.  

2.4.2.3     Comparison of Observations with Numerical Experiments 

 SEAWAT forward-simulated concentration BTCs converted to �ê�Ù at all three depths 

(base of tank, 10 cm above base of tank, and 20 cm above the base of tank) were simulated to 

compare to observed �ê�Ù at all 44 observation wells and 14 up- and downgradient reservoirs 

(Figure 2.15). Although density effects were considered in the simulation, the forward model 

underpredicts the density-driven flow when compared to data from the tank, likely because the 

open well bores were not simulated appropriately in addition to overestimating the longitudinal 

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 magnitudes in �ê�Ù in almost all locations (except 

Well #14). This is likely the result of the assumed dispersivities being too high in the simulations 

and the underprediction of density effects given the assumed constant c from Equation 2.13. In 

addition, any vertical heterogeneity in packing is not considered by the model, further distancing 

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

Six model scenarios were also considered to explore the role of heterogeneity vs. density-

dependent flow on �ê�Õ vs. �ê�Ù hysteresis (Table 2.3; Figure 2.16 A-L). Simulated hysteresis 

increases after the impermeable barriers are added to the system and increases again when 

density-effects are added, especially directly up- and downgradient of the largest impermeable 

barrier (#2). This trend is observable in the hysteresis curves at all well locations (Well #14, #25, 

and #36) at a depth of 20 cm above the base of the tank regardless of the hydraulic gradient in 

the system. Although the trend is less clear at the lower depth of 10 cm above the base of the 

tank, it is still present. Additionally, as the head gradient decreases in the system, the simulated 

hysteresis increases as the density effects become more dominant with respect to advection in the 

system. Consequently, the estimated less-mobile 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 more- and less-mobile pore space in 

aquifers, and the mass transfer rates between those domains.  Here, we highlight key results from 

our column and tank experiments.  

2.5.1 1-D Column Scale Experiments 

Changes in flow rate, or changes in the mobile-domain advection strength, influence the 

amount of less-mobile pore space observed and the mass transfer rate between more- and less-

mobile domains. While no less-mobile domain is found in the control medium, Accusand, 

hysteresis between �ê�Ù and �ê�Õ is observed in the St. Cloud zeolite clinoptilolite and amorphous 

silica glass, regardless of flow rate and estimated �Ú (
�� �Ô�Ø

�� �Ø
)  and �Ù are controlled by advection. 
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Mass transfer rates increase and the less-mobile porosity slightly decrease as the flow rate 

increases; the magnitude is unique to each medium. Under certain flow conditions mass transfer 

may be better described by a distribution of rates as opposed to a simplified, singular rate.  

2.5.2 3-D Tank Scale Experiments 

 Flow rates also control the estimate of parameters controlling mass transfer, as do two 

other considerations not considered in 1-D: heterogeneity and density-dependent flow. Both the 

impermeable barriers and density-driven flow appear to control observed hysteresis between �ê�Õ 

versus �ê�Ù in the experiment, which was confirmed via numerical models where effects could be 

isolated. Flow-rate effects coupled with heterogeneity and density dependence; as the flow rate 

decreases density-driven transport becomes more dominant and therefore increases the amount 

of less mobile porosity estimated from hysteresis curves. Estimated �à�Ü�à was observed to increase 

directly downgradient of impermeable barrier #2 compared to upgradient and farther 

downgradient locations in the actual experiment, which was only captured in the numerical 

simulations at the lower head gradient.  

 



 

43 
 

 

Figure 2.9 �ê�Ù STAMMT-L estimates of mass transfer rate, �Ù [s -̂1] on the rising limb. Average RMSE values are shown for original 
and duplicate experiments. #20/#30 Accusand at A) Q = 1.1 mL/min, B) Q = 5.0 mL/min, and C) #Q = 49 mL/min; St. Cloud zeolite 
clinoptilolite at D) Q = 1.1 mL/min, E) Q = 5.0 mL/min, and F) Q = 47 mL/min; amorphous silica glass at G) Q = 1.1 mL/min, H) Q = 
5.0 mL/min, and I) Q = 45 mL/min.
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Figure 2.10 �ê�Ù STAMMT-L estimates for mass transfer rate, �Ù [s -̂1] on the falling limb. Average RMSE values are shown for original 
and duplicate experiments.  #20/#30 Accusand at A) Q = 1.1 mL/min, B) Q = 5.0 mL/min, and C) #Q = 49 mL/min; St. Cloud zeolite 
clinoptilolite at D) Q = 1.1 mL/min, E) Q = 5.0 mL/min, and F) Q = 47 mL/min; amorphous silica glass at G) Q = 1.1 mL/min, H) Q = 
5.0 mL/min, and I) Q = 45 mL/min. 
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Figure 2.11 Measured �ê�Ù plume maps for 72-hour NaCl injection into three upgradient locations shown at 3 different 
depths (base of tank, 10 cm above base of tank, and 20 cm above base of tank) oriented by row and temporally by 
column at 12, 55, 102, 131, 166, and 218 hours since the start of the injection. Note: �ê�Ù has the temperature correction 
removed. The average temperature and average standard deviation in all measurement locations for each depth and time 
step were 19.5�(  and 0.3�( . 
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Figure 2.11 Continued. 
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Figure 2.12 3-D ERT difference inversions from R3t for observed resistance data for all surface line and nested quadripole 
measurements are shown with reference to longitudinal surface line A. Resistivity output from the difference inversions were converted 
to difference in conductivity from a background reference inversion. Time-shots are included for 10, 56, 70, 90, 105, 130, 170, 220, 
and 270 hours after the start of the NaCl tracer injection.  
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Figure 2.13 Spatial view experimental �Ì �ˆ vs. �Ì �Œ hysteresis results at five locations (Well #14, Well #20, Well #19, Well #25, Well 

#36) at two different depths per location (10 and 20 cm above the tank base). Impermeable no-flow barriers are black rectangles and 

labeled #1- #4.
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Table 2.5 Estimated �à�à , �à�Ü�à, and �Ù for 3-D tank NaCl tracer experiment at Wells #14, #19, #20, #25, and #36.  

Location  
Well #14 

 
Well #20 

 
Well #19 

 
Well #25 

 
Well #36 

�à�à  
(-) 

�à�Ü�à 
(-) 

�Ù 
(s -̂1) 

�à�à  
(-) 

�à�Ü�à 
(-) 

�Ù 
(s -̂1) 

�à�à  
(-) 

�à�Ü�à 
(-) 

�Ù 
(s -̂1) 

�à�à  
(-) 

�à�Ü�à 
(-) 

�Ù 
(s -̂1) 

�à�à  
(-) 

�à�Ü�à 
(-) 

�Ù 
(s -̂1) 

20 cm 
above 
base of 

tank 

0.45�å 0.05�Ô 3�' 
F 5�á 0.45�å 0.31�Ô 2�' 
F 6�á 0.45�å 0.07�Ô 3�' 
F 6�á 0.45�å 0.28�Ô 2�' 
F 6�á 0.45�å 0.07�Ô 4�' 
F 6�á 

10 cm 
above 
base of 

tank 

0.45�å 0.04�Ô 3�' 
F 5�á 0.45�å 0.07�Ô 2�' 
F 6�á 0.45�å 0.07�Ô 3�' 
F 6�á 0.45�å 0.18�Ô 2�' 
F 6�á 0.45�å 0.05�Ô 2�' 
F 6�á 

�: �å taken from model calibration for synthetic aquifer (Schulte, 2009). 
�: �Ô estimated from analytical method from Briggs et al. (2014) 
�: �á estimated from numerical inversion in STAMMT-L isolating mass transfer rate utilizing estimated parameters from analytical 
method 
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Figure 2.14 STAMMT-L optimizations for mass transfer rate, �Ù (s -̂1) from �ê�Ù BTCs in 3-D tank. Average RMSE values are shown.  
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Figure 2.15 Measured (points) versus modeled (lines) �ê�Ù breakthrough curves for three different depths (base of tank (black), 10 cm 
above base of tank (blue), and 20 cm above base of tank (red)) for all 44 wells and 14 upgradient (UR) and downgradient (DR) 
reservoirs. Impermeable no-flow barriers are labeled #1 - #4. 

1 2 

3 

4 
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Figure 2.16 Simulated �ê�Õ vs. �ê�Ù hysteresis from models with and without density effects, with and without barriers, at two different 
hydraulic gradients (dh/dl = 0.03 and dh/dl = 0.003) for Well #14 (A,B,C,D), Well #25 (E,F,G,H) and Well #36 (I,J,K,L). The 
measurement depths are labeled. Well #14 is directly upgradient of no flow barrier #2, Well #25 is directly downgradient of no flow 
barrier #2, and Well #36 is further downgradient of no flow barrier #2. 
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Figure 2.17 Less-mobile porosity estimation with and without density effects, with and without barriers, at two different hydraulic 
gradients (dh/dl = 0.03 and dh/dl = 0.003) based on hysteresis curves from Well #14, #25 and #36. The error bars represent the 
standard error from the arithmetic mean between the rising and falling limb estimates of less-mobile pore space from the simulated 
hysteresis curves. 
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CHAPTER 3 
OUTRO AND NEXT STEPS 

 

3.0       Outro 

Physical, chemical, and microbial processes control solute transport simultaneously in 

natural systems. Due to the time and cost constraints of a master’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 controls in the field. The most challenging part of this addition would be to 

use a tracer or tracers that could isolate the contribution of each of the physical, chemical, and 

microbial controls within natural porous media. If geoelectrical techniques were to be built 

upon, the tracer would need to be both highly conductive and biogeochemically conservative, 

which could potentially prove difficult . Successful application of coupled geoelectrical 

methods in 3-D lab experiments with physical, chemical, and microbial solute transport 

controls may allow the development of sampling techniques for �ê�Õ and �ê�Ù at the field scale. 

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 multi-rate 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 highly beneficial. A 

possible method to achieve this would be nuclear magnetic resonance (NMR) from which we 

would obtain not only the total porosity, but also the distribution of pore sizes. With this 

additional data, it may be possible to more accurately estimate the mobile- and less-mobile 

porosities from ionic tracer experiments for different media.  
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APPENDIX A 

  COLUMN PACKING AND EXPERIMENT SET-UP 
 

A highly detailed column-building / experiment preparation / experiment execution 

manual for columns was put together by Brandon House and I (as an undergraduate helper) in 

May of 2017 and is provided here. A formatted PDF version can be obtained from Dr. 

Kamini Singha’s research group.  

A.1 Column Component Preparation  

 

One of the purposes for using columns in research is to increase experimental control. 

In this work, we look to explore the effects of less-mobile/immobile pore space on solute 

transport.  Natural systems are filled with barriers to complete understanding including: 

material heterogeneities, complex flow dynamics, and unknown solute sources/sinks. By 

recreating the aspects of interest from the natural system in a column, some barriers can be 

simplified or eliminated allowing for greater control of the system.  

A.1.1  Dispersing Flow 

While conducting a column experiment, there is a need to spread injection fluid 

flow laterally over the cross-sectional area of the column before it enters the material. 

Fluid should also exit the material over the entire cross-sectional area. This reduces the 

likelihood of preferential flow paths and supports the assumption that flow, and thus 

salute transport, through the column is approximately 1-D – simplifying modeling. If no 

flow dispersion is used, residence times of fluids will be longer in the material in the 

corner of the caps (Figure 1). Two methods in series (a sprinkler head and a dispersion 

plate) were used to accomplish this during injection and one method (dispersion plate 

alone) during fluid exit.  



 
 

         62 
 

   

A.1.1.1 Sprinkler Head 

A low-flow, full-circle sprinkler head (Rainbird 5F, Figure 2) was embedded into 

the cap that fluid is injected into the column through. It acts to spread flow from a single 

stream in the tube to a laterally dispersed spray. Two pipe fittings are needed to connect 

tubing to the sprinkler head: a specialty Rainbird sprinkler head threading to 1/2-inch male 

NPT threading and a 1/2-inch female NPT threading to 3/8-inch 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, allowing proper curing time.  

    Figure A.1 Schematic of flow through a column without flow dispersing 
methods. Red areas indicate longer residence times.    

    Figure A.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 plate are distributed 

radially by a method that attempts to place them equidistant from adjacent holes (see 

below “Appendix B: Dispersion Plate Design”). Edges of the plate are threaded so that its 

position relative to the inside of the cap can be adjusted. These plates create a void on 

both ends of the column between the inside of the cap and plate where fluid can readily 

mix before entering the material and before exiting the column. A single hole about half 

way across the radius of the plate (Figure 3) was designed to be larger than holes intended 

for fluid flow to allow for the passage of a stainless steel screw to conduct electrical 

current into the column for geophysical measurements.  

  

  Figure A.3 Schematic engineering drawing of the dispersion plate designed to laterally spread 
flow. 
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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 connection (Figure 5). 

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 
51/64-inch 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. increase the distance 

between the sprinkler head and dispersion plate), a counter bore (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 a 

lathe fitted with a facing bar – 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 drilled to fit 

the hose connection desired. To accommodate the hose connection currently being used, 

the hole should be drilled with a 11/32-inch bit and hand tapped using a tap wrench and 

lathe (Figure 7). This method ensures square alignment of the threading, but is not vital 

for proper column operations. Note that the 3.1 mm hole for the conductive screw noted 

in Figure 5 will be added later in 2.1.2 Passage for Conductive Screw through Cap.  

    Figure A.4 Photo of 3-D printed dispersion plate. Note the location of the larger, 3.1 mm hole 
for the passage of a conductive screw.  
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    Figure A.5 Schematic engineering drawing of bottom end cap drilled prepared from 
fitting with the sprinkler head.  

      

    Figure A.6 Completed preparation of bottom cap with counter bored hole for a sprinkler 
head.   
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A.1.3 Preparation of Column Wall 

The column wall is made from clear, 2-inch (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 threading on the 

end caps; currently both have 16 threads per inch (TPI). If an additional fluid sampling 

port in the wall of the column is to be used, it should be installed at this time. The current 

design calls for a 1/8-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 mesh – currently a moisture-resistance, 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 measurements (the 

current electrodes will be in the caps). Currently, silver-silver chloride (Ag+/AgCl) 

electrodes are used since they are nonpolarizable. Electrodes should be small since data is 

assumed to come from point measurements. The current layout places electrodes spaced 

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 the column. By 

spacing the electrodes around the circumference the assumption that material inside the 

        Figure A.7 Completed preparation of top cap with threaded hole for nozzle.  
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column is homogeneous can be tested. The central line of electrodes is oriented opposite 

(180°) from the sampling hose (Figure 8).   

  

 

A.1.4 Conductive Mesh Electrodes 

To conduct electrical geophysical measurements, electrical current must be conducted 

through the system. It is also advantageous if electrical current flow is approximately 1-D 

through the column. To accomplish this within a short distance, conductive mesh the size of 

the column cross-sectional area is used for the current electrodes. Stainless steel mesh was 

chosen for its corrosion resistive properties; however, any conductive material can serve this 

purpose. In preparation for use in the column, two 5.9-cm diameter disks should be cut. The 

design places overlap (approximately 4-mm) between this disk and the column wall; 

therefore, a perfect circle is not required. This disk will be placed furthest inward in contact 

with the material atop the dispersion plate.  

  
    Figure A.8 Cross-sectional location of potential electrodes and fluid sampling tube.  

      

  
        Figure A.9 Schematic drawing of silver/silver chloride electrode.    
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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 cross-sectional area of the material. Due to the fine 

grain size being used to fill the column, a mesh with openings smaller than the finest grain 

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 measurements. 

Currently, a moisture-resistant polyester mesh is used. Mesh should be cut in 5.9 cm disks 

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 must bridge the closed system within the column and the outside 

environment where the control unit driving electrical current is. This has been done using a 

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 plate designed 

to reduce preferential flow into the material. Presence of a screw where fluid can readily 

travel along its threading has the potential to create such preferential flow. Therefore, the 

portion of the conductive screw closest to its head should be wrapped in Teflon tape folded 

in half lengthwise (hotdog; Figure 10). Three layers wrapped in the clockwise direction 

were found to be sufficient.  
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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 and inner lip 

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 the resulting disk 

can then be cut out at ~5.2 cm forming the gasket (Error! Reference source not found. & 

Error! Reference source not found.). Depending on the tools used, the gasket might need 

some final trimming to remove hanging chads.   

Figure A.11 Drawing showing the location (red circles) of the rubber gasket 
between the inner lip of the cap and the dispersion plate.  

 

  

    Figure A.10 Conductive screw with the upper threading wrapped in folded Teflon tape.   
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    Figure A.12 Circle cutter being used to cut outer dimension of gasket.  
  

    
  

  

  

    
  

    
  

    Figure A.13 Circle cutter being used to cut inner dimension of gasket out of disk resulting from 
previous step.    
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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 components of 

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 Cytec K-45 epoxy on the 

inside the 51/64-inch hole and counterbore (Figure 15). Next fit the sprinkler head 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 cap, wipe it off 

away from the sprinkler head as to prevent pushing it into the cavities of the sprinkler head.  

 

    Figure A.14 Resulting pieces of gasket material from previous steps. Note that the gasket 
(left) has not yet been trimmed for an accurate fit.    



 
 

72 
 

 

   

 

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. First, place the 

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 same orientation 

between the threading and the larger hole in the dispersion plate – preserving the 

alignment for the conductive screw through the plate and the cap. Thread the plate tight 

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 cap. It is important 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 dispersion 

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 the stainless 

steel mesh serves as the current electrodes of electrical geophysical measurements. Start 

by threading the dispersion plate into the end cap. Place the polyester and electrode disks 

Figure A.15 Inside of bottom cap showing sprinkler head seated in counterbore. 



 

73 
 

inside the end cap atop the dispersion plate to check that they sufficiently cover the inside 

area of the cap. If coverage is not acceptable, the disks will need to be remade.  One at a 

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 (Figure 17) and 

transitioning to a small screwdriver (Figure 18), penetrate each disk in the marked 

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 the size of the 

holes until the conductive screw is able to pass through the polyester disk and can be 

threaded into the electrode disk (Figure 19). 

  

 

 

    Figure A.16 Mesh disk placed inside cap atop dispersion plate. The location of the larger, 3.1 
mm hole in the dispersion plate is being marked on the mesh disk.     

       
    

Figure A.17 Starting hole in mesh disk at marked location using an awl.   
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A.2.1.4 Dispersion Plate Installation  

After finishing preparation of the polyester and electrode disks, the dispersion 

plate can be installed. First, wrap the dispersion plate threading with Teflon tape that 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 spreading – since 

some flow would not be forced through the holes in the plate.  

 

  

 

 

 

 

 

 

 

 

       
      

    

Figure A.18 Enlarging hole in mesh disk using a small screwdriver. Continue 
enlarging until conductive screw can be threaded through.  

  

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

(wrapped three times around with the lengthwise folded tape) of Teflon tape were 

acceptable (Figure 21).  

Keeping track of the number of times wrapped around is easier if the tape is started 

near the larger, 3.1mm hole in the dispersion plate since it can be used as a reference point.  

  

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 sealant) on the inside of the bottom cap (Figure 22 & Figure 

23). This acts to prevent leaks around the screw and to electrically insulate it by forcing 

  

    Figure A.20 Beginning to wrap the dispersion plate in lengthwise (hotdog) folded 
Teflon tape. It is recommended to start the tape next to the larger, 3.1 mm hole for use 
as a reference point for the number of times wrapped around the plate.  

    

    
  

    

    Figure A.21 Dispersion plate after being wrapped in Teflon tape.  
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the current to travel down the screw. It is critical that this is completed before the 

dispersion plate is threaded 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.    

  

 

 

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

torqueing/ rotating it with a 3/32-inch drill bit inserted backwards into the conductive 

  

    Figure A.22 Applying silicone sealant to inside of the bottom end cap over the hole of 
the conductive screw.     

    

  

  

    

  
    Figure A.23 Inside of bottom end cap after silicone sealant has been applied. Note that it covers 

the hole entirely.     
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screw hole (Figure 24). Cross-threading is problematic. This can be minimized by holding 

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 subtracting the 

thickness of the dispersion plate.  

 

 

   

    

Figure A.24 Threading the dispersion plate into the bottom cap by applying torque with 
the solid end of a 3/32-inch drill bit. Note that the cutting end of the drill bit is facing out.  

  

    

  

  

   

    

  

    Figure A.25 Threading the dispersion plate into the bottom end cap. Note that the 
cap is being held horizontal so that the dispersion plate can be suspended from the 
drill bit while inserting. This helps to prevent cross-threading.    
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Once this distance is approximately reached, the hole for the conductive screw in the 

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 mesh disks (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 clockwise; therefore, 

prior to final tightening, the mesh disks should be rotated opposite torqueing from the 

screw (counter-clockwise) 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 these until final 

tightening of the screw 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.  

 

 

  

 

    

    Figure A.26 Stainless steel screw threaded a short distance into the mesh disks before all 
pieces being placed inside the end cap on top of the dispersion plate.   
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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 this 

fashion is to prevent over-tightening of the nut resulting in forcing the screw through the 

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 then applied around the 

nut in contact with the cap (Figure 29).  

    

    

  

    
Figure A.27 Tightening conductive screw through mesh disks and dispersion plate. Note 
that mesh disks are already seated in bottom.  
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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 the dispersion 

plate and insulate electrical currents from imitating from the disk electrode in the area of 

overlap with the column wall.  

  

    

Figure A.28 Applying silicone sealant around the conductive screw before the hex nut 
is tightened down. Photo from assembly of top cap.   

    
    

    

      

  

    
    

    

    
Figure A.29 Outside of end cap after additional silicone sealant has been applied 
around the hex nut. Photo from assembly of top cap.  
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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 within the top cap 

due to it being the fluid exit. As such, the major difference is that no sprinkler head is 

installed. Instead a simple threaded nozzle is attached to the cap as the fluid outflow port 

(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 silicone sealant from setting 

before installation of the cap onto the column wall, application to the contact between the 

      

    Figure A.30 Applying a bead of silicon sealant around on top of the mesh disks on the 
inside of the end cap.     

    

  

      

    
  

    

Figure A.31 Inside of end cap after bead of silicon sealant has been applied. Note 
that only a small bead is needed.  
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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 been packed with material.  

  

 

A.2.3   Connecting the Cap to the Column Wall  

The cap is now ready to be attached to the column wall. To form a water-tight 

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 Grease (vacuum grease) should then be generously applied to the contact 

between the column wall threading and the overlying Teflon tape (Figure 35). The grease 

should be spread (a flat head screw driver was found to work well) to have an even, 

generous thickness around the column (Figure 36).  

     
    

Figure A.32 Inside of top cap with brass nozzle fitting in place.   

  

    

  

     
    

  

  

Figure A.33 Outside of top cap with brass nozzle fitting and conductive screw in place. 
Note the bead of silicone sealant around the brass fitting.  
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    Figure A.34 Column wall end threading after Teflon tape has been applied. Note that 
tape has been wrapped a single width around the uppermost threads.   

  

    

  

  

    

  

    Figure A.35 Applying vacuum grease to the column threading. Note the grease slightly 
overlaps the Teflon tape.  
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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.   

  

    Figure A.36 Finished application of vacuum grease. A layer of grease is present around the 
circumference of the column.     

    Figure A.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 disposable glove is 

recommended (Figure 38). An ample amount of the grease should be used to form this seal 

(Figure 39).  

  

 

 

  

    

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

  
    

  

  

    

  
    

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

A.2.4.1 Glassware 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 beaker-specific 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 preferable that glassware 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 volume using DI 

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 introduce fibers and 

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 bottles for a ppt sampling 

procedure will also include acid baths and/or sonic baths and a geochemist should be 

consulted prior to beginning any cleaning procedures. Cleaning for plastic storage 

containers should begin with DI water and dishwashing soap, and shaking the container 

for a few minutes. Rinse thoroughly with DI water at least three times, and complete the 

cleaning with an acetone rinse. As acetone is highly volatile and flammable, any 

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 to dry the container as the remaining acetone will 

volatilize after some time. 

A.2.4.3 Degassing Water  

The first step in mixing a solution for column experiments is to boil the water as a 

means to volatilize dissolved gasses – degas the water. Tap and DI water are often over-

saturated with gas. If gasses are not volatilized prior to injecting the fluid into the column, 

they will form air bubbles. The simplest way to accomplish this is to bring the water to a 

boil in a beaker using a hot plate. Cover the beaker with a watch glass that is safe for use 
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at high temperatures to minimize evaporative loses. Boil for approximately 5-10 minutes. 

After such time, cool the water in a cold water bath being careful not to contaminate the 

water in the beaker with the bath water, especially if using DI water. Note that once the 

water is cooled, it will become under-saturated with respect to gases in the air and will 

begin to dissolve them. Therefore, it is ideal, but not necessary, to use the water soon after 

degassing. Once the water is cooled, solutions can be prepared by either (1) a dilution of a 

concentrate or (2) directly to the desired concentration.   

 

A.2.4.4 Concentrated Solution Mixing & Dilution  

 

For dilution 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 solution such as 5 

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 concentrated solution is:  

�%1�81 = �%2�82  

where C1 is the initial solution concentration (e.g. 5 g/L concentrated solution) V1 is the 

volume of the first solution (what you are solving for), C2 is the desired concentration of 

the diluted solution (either background or tracer), and V2 is the volume of degassed DI 

water that will be used. For expediency in preparing solutions, choose a V2 of at least 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 that there 

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.2.4.5 Direct 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 container. 

First, pour the degassed water into the storage container. For preparation to a desired EC, 

record the mass of a large volume of solute as the initial mass – typically ~5g is 

sufficient. Add a small volume of solute to the storage container and mix thoroughly by 

replacing the cap and shacking. Remove the cap and measure the EC with a calibrated, 

EC meter. Repeat until the desired EC is reached. If electrical geophysical measurements 

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 in the electrical 

geophysical measurements are likely to be high. If the EC of the tracer solution is too 

high corrosion of the current driving electrodes are more likely to occur. If electrical 

geophysical measurements are not being made, DI water can be used as the background 

solution with a tracer EC of approximately 500 uS/cm. Once the desired solution EC is 

reached, reweigh the remaining solute, calculating the difference between the initial mass 

to determine the mass added. For preparation to a desired concentration, weigh the filled 

storage container, deducting 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 mass of solute 

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 dispersion plate, and 

fine polyester mesh make displacement of air from the bottom void between the cap and 

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 passage of air out 

of the bottom void. Fluid should be injected into the column until the polyester mesh is 

entirely submerged.  
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A.2.6 Material Packing   

To begin packing the column, clamp the column wall using a three-prong 

laboratory clamp attached to a ring stand. Be cognizant of the location of protrusions such 

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 the electrodes 

and/or sampling tubes. Therefore, a second clamp should be placed tight against the 

underside 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 possibilities 

discussed below are: (1) well-sorted sand with no internal porosity (homogeneous) and (2) 

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

A.2.6.1 Homogeneous Material Packing  

Material should be added in approximately 1 cm lifts. This is equivalent to 

approximately three (3) scoops from a standard laboratory metal spatula. After each 

addition, the column should be vibrated with a hammer by lightly tapping the side of the 

column being careful not to strike the electrodes or sampling tube. These induced lateral 

    Figure A.40 Setup to fill bottom void of column prior to beginning packing. Blue arrows 
indicate fluid flow direction. Note that the column is at a ~45° angle.  
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vibrations help to settle the material and ease the escape of any trapped air. Repeat this 

process until the column is almost full of material. In preparation for seating the top cap, 

repeat the steps for applying Teflon tape 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 excess. 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”.  

 

  

  

    Figure A.41 Surface tension holds a bubble of fluid above the top of the material and 
column wall. Note that the Teflon tape and vacuum grease are already in place.   
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A.2.6.2 Heterogeneous Material Packing  

A heterogeneous material configuration can be constructed in many ways. A 

possible packing configuration that will be described below calls for four (4) internal 

pillars of finegrained sand embedded within coarser sand. This is achieved by placing 

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 

Packing”. 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 within them to 

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 filled, column threads 

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, the fine sand will 

remain stuck in the tube while it is removed. It is best if the rod is the same diameter as 

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 when the barrier 

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. Once all tubes 

are removed, use the rounded edge of the spatula to settle the material and scape off 

  

    

  
    

Figure A.42 Profile view of surface tension held bubble above material and column 
wall.       
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excess. To prevent tapping 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. 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”.  

 

 

  

  

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

    Figure A.45 Removing excess water from the tubes prior to adding more material. 
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). Suspending the column 

from a peg board was been found to work well. It allows for many potential locations for 

attaching column experiment peripherals (e.g. fluid conductivity cells) as well as tubing. 

The column can be hung vertically from two metal railings that are attached to the peg 

board (Figure 46). Next, two wire loops are created below the metal railings (Figure 47). 

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 ensure that the 

column is secure and locked in a vertical position and will not be compromised mid-

experiment.  

  

 

  
    Figure A.46 Potential column mounting configuration. A fluid conductivity cell is housed 

in wood on the left.    
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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 EC cell. It also 

allows for a shorter distance fluid must travel between the column and the EC cell which 

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 likelihood of air 

bubbles or particles being trapped within the cell. The presence of either will greatly 

affect the accuracy of measurements.   

A.3.2 Initiating 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 reservoirs (background 

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 through the column then 

will be needed during normal operation – assuming the effluent hose is held at a lower 

  
    

  

  Figure A.47 Column suspended by peg board metal railings with wire loops and 
Velcro straps.    
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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 one is using a 

peristaltic pump employing a cartridge with adjustable channels used to hold the hose 

against the rollers, ensure that these channels are tight enough to seal the hose during 

rotations with the added pressure of the water elevation. A good way to check if fluid is 

being pumped into the column is to place the end of effluent hose in beaker of water. If air 

bubbles emanate from the hose, fluid is being injected (Figure 49). If fluid flows into the 

hose, close the shut-off valve at the base of the column and any sampling hoses 

immediately as this indicates that fluid is exiting the column through either the base or 

fluid sampling hoses. It often takes longer than anticipated for fluid to be visible exiting 

the effluent hose.  

 
    

    Figure A.48 Picture of typical column pumping set-up. Blue arrows indicate the direction 
of flow.    

Direction of Flow     
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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 the cap can 

also be performed. These actions will force trapped air to travel past the exit nozzle. 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 solutes that 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 injection solution for 

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.  

 

    
    

  

    Figure A.49 End of effluent hose placed in beaker holding a small volume of 
water. Note the air bubble forming at the tip indicates fluid is being injected into 
the column. 
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A.3.3 Effluent Discharge Control  

The discharge through the column is primarily controlled by the injection rate of the 

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 discharge is the 

hydraulic head at which effluent hose outlets are placed. It is however important that the 

head of all effluent hoses is maintained above the head in the fluid reservoir. If the head is 

lower in an effluent hose, the system will be under suction and will be more prone to 

unpredictable behavior and unintended draining.   

A.3.3.1 Multi -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 have greater discharges). It was 

found that small differences (several millimeters) in head would result in large changes in 

discharge; therefore, a more reliable control was found by placing a mechanical 

restriction (e.g. shut-off valve or clamp) on the hose with the lower flow rate – typically 

the intra-column 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 intra-column sampling tube it is important to consider the 

simplifying assumptions gained by using a column – mainly a 1-D flow field along the 

length of the column. By allowing fluid to exit mid-column, lateral flows are induced into 

the sampling hose resulting in a multi-dimensional flow field. The greater the discharge 

through the sampling hose, the more the 1-D assumption will be violated. 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 the column.  

A.3.3.3 Need 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 removed. 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 keyboard-based interface. EC data streams through the 

interface but is 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 bug in this 

system is that the last line of any note is not recorded to the external text file. To address 

this, add an additional blank line below any note you are taking by hitting Enter before 

exiting the note-taking feature. If a more exact time-stamp of when the note was taken is 

desired, pressing Enter after exiting the note-taking function will initiate a data reading 

with a time-stamp 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 than to cut 
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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 reassembled. Potential 

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 was not threaded 

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 here, the best solution 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 trapped. Trapped 

fluid could be problematic depending on the type of experiments being conducted (e.g. 

diffusion into immobile fluids). If a quicker fix is needed, UV-cured sealant can be used in 

lieu of epoxy. It was found to be possible to seal an active leak using UV-cured 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 been sufficient 

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 in the top cap, 

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 has not entered the 

material, if there are not visual indicators, is to reverse the flow by pumping. Time how 

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 reached the material 

– the experiment is saved! To remove the air that has now been trapped in the void, rock 

the column multiple times in several directions until no air is seen to exit through the 

tubing.  
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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 judgment of the 

researcher.  

Reassembly is usually the only reliable fix. Stopping a leak during an experiment 

is difficult, and slowing the leak to an acceptable rate maybe the only option. If a leak 

occurs at an epoxied connection, it may be possible to repair by applying UV-cured 

sealant. If the source of the leak is from anywhere else then the leak can attempt to be 

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 tubes) then 

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 higher elevation 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 of the tubing, the flow rates can change, and, therefore, might need 

to be reestablished.   

    Figure A.50 Example of column that has drained. The location of the transition from 
saturated to partially saturated is noted.    
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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 wire meshes were 

corroding and discoloring the effluent. This was confirmed after disassembly of the 

column by placing the stainless steel meshes into a beaker of water and inducing an 

electrical current through them with a small car battery. After approximately 1 hour, the 

water turned the same pale yellow color. A possible cause of corrosion is that during the 

night the geophysical control unit automatically incrementally increased the current 

through the wire meshes. This had been observed at other times with the IRIS Syscal Pro 

control unit; however, it was not confirmed in this instance. At this time it is also unclear 

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 Two Polyester 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 Conductive 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  



 

103 
 

    

Table A.1 Materials List  

Part Name  Details/Brand  Source  

Column 

Wall  

 

2-inch, Schedule 40 clear 

PVC  

 

Atlantic Screen and Manufacturing  

End Caps  

 

Chemical resistant PVC 

rods.  

1.5-inchs per cap. 

Fabrication has taken up to 

2 months.  

 

PVC McMaster-Carr Part No.  

8745K63(http://www.mcmaster.com/#8745k63

/=13ki4ck); Custom fabricator Advanced 

Precision Machining, Gerry Dillion  

(http://www.advancedprecisionmachine.com/)  

Conductive 

Screw  

 

18-8 Stainless steel, 6-32 

thread, 1-1/2 inch long, 

binding head  

 

McMaster-Carr Part No. 91793A157  

(http://www.mcmaster.com/#91793a157/=12ha

rbr)  

Conductive 

Flat Washer  

 

18-8 Stainless steel, #5 

screw size  

 

McMaster-Carr Part No. 92141A006  

(http://www.mcmaster.com/#92141a006/=12ha

w2q)  

Conductive 

Hex Nut  

 

18-8 Stainless steel, 6-32 

thread  

 

McMaster-Carr Part No. 91841A007  

(http://www.mcmaster.com/#91841a007/=12ha

ua6)  

Polyester 

Mesh  

 

#198 (0.0029-inch 

openings)  

 

 

McMaster-Carr Part No. 9218T73 

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

Gasket 

Rubber  

Paper Fiber/Buna-N Rubber 

Blend, 1/64" or 1/32" thick  

McMaster-Carr Part Nos: 1/64" - 9556K81  

(http://www.mcmaster.com/#9556k81/=12gfrvv

), 1/32" - 9556K82 

(http://www.mcmaster.com/#9556k82/=12gfrzt)  

Sprinkler 

Head  

Adapter  

Shrub adapter, 1/2-inch 

female threads  

Rainbird PA-8S  

(http://www.sprinklerwarehouse.com/Rain-

BirdSprinkler-Shrub-Adapters-Nozzles-p/pa-

8s.htm)  

Sprinkler  

Head  

Adapter to  

Hose Fitting  

1/2-inch NPT male 

threading to 3/8-inch hose  

Amazon (http://www.amazon.com/Thogus- 

Polyethylene-Fitting-Adapter- 

Barbed/dp/B008TSYL1Y?ie=UTF8&psc=1&re

dir ect=true&ref_=oh_aui_search_detailpage)  

Sprinkler 

Head  
Full circle spray  

Rainbird, 5F Matched Precipitation Rate  

(http://www.sprinklerwarehouse.com/Rain-

BirdSprinkler-Spray-Nozzles-p/5f.htm)  

Stainless  

Steel Wire 

Meshes  

316 Stainless steel, #40 

(0.015-inch openings)  

McMaster-Carr Part No. 9319T173  

(http://www.mcmaster.com/#9319t173/=12hb5l

n)  

Dispersion 

Plate  

Acrylonitrile Butadiene 

Styrene plastic  

Stratasys Eden 260VS 3D Printer, CECS 

Garage,  

Brown Hall W160, CSM  

(https://inside.mines.edu/CECS-design-lab).  

Previously worked with Casey  

Ag+/AgCl  

Electrodes  

Pellet: 2 mm diameter x 2.5 

mm, 70 mm silver wire  
In Vivo Metric, E206  

Epoxy  

 

 

Cytec Easypoxy® K-45  

(https://www.cytec.com/pro 

ducts/easypoxy-k-45)  

Krayden Inc. (https://krayden.com/buy/cytec-

k45- 

6-5oz-easypoxy.html)  

 



 

105 
 

Table A.1 Continued.   

Silicone 

Sealant  

DAP All-Purpose 100%  

Silicone Adhesive Sealant  

Any hardware retailer 

(http://www.dap.com/dapproducts-ph/all-

purpose-100-silicone-adhesive-sealant/ 

Vacuum 

Grease  

 

Dow Corning ® High  

Vacuum Grease  

(http://www.dowcorning.co 

m/applications/search/produ 

cts/details.aspx?prod=0101

88 

17&type=PROD)  

Amazon (http://www.amazon.com/Dow-

CorningVacuum-Lubricant-5-

3oz/dp/B001UHMNW0)  

Flow-thru  

Fluid  

Conductivit

y Cells  

Internal volume of 30.1 µL  Amber Science, model No. 829.  

Benchtop  

Conductivit

y Meter  

-  Amber Science, model No. 3082 or 4082  

Electrode  

Banana 

Plugs  

Gold plated, 2mm  

Amazon (http://www.amazon.com/Plated-

Female- 

Bullet-Connector- 

Battery/dp/B00T5SW7FE?ie=UTF8&ref_=cm

_s w_r_other_awd_HsF.wbTFGN4HJ)  

Peristaltic  

Pump  

Pump model no. 7553-12, 

cartridge model no. 77200-

60,  

speed control box model 

no. 7553-71 

 

Cole Parmer  
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Table A.1 Continued.  

  

Top Cap  

Barbed/  

Threaded  

Fitting   

1/8-inch ID hose (fits L/S 

16  

Masterflex tubing) to 1/8-

inch NPT  

 

Home Depot  

1/8 to 

1/16inch ID  

Adapter  

1/8-inch ID hose (L/S 16  

Masterflex) to 1/16-inch ID 

hose adapter  

 

Cole-Parmer (product no. EW-31518-29)  

1/4 to 

1/8inch ID  

Adapter  

1/4-inch ID hose (L/S 24  

Masterflex) to 1/8-inch ID 

hose (L/S 16 Masterflex)   

adapter  

 

Cole-Parmer (product no. EW-30703-50)  

1/16-inch  

ID Tubing  

Tygon general lab tubing, 

clear  
Cole-Parmer (product no. EW-06407-71)  

1/8-inch ID 

Tubing  

L/S 16 Masterflex tubing 

for use with peristaltic 

pumps  

 

Cole-Parmer (product no. EW-96410-16)  

1/4-inch ID 

Tubing  

L/S 24 Masterflex tubing 

for use with peristaltic 

pumps  

 

Cole-Parmer (product no. EW-96410-24)  
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      Figure A.51 Assembled column   
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      Figure A.52 Exploded view of column assembly   
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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 the material and/or 

development of stagnant zones near the injection point: (1) a spray nozzle and (2) a 

perforated dispersion plate. The perforated plate was designed to be threaded into the end 

cap and sit approximately 1 cm above the injection spray nozzle. The plate was discretized 

into equal, radial areas and holes placed at the centroid of each area. Six circumferential 

rows (courses) of holes were used, therefore the radius of the plate was divided into six 

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 n = 1 and the course on the outer edge was n 

= 6). A relationship between the angles defining the bounds of the areas within each course 

of holes was developed. It was found to be:  

  �à�á =
�� �-
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 (A.1)  

�Z�K�H�U�H����n is the sector angle of the of the nth �F�R�X�U�V�H������1 is the 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 Microdrives Limited, 2015):   
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where �T! 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 distance from 

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

Therefore, the cord length between holes within a course was calculated. The ratio of x 

�D�Q�G���W�K�L�V���F�R�U�G���O�H�Q�J�W�K���Z�D�V���W�K�H�Q���R�S�W�L�P�L�]�H�G���W�R���H�T�X�D�O���R�Q�H���E�\���D�O�W�H�U�L�Q�J���W�K�H���Y�D�O�X�H���R�I����1. It was 

�I�R�X�Q�G���W�K�D�W���W�K�H���R�S�W�L�P�D�O���D�Q�J�O�H���I�R�U����1 was 114°. Not being a divisor of 360°, the 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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Table A.2 Summary of hole placement data  

Total radius, r 

(mm): 
25.75 

Number of 

radial steps, n: 
6 

Radial distance of 

each step, x (mm): 
4.29 

Radial step 

number, n 

Angle of 

arc area, ���Q 

(deg) 

(Eqn. 1) 

Outer radius 

of area 

(mm) 

Inner radius of 

area (mm) 

Area 

(mm^2) 

Distance to 

center of 

mass, x 

(mm) 

(Eqn. 2) 

Cord length 

between

holes 

(mm) 

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, 2015). A slot was 

also cut into the top of the plate for a standard screwdriver for ease of installation and 

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 avoid interference 

with the spray nozzle. A groove was run from this hole to the center of the plate for wiring 

to allow charge to enter the mesh at its origin. Doing so can simplify geophysical analysis. 

The plate was rendered in SolidWorks (Dassault Systèmes) and 3-D printed using ABS 

plastic.  

Derivation of Equation for Area Discretization  

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

�#=
�à�N�6

2
 

�Z�K�H�U�H���$���L�V���W�K�H���D�U�H�D���R�I���W�K�H���V�H�F�W�R�U���������L�V���W�K�H���D�Q�J�O�H���R�I���W�K�H���V�H�F�W�R�U���L�Q���U�D�G�L�D�Q�V�����D�Q�G���U���L�V���W�K�H���V�H�F�W�R�U��

radius. This equation calculates the area of a sector centered about the origin. To find the 
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area of a sector some distance away from the center, all that needs be done is to calculate the 

area of the entire sector and subtract out the area of the central portion of the sector. This is 

depicted in Figure 51 for a quarter of a circle discretized into three sectors. In this case, the 

area of the sector one radial step out from the central sector, A2, can be found by:  

�#�6 =
�à�N�6

�6

2

F �#�5 

�#�6 =  
�à�N�6

�6

2

F 

�à�N�5
�6

2
 

  

This equation can be generalized for the area of a sector any number of radial steps out 

from the origin to:  

�#�á =  
���å�Ù�.

�6

F 

���å�Ù�7�-
�.

�6
    (A.3) 

where An is the area of the sector some nth number of radial steps out from the origin, rn is 

the radius of the outer edge of the nth sector, and rn-1 is the radius of the inner edge of the nth 

sector.  

Now, let us divide the radius of the entire circle into some number of equal lengths, x:  

Figure A.53 Example discretization of sector  
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�T=  
�å

�á
      (A.4)  

where x is the distance between radial steps/sectors, r is the total radius of the circle, and n is 

the number of discretized sectors. Substituting Eqn. A4 into A3 for r and simplifying yields:  

�#�5 =  
�à�5�T�6

2
 

    

                                   �#�5 =  
�� �-

�6�á�?�5
    (A.5) 

Next, in order to separate the circle into equal areas, the sectors must be discretized into 

�V�P�D�O�O�H�U���D�U�H�D�V���E�\���G�H�F�U�H�D�V�L�Q�J���W�K�H���V�H�F�W�R�U���D�Q�J�O�H�����������7�K�L�V���F�D�Q���E�H���G�R�Q�H���E�\���D�O�W�H�U�L�Q�J���(�T�Q����A5:  

   

                                  �#�á =  
�� �Ù�ë�. (�6�á�?�5)

�6
   (A.6)  

If we solve Eqn. A6 for the first step/sector from the origin, the central sector, this reduces to:  

                          �#�5 =  
�� �-�ë�.

�6
    (A.7)  

Since all areas are to be equal, we can set Eqn. A6 equal to Eqn. A�����D�Q�G���V�R�O�Y�H���I�R�U����n:  

 

                                    �à�á =  
�� �-

�6�á�?�5
    (A.8) 

 

�Z�K�H�U�H����1,1 is 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 thesis as described in 

Chapter 2, section 2.4.1.1 (Figure B.1). It was also used to determine geometric factors and 

collect data. The sequence was repeated 11 times for the geometric factor measurements, and 

repeated continuously throughout the experiments. The first segment of the sequence file 

contains the Cartesian coordinates for all 18 electrodes. The second segment contains the 4 

quadripoles being measured in the resistivity survey.  

 

# X Y Z  
1 0.025908 0 0  
2 0.025908 0.244 0  
3 0.051816 0.0825 0  
4 0.0375 0.0825 0  
5 0.0125 0.0825 0  
6 0 0.0825 0  
7 0.051816 0.1625 0  
8 0.0375 0.1625 0  
9 0.025908 0.1615 0  
10 0.025908 0.1635 0  
11 0.0125 0.1625 0  
12 0 0.1625 0  
13 0.051816 0.22 0  
14 0.0375 0.22 0  
15 0.025908 0.219 0  
16 0.025908 0.221 0  
17 0.0125 0.22 0  
18 0 0.22 0  
# A B M N 
1 1 2 9 10 
2 1 2 15 16 
3 7 12 8 11 
4 13 18 14 17 
Figure B.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 write-up, tracer experiments 

were also performed in a long, 1.245-m column with 5 equally spaced sampling ports. The 

experiments were published in Sherman et al. (2018), Predicting concentration histories from 

upstream data in column experiments (https://doi.org/10.1029/2018WR023420) in which I 

was a co-author. The monster column packing procedure follows the same steps outlined in 

the short column packing manual. All sampling ports must be primed (filled with water) and 

closed off with zipties prior to starting the addition of saturated material to the column. Once 

packing is completed, it is crucial to tap the top endcap for a long enough duration (~10 

minutes) to allow all of the air in the top cap to escape. After the completion of the 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 column. Prior to starting a tracer experiment, 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 result allows 

for the average linear velocities to become more consistent 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 column cap, the pressure can build quickly enough that leaks 

may occur.  
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APPENDIX D 

3D TANK EXPERIMENT PREPARATION 

 
           A map view portion of the tank is provided (Figure D.1). The full thickness of #70 
Accusand in the tank is ~35-36 cm. 

                                                      (A)                                                                    (B) 

 

                                                          (C)                                                                   

 
 

Figure D.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 1: remove all of the Accusand, fill the tank with degassed solution and then repack the 

Accusand in 1 cm tall intervals using the same stirring and tapping technique as previously 

outlined in the column packing section. Option 2: Fill each of the seven up- and seven 

downgradient tank reservoirs with solution slowly over a couple days enough to be able to 

hydraulically connect them to the up- and down-gradient 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 head device by 

removing all of the air from it using a syringe (Figures D.1, D.2, and D.3). Once 

hydraulically connected, connect the constant head device to the storage reservoir. To fill the 

remainder of the tank, raise both constant head devices 2 and 3 by 1 cm every day to the 

desired heads.  This will allow any entrapped air to be pushed vertically out of the system. A 

secondary constant head device (labeled 1, above) and a dual-valve controlled gravity feed 

has been added to the upgradient side of the tank in order to increase the efficiency of the 

flow-back system due to a lack of flow-rate control on the submersible pump. An overflow 

section was added to increase the efficiency of the system by collecting overflow to be 

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 and dissolve 

and promote bacterial growth in the tank. If bacterial/microbial growth is observed in the 

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 reservoir, that the 

solution is degassed. The influent and degassing reservoirs alternate as well, meaning that as 

the influent reservoir drains (feeding the tank), the degassing reservoir will become the 

influent reservoir once the influent reservoir is empty. The old influent reservoir now 

becomes the new degassing reservoir and is filled with 1000 L solution. The backflow drains 

are moved accordingly and the influent reservoir is always feeding through the 5 micron 

sediment, carbon filters and the ultraviolet (UV) treatment prior to going into the tank. The 

capacity of the UV treatment is 3 gallons per minute (Figure D.2).  
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Figure D.2 A) Upgradient hydraulic set-up for tank B) Pictures from lab for system in A) 
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Figure D.3 A) Downgradient hydraulic diagram for 3D-tank B) Pictures from lab for system in A) 
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To inject tracer solution, a similar constant-head device set-up is used to ensure 

constant injection rates into 3 upgradient wells via 2 peristaltic pumps (Figures D.1 and D.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 reservoir to evenly 

mix the solution. Three different feeds to two peristaltic pumps pump tracer solution into 

three upgradient wells. In order to create a truly 3-D plume, rubber stoppers were driven 

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

Figure D.4 A) Tracer injection hydraulic diagram for 3D-tank B) Pictures from lab for 
system in A) 

 

During two preliminary experiments where tracer solution was injected into 3 up-

gradient wells, the injected plume immediately sank to the bottom of the tank and travelled 

along the tank base, yielding observations unusable for analysis. This was a result of rubber 

stopper- “packers” failing in addition to the wells being completely open, not packed with 

sediment, where density-driven 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 below. It can be 

directly copied and pasted into a text file and imported into ProSys for IRIS Syscal Pro 

measurement collection. It was repeated continuously throughout the duration of 

experiments. The first segment outlines the Cartesian coordinate location of each numbered 

electrode 1-92. The second segment contains the resistivity survey sequence. The sequence 

contains 4 different surface arrays running dipole-dipole sequences, and 12 nested 

quadripoles as similarly set-up 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 2.0955 1.016 35  

21 2.0955 1.2573 35  

22 2.0955 1.5367 35  
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23 2.0955 1.7272 35  

24 2.0955 2.00025 35  

25 2.0955 2.22885 35  

26 0.5207 1.2827 20  

27 0.5207 1.2573 20  

28 0.5207 1.2319 20  

29 0.5207 1.2065 20  

30 0.5207 1.2827 10  

31 0.5207 1.2573 10  

32 0.5207 1.2319 10  

33 0.5207 1.2065 10  

34 1.4097 1.2827 20  

35 1.4097 1.2573 20  

36 1.4097 1.2319 20  

37 1.4097 1.2065 20  

38 1.4097 1.2827 10  

39 1.4097 1.2573 10  

40 1.4097 1.2319 10  

41 1.4097 1.2065 10  

42 2.4384 1.6637 20  

43 2.4384 1.6383 20  

44 2.4384 1.6129 20  

45 2.4384 1.5875 20  

46 2.4384 1.6637 10  

47 2.4384 1.6383 10  

48 2.4384 1.6129 10  

49 2.4384 1.5875 10  

50 2.4384 1.2827 20  

51 2.4384 1.2573 20  

52 2.4384 1.2319 20  

53 2.4384 1.2065 20  

54 2.4384 1.2827 10  

55 2.4384 1.2573 10  
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56 2.4384 1.2319 10  

57 2.4384 1.2065 10  

58 2.4384 0.8509 20  

59 2.4384 0.8255 20  

60 2.4384 0.8001 20  

61 2.4384 0.7747 20  

62 2.4384 0.8509 10  

63 2.4384 0.8255 10  

64 2.4384 0.8001 10  

65 2.4384 0.7747 10  

66 3.4163 1.2827 20  

67 3.4163 1.2573 20  

68 3.4163 1.2319 20  

69 3.4163 1.2065 20  

70 3.4163 1.2827 10  

71 3.4163 1.2573 10  

72 3.4163 1.2319 10  

73 3.4163 1.2065 10  

74 3.2004 0.20955 35  

75 3.2004 0.41275 35  

76 3.2004 0.8255 35  

77 3.2004 1.02235 35  

78 3.2004 1.2319 35  

79 3.2004 1.42875 35  

80 3.2004 1.63195 35  

81 3.2004 2.0574 35  

82 3.2004 2.25425 35  

83 0.6477 0.2286 35  

84 0.6477 0.4318 35  

85 0.6477 0.635 35  

86 0.6477 0.8509 35  

87 0.6477 1.04775 35  

88 0.6477 1.4351 35  
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89 0.6477 1.6256 35  

90 0.6477 1.8288 35  

91 0.6477 2.0193 35  

92 0.6477 2.21615 35  

# A B M N 

1 1 2 3 4 

2 1 2 4 5 

3 1 2 5 6 

4 1 2 6 7 

5 1 2 7 8 

6 1 2 8 9 

7 1 3 9 11 

8 1 3 10 12 

9 1 3 11 13 

10 1 3 12 14 

11 1 3 13 15 

12 1 3 14 16 

13 2 3 4 5 

14 2 3 5 6 

15 2 3 6 7 

16 2 3 7 8 

17 2 3 8 9 

18 2 3 9 10 

19 2 4 10 12 

20 2 4 11 13 

21 2 4 12 14 

22 2 4 13 15 

23 2 4 14 16 

24 3 4 5 6 

25 3 4 6 7 

26 3 4 7 8 

27 3 4 8 9 

28 3 4 9 10 
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29 3 4 10 11 

30 3 5 11 13 

31 3 5 12 14 

32 3 5 13 15 

33 3 5 14 16 

34 4 5 6 7 

35 4 5 7 8 

36 4 5 8 9 

37 4 5 9 10 

38 4 5 10 11 

39 4 5 11 12 

40 4 6 12 14 

41 4 6 13 15 

42 4 6 14 16 

43 5 6 7 8 

44 5 6 8 9 

45 5 6 9 10 

46 5 6 10 11 

47 5 6 11 12 

48 5 6 12 13 

49 5 7 13 15 

50 5 7 14 16 

51 6 7 8 9 

52 6 7 9 10 

53 6 7 10 11 

54 6 7 11 12 

55 6 7 12 13 

56 6 7 13 14 

57 6 8 14 16 

58 7 8 9 10 

59 7 8 10 11 

60 7 8 11 12 

61 7 8 12 13 
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62 7 8 13 14 

63 7 8 14 15 

64 8 9 10 11 

65 8 9 11 12 

66 8 9 12 13 

67 8 9 13 14 

68 8 9 14 15 

69 8 9 15 16 

70 9 10 11 12 

71 9 10 12 13 

72 9 10 13 14 

73 9 10 14 15 

74 9 10 15 16 

75 10 11 12 13 

76 10 11 13 14 

77 10 11 14 15 

78 10 11 15 16 

79 11 12 13 14 

80 11 12 14 15 

81 11 12 15 16 

82 12 13 14 15 

83 12 13 15 16 

84 13 14 15 16 

85 26 29 27 28 

86 30 33 31 32 

87 83 84 85 86 

88 83 84 86 87 

89 83 84 87 88 

90 83 84 88 89 

91 83 84 89 90 

92 83 84 90 91 

93 84 85 86 87 

94 84 85 87 88 
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95 84 85 88 89 

96 84 85 89 90 

97 84 85 90 91 

98 84 85 91 92 

99 85 86 87 88 

100 85 86 88 89 

101 85 86 89 90 

102 85 86 90 91 

103 85 86 91 92 

104 86 87 88 89 

105 86 87 89 90 

106 86 87 90 91 

107 86 87 91 92 

108 87 88 89 90 

109 87 88 90 91 

110 87 88 91 92 

111 88 89 90 91 

112 88 89 91 92 

113 89 90 91 92 

114 34 37 35 36 

115 38 41 39 40 

116 17 18 19 20 

117 17 18 20 21 

118 17 18 21 22 

119 17 18 22 23 

120 17 18 23 24 

121 17 18 24 25 

122 18 19 20 21 

123 18 19 21 22 

124 18 19 22 23 

125 18 19 23 24 

126 18 19 24 25 

127 19 20 21 22 
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128 19 20 22 23 

129 19 20 23 24 

130 19 20 24 25 

131 20 21 22 23 

132 20 21 23 24 

133 20 21 24 25 

134 21 22 23 24 

135 21 22 24 25 

136 22 23 24 25 

137 42 45 43 44 

138 46 49 47 48 

139 50 53 51 52 

140 54 57 55 56 

141 58 61 59 60 

142 62 65 63 64 

143 74 75 76 77 

144 74 75 77 78 

145 74 75 78 79 

146 74 75 79 80 

147 74 75 80 81 

148 74 75 81 82 

149 75 76 77 78 

150 75 76 78 79 

151 75 76 79 80 

152 75 76 80 81 

153 75 76 81 82 

154 76 77 78 79 

155 76 77 79 80 

156 76 77 80 81 

157 76 77 81 82 

158 77 78 79 80 

159 77 78 80 81 

160 77 78 81 82 
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161 78 79 80 81 

162 78 79 81 82 

163 79 80 81 82 

164 66 69 67 68 

                165 70 73 71 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 

2009. It can perform forward and inverse modeling. It is an executable that can be run from 

command line or by double clicking the executable file. There is a well-written, highly 

detailed manual that comes along with downloading the software and it is recommended that 

the user reads through the manual prior to starting any modeling. The documentation will 

detail the forward and inverse modeling steps well; the following is included as an extra 

resource if needed. It is noted that the user must track units either through comments or keep 

them in standard base units of meters and seconds. If units are not consistent, STAMMT-L 

will still likely run, but the output results will be inaccurate.  

 With forward modeling in STAMMT-L it is recommended that you start with one of 

the example files that most represents your system and then modify the input parameters 

accordingly. Most input parameters regarding the numerical simulation in STAMMT-L will 

not need to be changed. The physical input parameters needed for your system: 

1. Capacity coefficient 

2. Average linear velocity 

3. Longitudinal dispersivity 

4. System length 

5. Observation length 

6. Concentration (magnitude or normalized) and injection duration 

7. Pulse or stepped injection 

8. 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 experiments is 

shown (Figure F.1).  
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Figure F.1 STAMMT-L physics file 
 

The chemistry file corresponding to the physics file in Figure F.1, is where species tracer 

concentrations and reactions are included (Figure F.2).  

 

Figure F.2 STAMMT-L chemistry file  
 

All of  the necessary files to run STAMMT-L in forward mode must be in the same folder  

(Figure F.3) 
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The following segment will outline how run STAMMT-L in inverse mode to optimize 

for transport parameters. All of the necessary files to run STAMMT-L in inverse mode must 

be in the same folder (Figure F.4). 

 

 
Figure F.4 Folder set-up of all files required to run STAMMT-L in inverse mode  

 
 

Figure F.3 Folder set-up of all files required to run STAMMT-L in forward mode 
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The format of the unit 24 input file is shown below (Figure F.5). It includes 

normalized fluid electrical conductivity measurements and the corresponding time vector. 

The fluid electrical conductivity was normalized in order to work around any discrepancies 

between the input fluid electrical conductivity and the calculated concentration input to 

STAMMT-L. The xx corresponds to the observation distance from source, 163 is the number 

of rows of data. 

 
xx= 0.163 
Time Meas 

163  
25.87576 0 
69.87576 0.00114 
73.87576 0.002422 
79.87576 0.006839 
84.87576 0.015102 
85.87576 0.019091 
88.87576 0.028352 
92.87576 0.044308 
96.87576 0.065109 
100.8758 0.084627 
103.8758 0.110415 
107.8758 0.142613 
111.8758 0.175524 
116.8758 0.214418 
120.8758 0.256447 
126.8758 0.323265 
129.8758 0.353184 
132.8758 0.380254 
135.8758 0.417296 

 

Figure F.5 Format of Unit 24 input file for STAMMT-L Inverse Mode. Time is in 
minutes. The measured fluid conductivity is normalized to injection fluid 
conductivity.  

 
The format of the Unit 29 parameter optimization file is provided (Figure F.6). par() 

corresponds to the mass transfer type requirements. Single rate, first-order mass transfer will 

only require 1 parameter, par(1). Other multi-rate mass transfer types will require additional 

inputs such as the mean and standard deviation of the mass transfer rate distribution par(1), 

par(2). With this file, a non-zero number corresponds to optimizing that parameter. A zero 

parameter corresponds to holding the input parameter constant. In this example, the capacity 

coefficient (btot), and the single rate, first-order mass transfer rate are being optimized while 

all other input parameters are being held constant.  
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0 
1 
0 0 0 
0 0 0 
0 
0 
0 0 0 
0 0 0 
2 
0 
 
vx 
btot 
Rm 
Rim 
alphaL   
dilute 
lam_m 
lam_im 
yield_m 
yield_im 
par(1) 

           par(2) 
Figure F.6 Format of the Unit 29 parameter estimation file for STAMMT-L Inverse 
Mode 
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APPENDIX G 

ARDUINO DATA LOGGER SETUP AND IMPLMENETATION 

 

            The Arduino data logger set-up used in the tank experiments in this thesis was 

developed by Ben Hoogenboom and I 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 Arduino set-up with all three 

measurement stations is provided (Figure G.1). Each measurement station has the 

corresponding sensors feeding to three different wells. The final code developed by Ben was 

designed to cycle through each measurement station separately and then logging the fluid 

electrical conductivity (uS/cm), temperature (Celsius), and pH ([H+]) is attached in the next 

section. 

 

 

Figure G.1 Arduino set-up with Atlas Scientific sensors in 3D-tank.  
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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 tank. The 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 

// By Ben Hoogenboom 

// 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 sent, it will 

open that port. 

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

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

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

// 1: Set 1, EC 

// 5: Set 1, Temp 

// 3: Set 1, PH 

// 11: Set 2, EC 

// 15: Set 2, Temp 

// 13: Set 2, PH 

// 17: Set 3, EC 

// 12: Set 3, Temp 

// 16: Set 3, PH 

//In general, ports on the SPE are linked with the following channels. (Ignore this unless 

rewiring instrument) 

// 1: goes to P1 

// 2: goes to P5 

// 3: goes to P3 

// 4: goes to P7 

// 5: goes to P2 

// 6: goes to P6 

// 7: goes to P4 

// 8: goes to P8 

////////////////////////////////////////////////////////////////////// 

//------------------------------------------------------------------// 
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//-------- CHANGE THESE FOR MORE SENSORS or AUTOMODE ---------------// 

//------------------------------------------------------------------// 

//                                                                --// 

boolean arduino_only = false;                 // SET AUTO-MODE    --// 

boolean log_data = false;                     // SET LOGGING MODE --// 

int a[] = {1, 5, 3, 11, 15, 13, 17, 12, 16};  // SET ACTIVE PORTS --// 

int delay_var = 150000;                       // downsample rate   --// 

//------------------------------------------------------------------// 

//------------------------------------------------------------------// 

////////////////////////////////////////////////////////////////////// 

//Be sure to include the Altsoft library 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; 

// declare and initialize 

byte computer_bytes_received = 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];                     //Need 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 used in string parsing 

char *EC;                            //Char 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 

int s1 = 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 

int s3 = 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;                         //what port to open 

int temport = 0;                      //I guess I 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;                    //Sensor set counter 

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

boolean set1awake = false;            //Is this sensor set awake  

boolean set2awake = false;            //Is this sensor set awake 

boolean set3awake = false;            //Is this sensor set awake 

// end declare and initialize 

void setup() { 

  pinMode(s1, OUTPUT);              //Set the digital pin as output 

  pinMode(s2, OUTPUT);              //Set the digital pin as output 

  pinMode(s3, OUTPUT);              //Set the digital pin 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:");             //write 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.println("]#"); 

  } 

} 

void serialEvent() {                                        //trigger when the data coming from the serial 

monitor is received 

  computer_bytes_received = Serial.readBytesUntil(13, computerdata, 20); //Read 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 (int p : a) {                                     //Loop through all available ports 

      port = p; 

      if (port == 1 || port == 3 || port == 5) {            //Set 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;                               // port is redefined when waking ports.  

      if (awakeset == sensorset) {                  //if the sensor set we need is awake, do nothing.  

      } 

      else { 

        wake_set(sensorset);                        // otherwise, wake it up!  

      } 

      delay(500); 

      port = temport;                               //BAD!  

      open_channel();                               //open correct port 

      delay(500); 

      altSerial.print("R\r");                       //Send the command to take a reading 

      delay(2500); 

      computer_bytes_received = 0;                  //Reset computer_bytes_received 

      take_reading();                               // 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();                               // write data to file using Gobetwino 

      } 

      if (count == 9) {                             // 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) {             // if command sent from serial monitor 

      channel = strtok(computerdata, ":");          //parse 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, ":");                      //parse 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; 

      } 

      // port might be redifined... 

      temport = port; 

      if (awakeset == sensorset) { 

      } 

      else { 

        wake_set(sensorset); 

      } 

      port = temport; 

      open_channel();                               //open 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");                      //send a carriage return <CR> 

        cmd = 0; 

      } 

      computer_bytes_received = 0;                  //Reset computer_bytes_received 

      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();                               // write data to file using Gobetwino 

      } 

    } 

    take_reading();                               // 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;              //If the value of the port is within range (1-8) then 

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 1-8 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 location of a number 

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

  delay(50);                                      //Make sure the channel switching event has completed 

  return;                                         //go 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_received = altSerial.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, 30); //we read the data 

sent until we see a <CR>. We also count how many character have been received 

    sensordata[sensor_bytes_received] = 0;         //we add a 0 just after the last character we 

received. This will stop us from transmitting incorrect data that may have been left in the 

buffer 

    if (portnum == 1 || portnum == 7) {   // if channel open is from an EC port, 

      if (log_data == false) {            // if not logging, write this to the Serial monitor.  

        Serial.print("Set: "); 

        Serial.println(sensorset); 

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

      } 

      print_EC_data();                    // function to parse and print EC data.  

      ecdone = true;                      // ec is done. great.  

    } 

    else if (portnum == 3 || portnum == 6) { // if channel open if from pH port, 

      PHp = sensordata;                     //char array pointer 

      PH =  String(PHp);                    // char array to string 

      if (log_data == false) {                // if not logging, write this to the Serial monitor.  

        Serial.print(" Set: "); 

        Serial.println(sensorset); 

        Serial.println(); 

        Serial.println("PH:"); 

        Serial.println(PH); 

        Serial.println(); 

      } 

      phdone = true; 

    } 

    else if (portnum == 2 || portnum == 5) { // if channel open if from temp port, 

      TEp = sensordata; 

      TE =  String(TEp); 

      if (log_data == false) {                // if not logging, write this to the Serial monitor.  

        Serial.print(" Set: "); 

        Serial.println(sensorset); 

        Serial.println(); 

        Serial.println("Temp:"); 

        Serial.println(TE); 

        Serial.println(); 

      } 

      tempdone = true; 

    } 

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

      Serial.println("Neither EC nor pH nor temp. Something went wrong."); 

  } 
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} 

void print_EC_data() {                            //this function will parse the EC data string 

  memcpy(ecdata, sensordata, 30);                     //copy to ecdata array to parse 

  EC = strtok(ecdata, ",");                           //Parse the array at each comma 

  TDS = strtok(NULL, ",");                             

  SAL = strtok(NULL, ",");                             

  GRAV = strtok(NULL, ",");                            

  if (log_data == false) { 

    Serial.print("EC:");                               

    Serial.println(EC);                                 //Print parsed values.  

    Serial.print("TDS:");                               

    Serial.println(TDS);                                 

    Serial.print("SAL:");                               

    Serial.println(SAL);                                

    Serial.print("GRAV:");                               

    Serial.println(GRAV);                                

    Serial.println();                                   

  } 

} 

void write_data() {                                  // this function writes EC and PH and temp data from 

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); 



 
 

144 
 

  Serial.print("\t"); 

  Serial.print(TE); 

  Serial.println("]#"); 

  PH = "";       //reset 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() { 

  // make sure everything is awake 

  for (int n : a) {                             // loop through each element of port array 

    port = n; 

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

      digitalWrite(enable_1, LOW);              // enable SPE 1 

      digitalWrite(enable_2, HIGH); 

      open_channel();                           // open channel 

      altSerial.print("\r");                    // send a command to wake 

      delay(100);            

      clear_reading();                          // 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);             // enable SPE 2 

      digitalWrite(enable_2, LOW); 

      open_channel();                        

      altSerial.print("\r"); 

      delay(100); 

      clear_reading(); 

    } 
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  } 

  // put everything to sleep 

  for (int n : a) {                             // loop through each element of port array 

    port = n; 

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

      digitalWrite(enable_1, LOW);              // enable SPE 1 

      digitalWrite(enable_2, HIGH); 

      open_channel(); 

      altSerial.print("Sleep\r");               // send command to sleep 

      delay(100); 

      clear_reading();                          // 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\r");               // send command to sleep 

      delay(100);  

      clear_reading();                          // clear response code 

    } 

  } 

} 

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

  // pass set number to wake, enable expander, wake all, mark set awake 

  if (s == 1) {                                 // we're waking set 1. 

    if (set2awake == true) {                    // if set 2 is awake, put it to sleep 

      sleep_set(2); 

      set2awake = false; 

    } 

    clear_reading(); 

    delay(2); 

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

      sleep_set(3); 
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      set3awake = false; 

    } 

    digitalWrite(enable_1, LOW); 

    digitalWrite(enable_2, HIGH); 

    delay(2); 

    for (int i = 0; i < 3; i++) {             // 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;                             // set active awake set 

    set1awake = true;                         // set 1 is now awake  

  } 

 

  else if (s == 2) { 

    if (set1awake == true) { 

      sleep_set(1); 

      set1awake = false; 

    } 

    delay(2); 

    if (set3awake == true) { 

      sleep_set(3); 

      set3awake = false; 

    } 

    delay(2); 

    digitalWrite(enable_1, HIGH); 

    digitalWrite(enable_2, LOW); 

    delay(2); 

    for (int i = 3; i < 6; i++) { 

      port = a[i]; 
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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 (set1awake == true) { 

      sleep_set(1); 

      set1awake = false; 

    } 

    delay(2); 

    digitalWrite(enable_1, HIGH); 

    digitalWrite(enable_2, LOW); 

    delay(2); 

    for (int i = 6; i < 9; i++) { 

      port = a[i]; 

      open_channel(); 

      delay(20); 

      altSerial.print("\r"); 

      delay(500); 

      clear_reading(); 

    } 

    awakeset = 3; 

    set3awake = true; 

  } 
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} 

 

void sleep_set(int s) {                                     // funciton to put a set to sleep 

  // pass set number to sleep, enable expander, sleep all 

  delay(30); 

  if (s == 1) {                                             // sleeping set 1 

    digitalWrite(enable_1, LOW); 

    digitalWrite(enable_2, HIGH); 

    delay(5); 

    for (int i = 0; i < 3; i++) { 

      port = a[i]; 

      open_channel(); 

      clear_reading(); 

      delay(500); 

      altSerial.print("Sleep\r"); 

      delay(200); 

      clear_reading(); 

    } 

  } 

 

  else if (s == 2) {                                        // sleeping set 2 

    digitalWrite(enable_1, HIGH); 

    digitalWrite(enable_2, LOW); 

    delay(2); 

    for (int i = 3; i < 6; i++) { 

      port = a[i]; 

      open_channel(); 

      clear_reading(); 

      delay(500); 

      altSerial.print("Sleep\r"); 

      delay(200); 

      clear_reading(); 

    } 

  } 
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else {                                                    // sleeping set 3 

     

digitalWrite(enable_1, HIGH); 

    digitalWrite(enable_2, LOW); 

    delay(2); 

    for (int i = 6; i < 9; i++) { 

      port = a[i]; 

      open_channel(); 

      clear_reading(); 

      delay(500); 

      altSerial.print("Sleep\r"); 

      delay(200); 

      clear_reading(); 

    } 

  } 

} 

 
 

 

The next section includes Ben Hoogenboom’s senior design report “Design of Low-

Cost Macro and Micro-Scale Fluid Conductivity Loggers“, which includes the background 

and design of the Arduino measurement stations with Atlas Scientific sensors. Also detailed 

is a potential design for an electrical conductivity micro-flow through sensor for future 

research pursuits. This may serve as a more desirable and viable route as Amber Scientific 

has ceased manufacturing their micro-flow 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 or fluid production. Fluid property time series are used as a 

proxy for mass transport in a laboratory setting to develop and test fluid flow models. 

Currently, commercial products that measure fluid properties, electrical conductivity 

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 measures in-situ 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 significant cost 

savings for researchers. This macro-volume instrument is to be installed in a large-scale 

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 

10µL. An innovative four-coil induction method yields accurate conductivity 

measurements without disturbing flow in a 2.5in sand column. Once produced and 

installed, this micro-volume 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 implementation of two 

instrument designs. 

The first goal of this project is to develop an accurate sensor system to 

continuously measure in-situ fluid electrical conductivity (EC) and pH to be used in a 

macro-sized experiment about 400ft3 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, to 

design a circuit and theory of measurement behind a device that measures fluid EC by 

displacing less than 20µL of fluid from a 2.5in column. 

Motivation 

The instruments presented here were developed to improve upon commercially 

available instruments in terms of cost, ease of use, and reproducibility. Commercial 

macro-volume EC loggers are unnecessarily expensive to scale. Micro-volume 

conductivity loggers are no longer manufactured. The instruments described herein 

meet the needs of researchers at the Colorado School of Mines not met by alternative 

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 micro-volume 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 sand reservoir. 

Sand reservoirs are targeted in this research to study the extent of ineffective porosity in 

sandstone as a result of a recent discovery of the reactivity of quartz grains [1]. An 

accurate mass transport model has many environmental and industrial applications 

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 measurements are taken at discrete sampling ports by 

displacing less than 20µL of fluid from the column. These conductivity time series will 

yield a breakthrough curve as the lithium tracer reaches the sampling port in the column. 

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 the 3rd measurement point. The 1D model will be 

compared to resistivity measurements taken in a fashion similar to a common field-

geophysical survey (figure 2).  
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Figure G.1 Laboratory column filled with homogeneous quartz sand and a standard 
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. 
 

  

 

 

 

Figure G.2 Smaller column filled with homogeneous sand. Resistivity measurements 
similar to those taken in a field geophysics survey are taken at points up the column. 
These measurements are calibrated so the conductivity-based 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 chemical 

tracer is injected and a flow is induced in the tank. Macro-volume 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 a certain location in the tank. A 3D model 

can be generated and tested against geophysical resistivity measurements taken 

simultaneously to evaluate the accuracy of a geophysical field study [1]. 

 

Figure G.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 field geophysics 
survey to calibrate the mass transport model. 

Background 

Fluid Conductivity 

Fluid conductivity is the material property of how easily a fluid permits the flow 

of electric charge. In a conductive fluid, the flow of electric charge is induced by an 

electric field applied to the fluid. The means by which this electric field is applied varies 

for the two instruments presented here; the macro-volume conductivity instrument 
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utilizes a contact conductivity measurement while the micro-volume instrument utilizes 

an induction conductivity measurement. 

Figure 4 shows a contact conductivity measurement scheme consisting of two electrodes 

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

 

Figure G.4 Contact conductivity measurement theory used in the macro-volume 
conductivity sensor. Conductivity of fluid is linearly related to the current passed from 
the submerged electrodes. From: [2] 
 

The potential applied between the electrodes is alternated to avoid polarizing the 

electrodes or dissociating the fluid. The electrodes are a conductive material, usually 

metal or graphite, and are either point or plate sources. A potential difference is applied 

between the electrodes, creating a unidirectional electric field from the positive to the 

negative electrode. In electrolytic solutions, like water, this electric field forces unbound  

positive and negative ions to move through the solution according to the electric field 

equation (equation 1), where F~ the force on the charged particle, q is the charge of the 

particle, and E~ 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 electrode. The conductivity of the fluid is equal to the ratio of 

the current density J to the applied electric field strength E, according to Ohm’s Law 

(equation 2) [4]. Therefore, in order to measure the conductivity of the fluid, the applied 

potential must be known, 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 alternating current 
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results in an alternating electric field. According to Faraday’s law (equation 3), an 

alternating electric field (E~) results in an alternating magnetic field (B~) through the 

transmitter coil. This alternating magnetic field creates an electric field according to 

Ampere’s law (equation 4), which propagates as an alternating current according to 

Ohm’s law (equation 2). This alternating current creates an alternating Bfield in the 

proximity of the second coil, called the receiver coil, at which an alternating EMF is 

created according to Faraday’s law of induction (equation 5. This induced potential in 

the receiver coils is measured. 

  (G.3) 

  (G.4) 

  (G.5) 

where E is the induced EMF (voltage) in the receiver coil, N is the number of loops, and 

A is the area of the receiver coil. 

An established equation from electromagnetic geophysics states that the ratio of 

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

  (G.6) 

where Vs is the induced voltage and Vp is the voltage in the primary coil. In the case of a 

laboratory instrument, j, �&, l, and µ remain constant. Therefore, the ratio of the 

secondary to primary voltages becomes: 

  (G.7) 

where Vp is controlled, Vs is measured, and k is determined experimentally using control 

solutions to measure the conductivity, �1, of 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 allows hydrogen ions to 
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diffuse from the solution being measured to the outer layer of the glass (figure 6). At the 

tip of a pH probe is a glass membrane. This glass membrane permits hydrogen ions 

from the liquid being measured to defuse into the outer layer of the glass, while larger 

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 solution (figure 

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

measured. 

 

Figure G.5 PH measurement probe design. From: [5]

 

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

Macro-Volume Conductivity and pH Logger 

Overview and Objective 

The macro-volume fluid conductivity sensor integrates commercial sensors 

available from Atlas Scientific [2,5] into an instrument that meets the needs of the mass 

transport research project. It is designed to log semi-continuous measurements of EC 

and pH from multiple sensors in large-scale 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 in that it is less 

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 following sections 
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will outline the macro-volume instrument operation, components, cost, logging 

program, instructions for use, and test results. 

Sensor Operation 

The macro-volume 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 macro-volume conductivity 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 instruments are sensitive 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 there will be power 

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. Commands 

sent to the sensor are encoded as ASCII strings of characters followed by a "carriage 

return" terminator, which tells the sensor the command has finished (see section 5.6). 

Return strings from the sensor are formatted in an identical fashion, consisting of a 

string of characters followed by a carriage return terminator [2,5]. All characters are 

sent as a series of 0 or 5v voltages representing bits. These bits are inputted to the CPU 

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

All commands and measurements must be sent through a single communication 

serial port from the microcontroller to the computer. Therefore, the instrument can only 

listen to a single sensor at one time. Measurement timing is controlled by the CPU. The 

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 Section 

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 design must be 

accounted for before the instrument gives accurate results. Both sensors use a two point 

linear calibration method, as shown by figure 7 below. Given the factory calibration, the 

sensors will 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 (reference low). 

Then, a calibration solution on the upper end of the measurement range is taken and 

passed to 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). 

 

Figure G.7 Two-point calibration method. A calibrated measurement (Ideal Response) is 
given for every point along a line between the high and low reference values. From 
https://learn. adafruit.com/assets/25550 

Components and Circuitry 

The macro-volume conductivity sensor is built from commercially available 

sensors and circuits from Atlas Scientific [2,5]. Figures 8 and 9 describe the main 

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

 

Figure G.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 powered and 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 data received 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 communication 

line from the microcontroller to multiple 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 electrical noise in 

the system. Therefore, the power and data connections must be isolated from other 

circuit components. Each probe has its own isolator that sends voltages over a small 

air gap. This isolates the probe circuitry from the rest of the instrument, as shown by 

the dotted line [2,5]. 

(5) Atlas scientific circuitry chip: EC and pH probes need specific circuitry to power the 

probe, receive commands, process probe measurements, and store calibrations. Atlas 

Scientific provides specialized chips to be used with their companion probes [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 submerged in the fluid 

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, though only a 

fluid is shown here. 

Cost 

Compared to commercially available conductivity loggers, this design is 

significantly less expensive. Low-end commercial conductivity loggers cost anywhere 

from $1,000 to $1,900 [9,10]. The proposed conductivity logger costs only $429.00 for 

both conductivity and pH measurements (table 1). Cost savings are accentuated if the 

instrument is expended to include more sensors, as multiple sensors can be collected 
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using the same instrument. Alternative commercial conductivity loggers would require 

the purchase of additional instruments to implement more sensors. 

The following table outlines the total cost of a single conductivity/pH suite (1 EC and 1 

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 stored to a 

file to be analyzed and inverted at a later time. The instrument itself does not have 

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 free-use software program 

Gobetwino [11]. The program commands were modified in accordance with the 

permissions of the software to accommodate the measurement strings passed from the 

microcontroller and the desired output text format. 

Sensor readings are sent from the microcontroller to the computer via USB serial 

communication. The microcontroller sends a series of specific characters that alert the 

logging program when to record data. The program then parses the data string into the 

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 shows an example of 

the logging program output. 
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Component Cost 

Arduino Uno [7] $20.00 

Serial Port Expander [8] $15.00 

EC Probe K1.0 [2] $139.00 

EC Circuit Chip [2] $60.00 

pH Probe K1.0 [5] $75.00 

pH Circuit Chip [5] $40.00 

In-line Voltage Isolator ×2 [2] $52.00 

BNC Connector ×2 [2] $28.00 

Total $429.00 

 

 

 

 

Figure G.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 EC automatically 
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 code 

loaded to it (appendix 9). Here, the instrument can be configured in a variety of different 

modes to meet the needs of the user: 

  

  

  

  

  

  

  

  

Additional EC / 

pH Suite 

Cost 

EC probe $139.00 

EC Circuit $60.00 

pH probe $75.00 

pH Circuit $40.00 

In-lin Voltage 

Isolator x2 

$52.00 

BNC Connector 

x2 

$28.00 

Total $394.00 
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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 correct serial communication port as well as probe commands 

(calibrate, take reading, etc.). This mode is enabled by setting the value arduino_only 

to False. 

2. Automatic measurement mode: When this mode is enabled, the microcontroller 

systematically cycles through the 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 to True. 

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 macro-volume 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 

macro-volume conductivity logger. 
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Figure G.11 Overnight test 1. Conductivity (blue) drifted by about 5%, while pH 
(orange) drifted by about 1%.  
 
 

 

Figure G.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 about 5% and the pH 

drifted by about 1%. In the second overnight test, the conductivity drifted by about 8.5% 

and the pH drifted by less than 0.5% over the course of the test. The conductivity drift is 

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 temperature of 25�•C 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 linear drift equation 

[12, p72]: 

  (G.8) 
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where C25 is the corrected value, Ct is the measured value, �.��is the temperature 

coefficient (usually assumed to be 0. ), and t is the temperature. 

The pH drift is due to CO2 from the atmosphere dissolving in the DI water. In 

the first test, figure 11, DI water was taken from a sealed storage container to a beaker 

in which the probes were placed. The beaker was only partially sealed from the 

atmosphere. CO2 from 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 constant pH, as shown by the 0.5% 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 the instrument can be 

installed 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 produces a compatible temperature probe that 

should be included in this instrument. A temperature probe can be added to each suite 

for $62.00 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 transport research 

tank. The Arduino code and logging program was designed to accommodate this 

expansion. 

Micro -volume Fluid Conductivity Cell 

Overview and Objective 

The micro-volume conductivity sensor was developed to measure volumes of 

fluid 20µL or less using an Arduino microcontroller and an innovative induction coil 
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array. The following theory and design meets the needs of the mass transport research 

project in that it is inexpensive and easily producible. This instrument replaces a 

previously available micro-conductivity cell made by Amber Science [13]. These 

commercial instruments are currently being used in the mass transport research project, 

but they are no longer manufactured and must be replaced. The following sections detail 

the unique theory developed to measure micro-volume fluids, a proposed circuit, and 

production model. 

Theory of Operation 

The micro-volume conductivity sensor utilizes the theories for induction 

conductivity discussed in Section 4.1. This section will elaborate on the processes 

specific to the micro-volume 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 is significant 

electromagnetic leakage outside the coils that influences the conductivity measurement, 

especially when measuring micro-volumes of fluid. The proposed solution uses a four-

coil array, which focuses the conductivity measurement to a smaller longitudinal area. 

This yields more accurate measurements when measuring micro-volumes of fluid. 

The four-coil design was proposed by Chang et al [14] to measure water content of 

crude oil inside a metal pipeline. Figure 13 below shows the four-coil induction array 

that will be used in the micro-volume conductivity meter. Four coils are wound around a 

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

 

Figure G.13 4 coil array 
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Similar to a two-coil induction array, there are primary transmitter and receiver 

coils (T0, R0) in the center of the array. There are also secondary transmitter and 

receiver coils (T1, R1) 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 measurement as 

a function of distance from the center of the coil array. The useful conductivity 

measurement, Gz in equation 9, is the percentage of the measured signal that is not due 

to currents induced outside the coil array. 

  (G.9) 

where R2 is the distance to the inside of the coil, ni and nj are the number of loops in the i 

and j coils, l ij is the distance between the i and j coils, and gij is the geometric factor of 

the coil, which is a function of the radius of the coil and its axial coordinate (the relative 

distance from the center of the array). These values were defined for a single transmitter 

and receiver coil array, as shown in figure 14. The primary coil parameters were kept 

constant and secondary coil parameters defined to calculate the useful signal of a four-

coil array, shown in figure 15. 

 

 

Figure G.14 Useful signal as a function of coil coordinate for a two-coil 
induction array. The transmitter coil is located at 0.5m and the receiver coil 
is located at 1.5m. The peak useful signal occurs at the midpoint of the two 
with a value of 20% 
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Figure G.15 Useful signal as a function of coil coordinate for a four-coil 
induction array. The primary transmitter coil is located at 0.5m, the primary 
receiver coil is located at 1.5m. The secondary transmitter coil is located at 
0m and the secondary receiver coil is located at 2m 
 

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

measurement at the midpoint of the transmitter and receiver coils (Z = 1m). At its peak, 

the useful signal represents only 20% of the measured signal and decreases slowly 

outside of the coils. This means that there is significant electromagnetic interference 

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

Figure 15 shows that a four-coil array triples the useful signal and better focuses 

it within the primary coils. At its peak, useful signal represents 60% of the measured 

signal and remains high over the entire distance between the primary coils (0.5 to 1m). 

Outside the primary coils, the useful signal quickly decreases, evident of minimal 

electromagnetic interference. Therefore, the four-coil array is superior to a two-coil 

array and maximizes the accuracy of conductivity measurements taken using inductive 

methods. 

In practice, the geometric properties of the conductivity meter remain constant. 

According the the induction conductivity theory described in section 4.1, an inductive 

conductivity meter must know absolutely the transmitter AC voltage and measure the 

output AC voltage in the receiver coil to calculate the conductivity of the fluid they 

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 following sections. 
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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 manufacturers. It is designed to 

be constructed on an Arduino platform similar to the macro-volume conductivity 

instrument. Dimensions are not representative of a constructed instrument. 

 

 

Figure G.16 Circuit diagram for micro-volume conductivity cell. Unmodified voltages 
are shown in red, transmitter coils in blue, receiver coils in green, and additional circuit 
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 circuit. It acts a the digital 

sampler to measure the receiver coil AC voltage using a RMS measurement. 
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(3) Voltage Reference Diode: The input voltage to the transmitter current must be 

known absolutely. The Arduino Uno outputs voltages within 5% 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 within 0.25% of 5V [15]. 

(4) DDS Signal Generator: The DDS signal generator turns 5V DC to a sine wave 

centered at 3.3V at a specified 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. 

(5) Secondary Receiver Coil: The secondary receiver coil is wired in series with the 

primary receiver coil, but wound in the opposite direction. It is grounded to the 

shared circuit ground. 

(6) Primary Transmitter Coil: The primary transmitter receives a sine wave current 

from the DDS. It induces a current in the receiver coil according to the inductive 

conductivity theory. 

(7) Primary Receiver Coil: Alternating current in the receiver coil is induced by the 

transmitter coil. The AC signal is passed to the receiver coil circuitry to process a 

usable result. 

(8) Secondary Transmitter Coil: 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. 

(9) Receiver Circuitry: The receiver circuitry receives an induced AC from the receiver 

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 voltages greater 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 fluid from 

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 micro-volume conductivity cell 

must sample volumes of fluid less than 20µL. Figure 17 shows the recommended 

dimensions and key elements of the proposed design that meets this specification. The 

micro-volume conductivity cell consists of a four-coil 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. 

 

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

Cell length 10cm 

Cell diameter 5.25cm 

T0 to R0 2cm 

T0 to R1 1cm 

Fluid tube 

diameter 

1mm 

Measurement 

volume 

10µL 
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(1) Induction Coils: The induction coils are arranged in a four-coil 

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. 

 

 

 

 

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

 

(3) 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. Surgical tubing 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 dimensions are 

shown by figure 19 and table 1 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Future Work 

The recommended micro-conductivity cell design has not been built. Further 

evaluation of the circuit design by an electrical engineer is recommended, including 

a virtual circuit test. An assembled cell should be calibrated to evaluate accuracy and 

determine the cell constant, which will vary for each cell assembled. Alternative 

components may offer increased accuracy. Specifically, a more advanced 

microcontroller may be necessary to give more accurate output voltages and higher 

sampling rate. Additionally, further experimentation with the dimensions of the 

coils, the number of loops, and the wire gauge will yield optimal design parameters 

for future production.  

 

 
Figure  G.19 Coil geometry. From [18] 

Table G.1. Coil dimensions 
Coil diameter (a) 4.5cm 

Coil width (b,c) 1.5cm 

T0, R0 wraps 100 

T1, R1 wraps 10 

Wire size 15AWG 
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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 in-situ EC and pH, can be produced easily, and costs only $429 for a 

suite of EC and pH measurements. The cost of expanding additional sensors 

adds even more cost benefit over commercial options. After further 

temperature corrections, the instrument can be installed in the sand tank to 

develop and test a 3D mass transport model. 

The micro-volume conductivity cell design will replace extinct 

commercial options to measure fluid conductivity using a sample volume of 

just 10µL. 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.  
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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 included. The file can 

be directly imported into Gmsh and then inside the graphical user interface (GUI), the system 

definition was fit with the default, 3D mesh option. The raw text file defining all of the 

electrodes and boundary conditions as points, lines, surfaces and extruded surfaces below can be 

copied and pasted into a text file and imported into Gmsh for meshing of physical system.  

// Gmsh project created on Tue May 31 10:37:31 2011 

cl1= 0.05; 

// 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, 0, 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 



 

181 
 

Point(17) = {2.0955, 0.2413, 0, 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, 0, cl1}; //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 

 

 

// 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, 0, cl1}; //Electrode 37, 41 

 

//1 3/4 L - 1 Upper 

Point(34) = {1.8034, 1.5113, 0, cl1}; //Electrode 42, 46 

Point(35) = {1.8034, 1.4732, 0, cl1}; //Electrode 43, 47 

Point(36) = {1.8034, 1.3716, 0, cl1}; //Electrode 44, 48 

Point(37) = {1.8034, 1.3335, 0, cl1}; //Electrode 45, 49 

 

//1 3/4 L - 2 Upper  



 
 

182 
 

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, 0, cl1}; //Electrode 61, 65 

 

//2L 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, 0, cl1}; //Electrode 68, 72 

Point(49) = {3.3655, 1.143, 0, cl1}; //Electrode 69, 73 

 

// Transverse 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, cl1}; //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, 0, cl1}; //Electrode 84 
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Point(61) = {0.6477, 0.635, 0, cl1}; //Electrode 85 

Point(62) = {0.6477, 0.8509, 0, cl1}; //Electrode 86 

Point(63) = {0.6477, 1.01775, 0, cl1}; //Electrode 87 

Point(64) = {0.6477, 1.4351, 0, cl1}; //Electrode 88 

Point(65) = {0.6477, 1.6256, 0, cl1}; //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, cl1}; //Electrode 92 

 

//points 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, 0, 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}; 

 

// 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}; 

 

//L 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}; 

 

// 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};  

 

// 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}; 

 

// 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}; 

 

// 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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//Additional Lines 

Line(120) = {93, 1}; 

Line(121) = {1, 71};  

 

//Additional Lines 

Line(122) = {84, 16}; 

Line(123) = {16, 80}; 

 

//Make Planes for Extruding  

//create surfaces  

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

Plane Surface(125) = {124}; 

 

//create surfaces  

Line Loop(126) = {96, -65, -64, -63, 24, 121}; 

Plane Surface(127) = {126}; 

 

//create surfaces  

Line Loop(128) = {97, -59, -58, -57, -56, -55, -54, 22, 23, 63, 64, 65}; 

Plane Surface(129) = {128}; 

 

//create surfaces  

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

Plane Surface(131) = {130}; 

 

//create surfaces  

Line Loop(132) = {99, -81, -80, -79, -78, -77, 16, 17, 69, 70, 71}; 

Plane Surface(133) = {132};  

 

//create 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};  

 

//create surfaces  

Line Loop(136) = {101, -87, -86, -85, 11, 12, 32, 33, 34, 35, 36}; 

Plane Surface(137) = {136}; 

 

//create surfaces  

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

Plane Surface(139) = {138};  

 

//create surfaces  

Line Loop(140) = {103, -93, -92, -91, 5, 6, 43, 44, 45, 46, 47}; 

Plane Surface(141) = {140};  

 

//create surfaces  

Line Loop(142) = {104, -123, 2, 3, 4, 91, 92, 93}; 

Plane Surface(143) = {142};  

 

//create surfaces  

Line Loop(144) = {105, 106, 1, 123}; 

Plane Surface(145) = {144}; 

 

//create surfaces  

Line Loop(146) = {107, 108, 122, -1}; 

Plane Surface(147) = {146}; 

 

//create surfaces  

Line Loop(148) = {109, 88, 89, 90, -4, -3, -2, -122}; 

Plane Surface(149) = {148}; 
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//create surfaces  

Line Loop(150) = {110, 37, 38, 39, 40, 41, 42, -6, -5, -90, -89, -88}; 

Plane Surface(151) = {150}; 

 

//create surfaces  

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

Plane Surface(153) = {152}; 

 

//create surfaces  

Line Loop(154) = {112, 26, 27, 28, 29, 30, 31, -12, -11, -84, -83, -82}; 

Plane Surface(155) = {154}; 

 

//create surfaces  

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

Plane Surface(157) = {156}; 

 

//create surfaces  

Line Loop(158) = {114, 66, 67, 68, -17, -16, -76, -75, -74, -73, -72}; 

Plane Surface(159) = {158}; 

 

//create 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}; 

 

//create surfaces  

Line Loop(164) = {117, 120, -24, -62, -61, -60}; 



 
 

192 
 

Plane Surface(165) = {164}; 

 

//create surfaces  

Line Loop(166) = {118, 119, -25, -120}; 

Plane Surface(167) = {166}; 

 

// 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; }; 

 

//Make 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], fg9[1], 

fg10[1], fg11[1], fg12[1], fg13[1], fg14[1], fg15[1], fg16[1], fg17[1], fg18[1], fg19[1], 

fg20[1], fg21[1], fg22[1]}; 
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APPENDIX I 

SEAWAT MODELING 

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

 

 

Figure I.1 Model structure for finite difference flow and transport simulations. The boundary conditions 
of the model consist of no-flow (black) and constant-head (light blue) definitions. The 44 screened wells 
and 14 up- and down- gradient constant reservoirs are explicitly simulated as wells. Note: The no-flow 
barriers (black) are explicitly simulated. 
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Figure I.2 MODFLOW and MT3DMS Finite difference model discretization for flow and transport simulations. The spatial 
resolution (Length x Width x Depth) is 1 cm x 1 cm x 4 cm. The discretization contained 9 vertical layers, 942,084 cells, and 
942,084 nodes.   
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APPENDIX J 

CORRECTION OF RAW RESISTANCE VALUES FROM IRIS 

  

            Included here are the resistance data presented in section 2.5.2. The resistance data for 

the 4 surface lines (A, B, C, and D) from the IRIS Syscal Pro contained outlier measurements 

(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 the IRIS that manifested 

in large changes in resistance values from one timestep to the next that were far more than the 

change introduced by the introduction of the conductive tracer. The raw resistance data for the 

surface lines (Figure J.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 nested quadripole raw 

resistance data (Figure J.2 A, B, C, D, and E). However, these data contained non-physical 

vertical shifts in the data. These data were vertically un-shifted back to the background resistance 

data prior to the injection of the NaCl tracer solution. The raw and corrected data are both 

included (Figure J.2).  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 electrode shifting during 

the sampling of wells which lines up with some of the outlier measurement temporal locations. 

After each sampling campaign, the contact resistance was checked and the sequence was 

restarted.  
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Figure J.1 Raw (A, B, C, and D) and corrected (Aa, Bb, Cc, and Dd) resistance data for all surface 
lines (A, B, C, and D). Nonsensical and nonphysical measurements were removed from data set 
where the difference between one measurement to the next was not the result of the breakthrough of 
NaCl tracer and likely the result of measurement error.  
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Figure J.2 Raw (line) and corrected (circles) resistance data from 3D tank NaCl tracer test for all 6 nested quadripole locations 
(Wells #3, #14, #19, #20, #25, and #36). Data from both 10 cm above (red) and 20 cm above (black) the base of the tank are 
shown.  Nonsensical and nonphysical measurements were removed from data set where the difference between one 
measurement to the next was the result of the breakthrough of NaCl tracer and likely the result of measurement error. 
Nonsensical vertical offset in the raw resistance measurements were vertically shifted to the background reference datum.  
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APPENDIX K 

LESSONS LEARNED 

 

            Throughout the pursuits of this master’s thesis, there were many hurdles overcome in the 

lab that, if shared here, will eliminate the same hurdles for future endeavors. They are 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 experiment entirely).  

2. Always model experiments to the best of your ability prior to developing experiment 

apparatus and starting experiments. This will save time overall. A lot of time with this 

project was spent iterating through different geophysical electrode designs at the column 

scale in the laboratory. Modeling them upfront would have save a great deal of time. 

Modeling the density-driven transport effects at the tank scale at the beginning of the 

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 straight) if 

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 from a secondary 

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 al. (2012) configuration will work. However more consistency was achieved 

using the configuration utilized in Briggs et al. (2014). In other words, we achieved more 

consistency in the column experiments using a measurement configuration that was 

normal to flow direction as opposed to parallel to flow direction.  

5. Numerical modeling of DDMT parameters can turn into “knob” turning very quickly. In 

order to make use of the geoelectrical techniques at both scales, it is most useful to 

constrain parameters that should known and isolate the unknowns one at time. Knowns 

should include the average linear velocity, longitudinal dispersivity, and the capacity 

coefficient (from coupled geoelectrical techniques), where the mass transfer rates or 

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 manner will save a lot of time and 

also provide the most useful insight into parameter estimation.  

6. During two preliminary experiments where tracer solution was injected into 3 upgradient 

wells, the injected plume immediately sank to the bottom of the tank and travelled along 

the tank base, yielding observations unusable for analysis. This was a result of rubber 

stopper- “packers” failing in addition to the wells being completely open, not packed with 

sediment, where density-driven flow was allowed to propagate.  
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