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ABSTRACT 

 The advection-dispersion equation (ADE) fails to describe non-Fickian solute transport 

breakthrough curves (BTCs) in saturated porous media in both laboratory and field experiments, 

necessitating the use of other models. The dual-domain mass transfer (DDMT) model partitions 

the total porosity into mobile and less-mobile domains with an exchange of mass between the 

two domains, and this model can reproduce better fits to BTCs in many systems than ADE-based 

models. However, direct experimental estimation of DDMT model parameters remains elusive 

and model parameters are often calculated a posteriori by an optimization procedure. Here, we 

investigate the use of geophysical tools (direct-current resistivity, nuclear magnetic resonance, 

and complex conductivity) to estimate these model parameters directly. We use two different 

samples of the zeolite clinoptilolite, a material shown to demonstrate solute mass transfer due to 

a significant internal porosity, and provide the first evidence that direct-current electrical 

methods can track solute movement into and out of a less-mobile pore space in controlled 

laboratory experiments. We quantify the effects of assuming single-rate DDMT for multirate 

mass transfer systems. We analyze pore structures using material characterization methods 

(mercury porosimetry, scanning electron microscopy, and X-ray computer tomography), and 

compare these observations to geophysical measurements. Nuclear magnetic resonance in 

conjunction with direct-current resistivity measurements can constrain mobile and less-mobile 

porosities, but complex conductivity may have little value in relation to mass transfer despite the 

hypothesis that mass transfer and complex conductivity lengths scales are related. Finally, we 

conduct a geoelectrical monitored tracer test at the Macrodispersion Experiment (MADE) site in 

Columbus, MS. We relate hydraulic and electrical conductivity measurements to generate a 3D 

hydraulic conductivity field, and compare to hydraulic conductivity fields estimated through 
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ordinary kriging and sequential Gaussian simulation. Time-lapse electrical measurements are 

used to verify or dismiss aspects of breakthrough curves for different hydraulic conductivity 

fields. Our results quantify the potential for geophysical measurements to infer on single-rate 

DDMT parameters, show site-specific relations between hydraulic and electrical conductivity, 

and track solute exchange into and out of less-mobile domains. 
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CHAPTER 1 

INTRODUCTION 

 The possibility of groundwater contamination increases with a growing population, 

placing a greater strain on groundwater systems. Clean, potable water is a finite resource, and the 

amount of clean water can be enhanced through remediation of contaminated groundwater. As 

demand increases, a tradeoff between groundwater quality and quantity will become more 

important, and aquifer remediation will become an essential component in meeting the world’s 

water needs. Current understanding of solute transport in natural systems is limited. Predictions 

of contaminant transport are challenging, and if modeled incorrectly, can be expensive and time-

consuming.  

 At many field sites, model predictions of solute transport fail to reproduce observations. 

The failure to predict solute transport may be due to our limited ability to capture all of the 

subsurface heterogeneities, so new models have been developed to account for these unknown 

regions that may control solute fate and transport. In addition to new models of solute transport, 

new methods must be employed to map out the spatial distribution of heterogeneities that drive 

anomalous, or non-Fickian, solute transport. 

 Non-Fickian transport including tailing, or elevated concentrations of solute in time, has 

been described in terms of a rate-limited process where some mass is temporarily removed from 

out of the mobile domain, i.e., the main transport system. This storage has been attributed to 

mass transfer into and out of a relatively less-mobile domain. Solutes move slowly into and out 

of a less-mobile domain, and this rate is dependent upon the concentration difference between 

the less-mobile and mobile zone. Consequently, water samples preferentially sample only the 

mobile domain; therefore, water samples and fluid conductivity measurements are biased 

towards the mobile domain. 

 This work focuses on the relatively new field of hydrogeophysics; specifically, the 

intersection of solute transport and geophysical methods. Geophysical methods including direct-

current (DC) electrical resistivity, nuclear magnetic resonance, and complex conductivity may be 

useful in identifying controls on transport because these methods have a larger support volume 

than typical well and water sampling measurements. Geophysical methods are minimally 

invasive and relatively quick to collect. However, static and time-lapse geophysical methods are 
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largely unexplored for quantifying physical properties related to parameters controlling solute 

transport.  

 This work aims to use geophysical methods to infer on properties that may control non-

Fickian solute transport. In particular, this work focuses on identifying the pore structures, 

including less-connected pore space that may trap solutes before slowly releasing these solutes 

back into the advective pathways, resulting in anomalous, or non-local, transport. Additionally, 

geophysical methods are used to track solute transport including into and out of less-mobile pore 

spaces. 

 The layout of this thesis includes several stand-alone chapters, and chapters 2-5 address a 

specific question, as outlined below: 

 Chapter 2: Can electrical geophysics be used to track solute exchange into and out of 

less-mobile pore spaces described by a dual-domain model? 

 Chapter 3: What are the implications for estimating single-rate mass transfer parameters 

for a medium defined by multiple mass transfer rate coefficients?  

 Chapter 4: Are direct-current electrical resistivity, nuclear magnetic resonance or 

complex conductivity methods sensitive to physical properties related to the parameters 

related to dual-domain mass transfer, and if so, which ones? 

 Chapter 5: How can electrical methods be useful in predicting non-Fickian solute 

transport at the Macrodispersion Experiment (MADE) site? 

 Chapters 2-5 are presented in a publication format. Chapter 2 has been modified from a 

research article published in Water Resources Research. Chapter 3 has been modified from a 

research article to be submitted to Advances in Water Research. Chapter 4 has been modified 

from a research article currently in review in Water Resources Research. Chapter 5 is modified 

from a research article to be submitted to Water Resources Research. The conclusions for all of 

these chapters are found in chapter 6. These chapters are meant to stand alone; however, the 

chapters are connected through the common theme of quantifying non-local solute transport with 

geophysical methods. 

 Although these chapters closely match, or will match, published materials, the reader is 

encouraged to seek out the published versions, if available, in addition to the chapters here. As 

these chapters are meant to stand alone, acronyms, abbreviations, variables, and equations may 
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be repeated and redefined in each chapter; for any given item refer to the associated chapter for 

the correct definition. 

 In the beginning of this work, I refer to the DDMT model assuming a single rate of solute 

exchange, and thus a single mass transfer rate coefficient, consistent with other common uses 

referring to the DDMT model. However, the DDMT model can refer to any model with a mobile 

and immobile domain, regardless of the number of mass transfer rate coefficients. As a result, in 

chapters 2 and 4, mention of the DDMT should be interpreted as a single-rate DDMT unless 

otherwise noted. Similarly, the descriptor "immobile" implies no advective transport in that 

domain: slow advection may occur in the "immobile" domain, and in this work I eventually 

advocated the use of the term "less-mobile" instead of immobile to recognize slow advection 

may be occurring. In the chapters submitted to or published in scientific journals, I attempt to 

closely match the submitted text.  

 In chapter 2, I performed column experiments using the zeolite clinoptilolite, which is 

referred to as zeolite B in chapter 4. Some figures in the appendix may refer to a "fine zeolite" 

and a "coarse zeolite," which were later renamed to zeolite A and B, respectively. The renaming 

to zeolite A and B reduces ambiguity associated with the previous descriptors of "coarse" and 

"fine" which have distinct grain size ranges that do not reflect the size of the zeolites used here.  
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CHAPTER 2 

DIRECT GEOELECTRICAL EVIDENCE OF MASS TRANSFER  

AT THE LABORATORY SCALE 

Modified from a paper published in Water Resources Research 

Ryan D. Swanson, Kamini Singha, Frederick D. Day-Lewis, Andrew Binley, Kristina Keating, 

and Roy Haggerty 

 Previous field-scale experimental data and numerical modeling suggest that the dual-

domain mass transfer (DDMT) of electrolytic tracers has an observable geoelectrical signature. 

Here, we present controlled laboratory experiments confirming the electrical signature of DDMT 

and demonstrate the use of time-lapse electrical measurements in conjunction with concentration 

measurements to estimate the parameters controlling DDMT, i.e., the mobile and immobile 

porosity and rate at which solute exchanges between mobile and immobile domains. We 

conducted column tracer tests on unconsolidated quartz sand and a material with a high 

secondary porosity: the zeolite clinoptilolite. During NaCl tracer tests, we collected nearly co-

located bulk direct-current electrical conductivity (σb) and fluid conductivity (σf) measurements. 

Our results for the zeolite show (1) extensive tailing and (2) a hysteretic relation between σf and 

σb, thus providing evidence of mass transfer not observed within the quartz sand. To identify 

best-fit parameters and evaluate parameter sensitivity, we performed over 2700 simulations of σf, 

varying the immobile and mobile domain and mass transfer rate. We emphasized the fit to late-

time tailing by minimizing the Box-Cox power transformed root-mean-square error between the 

observed and simulated σf. Low-field proton nuclear magnetic resonance (NMR) measurements 

provide an independent quantification of the volumes of the mobile and immobile domains. The 

best-fit parameters based on σf match the NMR measurements of the immobile and mobile 

domain porosities and provide the first direct electrical evidence for DDMT. Our results 

underscore the potential of using electrical measurements for DDMT parameter inference. 

2.1 Introduction 

 Tracer experiments in saturated porous media commonly show anomalous, non-Fickian 

tracer transport, characterized by (1) early breakthroughs of tracer; (2) over- and under-estimates 

of mass at early- and late-times, respectively; (3) tailing, or a gradual decrease in concentration 

through time, resulting in elevated concentration levels at late-times; and (4) contaminant storage 

and rebound, or the apparent increase in concentration later in time after sampling. These 



5 
 

characteristics are often observed through pumping and sampling of the mobile pore space, and 

none of these transport characteristics can be explained with an advective-dispersive model 

(ADM), except perhaps when exhaustive data are available [e.g., Adams and Gelhar, 1992; 

Garré et al., 2010; Huang et al., 1995; Moroni et al., 2007; Sidle et al., 1998; Silliman et al., 

1987]. Recent laboratory-scale work shows that even with extensive knowledge of the velocity 

field, non-Fickian transport may be present and cannot be accounted for by unknown, smaller 

scale heterogeneities [Major et al., 2011]. Understanding the cause and effects of this anomalous 

transport is particularly important for groundwater management, including groundwater 

remediation [Harvey et al., 1994] and aquifer storage and recovery operations [Culkin et al., 

2008]. 

 Other models besides the ADM can provide a better fit to concentration histories and 

account for non-Fickian behavior. One simple conceptual model is the dual-domain mass 

transfer (DDMT) model, which partitions the unresolved heterogeneity into a mobile and 

immobile porosity (or domain) [Coats and Smith, 1964; van Genuchten and Wierenga, 1976b]. 

In this conceptual model, advection and dispersion are limited to the mobile domain, and mass is 

temporarily stored in the immobile domain. Mass exchange between the domains is governed by 

a first-order single rate of exchange, and temporary storage in the immobile domain is a potential 

source for tailing. For example, at early time, following a pulse injection of a saline tracer into a 

freshwater environment, the immobile domain would be relatively fresh and act as a solute sink 

for the mobile domain, which is inundated by the tracer. At late time, when the mobile domain is 

relatively clean after the majority of the plume has transported out of that part of the system, 

solute would be slowly released from the immobile domain. This slow, extended release is the 

source of tailing and contaminant storage and rebound in the DDMT model. More complex 

models describing anomalous transport exist, including fractional advection-dispersion equation 

models that are non-local in space [Meerschaert et al., 1999; Benson et al., 2000] and non-local 

in time, including the continuous time random walk models [Berkowitz et al., 2002, 2006]. The 

appeal of DDMT is its simplicity, which may be too simple for many systems; distributions of 

mass transfer rates and length scales are more likely than assuming one rate, and this process can 

be explained using a multirate mass transfer model [Haggerty and Gorelick, 1995; Carrera et 

al., 1998; Haggerty et al., 2000]. The DDMT model may not be able to match concentration 
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histories as well as these more complex models, but we chose this model for its simplicity of 

interpretation when electrical measurements are used in conjunction with standard fluid samples. 

 Despite the success of these non-local models at matching concentration histories, the 

parameters are difficult to measure directly and lack experimental verification, although some 

limited previous work has shown that these values may be correlated to the statistics of the 

hydraulic conductivity field [Benson et al., 2001; Willmann et al., 2008], facies distributions 

[Zhang et al., 2007], or fracture length scale [e.g., Reeves et al., 2008]. The main limitation of 

many non-local models is the “weak predictability of the model and its main parameters” [Zhang 

et al., 2009]; in other words, the physical meaning of many of the model parameters are difficult 

to interpret and relate to the geologic properties of the system [e.g., Willmann et al., 2008]. For a 

DDMT model, which splits the earth system into two domains, point-source fluid samples are 

drawn preferentially from the mobile domain and can therefore inform only on that space, while 

sampling from the immobile domain is commonly impractical and expensive as it requires coring 

and destructive testing. The unknown parameters of the DDMT model are often model-calibrated 

a posteriori by maximizing the match between observations and model simulations—minimizing 

an objective function—but this and other methods of parameter calibration lack physical 

confirmation.  

 Here, we seek to (1) experimentally observe the geoelectric signature of mass transfer at 

the laboratory scale through tracer tests on well-characterized materials and (2) demonstrate the 

estimation of DDMT parameters from experimental data and compare these to model-calibrated 

parameters. Direct-current geophysical methods should be sensitive to both the immobile and 

mobile domains through measurements of bulk conductivity (σb, µS cm-1), providing a unique 

advantage over standard sampling. We demonstrate, for the first time, the synthesis of point-

scale fluid samples of fluid conductivity (σf, µS cm-1) and electrical geophysical data to directly 

quantify anomalous mass transfer behavior in situ, and provide controlled laboratory evidence to 

show that the σb-σf hysteresis observed in field data [Singha et al., 2007] is a function of mass 

transfer between mobile and immobile domains. We collected electrical resistivity measurements 

made on controlled media (i.e., quartz sand and zeolites) in column experiments to isolate the 

effect of mass transfer from other factors such as heterogeneity or difference in support scale 

[Wheaton and Singha, 2010]. Low-field nuclear magnetic resonance (NMR) measurements are 
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used to corroborate the pore-size distribution and link the best-fit estimates of mobile and 

immobile porosity obtained from time-lapse fluid sample measurements. 

2.2 Methods 

 Laboratory-scale tracer tests were performed in columns packed with (1) well-sorted, 

well-rounded, spherical Accusand sand grains of 0.8 to 1.7 mm in diameter (Accusand, Unimin 

Corporation, Minnesota; Figure 2.1a-c); and (2) angular, 2.4 to 4.8 mm diameter grains of the 

zeolite clinoptilolite (Zeox Corporation, Calgary, Alberta; Figure 2.1d-f). We selected sand as a 

control and zeolite for its unique internal porosity network consisting of a distribution of pore 

sizes, and this zeolite has been shown to have a large inter-particle porosity (32.2%) and bed 

porosity (52-58%) [Kowalczyk et al., 2006; Sprynskyy et al., 2010]. Tracer tests were conducted 

in 22.3 cm long and 5.08 cm diameter polyvinyl chloride (PVC) columns, which were wet 

packed by incrementally adding saturated material, followed by successive tapping on the sides 

of the column and pressing down on the material with a pestle as detailed by Oliviera et al., 

[1996]. 

2.2.1 Laboratory-scale Tracer Experiments 

 We selected sodium chloride (NaCl) as our ionic tracer. Filter paper was placed near the 

inlet and outlet of each column to evenly distribute the NaCl solution and prevent solid particles 

from leaving the column. A peristaltic pump was used to inject fluid from the bottom of the 

column upwards, and σf was measured by a flow-through probe placed at the outlet of the 

column (see Figure 2.2a). At 1 mL min-1, a 0.4-g L-1 (σf ~ 800 μS cm-1) NaCl solution was 

injected continuously before the start of the experiment to ensure equilibrium between the 

mobile and immobile domains, followed by a 1.5-L, 25-hour long pulse of 1.15-g L-1 (σf ~2300 

μS cm-1) tracer and then back to the initial 0.4-g L-1 solution. Multiple pore volumes of tracer 

were injected to allow the mobile and immobile domains to reach equilibrium, indicated when σb 

and σf no longer vary in time. Flow rates were measured continuously and fluid samples were 

collected periodically for ion chromatography analysis of chloride concentration.  

2.2.2 Electrical Resistivity Measurements 

 Seven sets of four stainless-steel potential electrodes were spaced 2.5 cm apart vertically 

with radial symmetry around the column at 90° from one another (see Figure 2.2). Brass wire 

mesh current electrodes were placed in the end caps of the column. The resistance, R [Ω], of 

each adjacent electrode pair was calculated from Ohm’s law by measuring the voltage drop for a 
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Figure 2.1 (A) Grains of sand consisting of over 99% silica. (B,C) SEM images of the sand 

grains reveal little surface topography. (D) Grains of the zeolite clinoptilolite. (E,F) SEM images 

of the zeolite grains show a textured surface with surface topography. 

 

 

Figure 2.2 (A) An example column used for the tracer test showing the location of the electrodes 

and the fluid conductivity probe at the outlet. (B) A schematic showing potential electrodes 

(M,N) spaced evenly every 2.5 cm and current electrodes (A,B) at the top and bottom of the 

column. The current electrode is a brass mesh rather than a point (C), which is placed in the end 

caps of the column.  



9 
 

known applied current using a 10-channel resistivity meter (Syscal Pro, IRIS Instruments, 

France) with an accessory for low-current measurements at this small scale. Then, σb was 

determined by the inverse of the product of R and a geometric factor, K [m], a function of the 

geometric position of current and potential electrodes: 

𝜎𝑏 = (𝑅𝐾)−1. (2.1) 

The geometric factor for each vertically adjacent electrode pair was experimentally determined 

by filling the column with a solution of known σf with no solids present, so σf and σb are equal, 

and then dividing the known σf by the measured resistance.  

 Electrical measurements were collected at a rate of 75 measurements every minute. For 

the nearly co-located measurements of σb and σf, only the vertical potential pair nearest the σf 

probe was used for analysis. We corrected for the time lag between the σb and σf measurement 

locations using the estimated pore water velocity and distance between measurement locations. 

The homogeneously packed system can be treated as a 1-D system, so we use the resistivity 

measured between potential pairs as a representative value located between the two pairs. Co-

located measurements at the electrode pairs nearest the outlet were collected at a rate of three 

measurements every minute, and this temporal resolution is sufficient to adequately measure 

mass transfer [Day-Lewis and Singha, 2008]. 

2.2.3 The Dual Domain Mass Transfer Model 

 The simplest, 1-D form of the DDMT model can be mathematically described using two 

equations [van Genuchten and Wierenga, 1976b]: 

𝜃𝑚
𝜕𝐶𝑚

𝜕𝑡
+ 𝜃𝑖𝑚

𝜕𝐶𝑖𝑚

𝜕𝑡
= 𝜃𝑚𝐷

𝜕2𝐶𝑚

𝜕𝑥2 −𝜃𝑚𝑣
𝜕𝐶𝑚

𝜕𝑥
, (2.2a) 

𝜃𝑖𝑚
𝜕𝐶𝑖𝑚

𝜕𝑡
= 𝛼(𝐶𝑚 − 𝐶𝑖𝑚), (2.2b) 

where 𝜃𝑚 and 𝜃𝑖𝑚 are the mobile and immobile porosities [-], respectively; 𝐶𝑚 and 𝐶𝑖𝑚 are the 

concentration of the mobile and immobile domains [kg m-3], respectively; 𝐷 is the spatially 

constant dispersion coefficient [m2 s-1]; 𝑣 is the spatially constant average pore water velocity [m 

s-1] and 𝛼 is the mass-transfer rate coefficient [s-1]. The mass transfer rate can be physically 

conceptualized as diffusion over a length scale squared, where the length scale is the path solutes 

diffuse into and out of the immobile domain. A length scale can be calculated for a given mass 

transfer rate and coefficient for diffusion. The rate of exchange of mass in and out of the 
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immobile pore space depends solely on the difference in concentration between the two domains 

and the mass transfer rate. 

Certain conditions must be met for mass transfer to be observed in the mobile 

breakthrough curve signal. The magnitude of mass transfer depends on the Damköhler number, 

DaI, a dimensionless number that describes the relative importance of mass transfer to advection 

[Bahr and Rubin, 1987]: 

𝐷𝑎𝐼 =
𝛼(1+

𝜃𝑖𝑚
𝜃𝑚

)𝐿

𝑣
, (2.3) 

where L [m] is the observation length away from the initial source of mass where samples are 

collected. When DaI << 1, mass transfer is slow relative to advection and advection dominates. 

When DaI >> 1, mass exchanges rapidly (relative to advection) between the domains, which are 

approximately in equilibrium. As a result, tailing and anomalous transport are not observed. 

When DaI ~ 1, both advection and mass transfer are important and anomalous behavior is 

observed. The average pore water velocity is an experimental variable directly related to the flow 

rate, which we adjust to achieve a DaI number favorable to investigating anomalous behavior.  

2.2.4 1-D Numerical Simulations 

 We used the finite-element solver COMSOL Multiphysics to simulate solute transport 

using the Earth Sciences Solute Transport software package. Initial and boundary conditions are 

based on the laboratory setup with time-varying, specified concentration Dirichlet boundary 

conditions at the inlet and an advective flux boundary at the outlet. We assumed radial symmetry 

to reduce the transport simulations of our 22.3 cm column to a 1-D model consisting of 60 

equally spaced, 0.38 cm elements. These simulations were performed within a DDMT 

framework, assuming a first-order mass transfer rate for exchange of solute between the mobile 

and immobile domain as shown in equations 2.2a and 2.2b. Both advection and diffusion were 

set to zero for the immobile domains, whereas both exist in the mobile pore space. Diffusion is 

equal to 1.25 x 10-9 m2 s-1 in the mobile pore space. In the model described here diffusion only 

accounts for the diffusion of solutes associated with transport (i.e. movement along the column 

due to concentration gradients) and does not drive mass transfer (i.e. diffusion in and out of 

immobile pore space). The diffusion in and out of immobile pores space is handled by the mass 

transfer rate coefficient, 𝛼, in equation 2.2b. Dispersivity is usually set at an order of magnitude 

below the distance to the point of observation, but a visual inspection of the breakthrough curve 
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revealed that this dispersivity value was too high for all experiments, likely due to the 

homogenous nature of the packed columns. Rather than vary the dispersivity for each experiment 

as an additional parameter, the dispersivity was set to 0.1 cm for all simulations based on 

matching the σf in the sand experiment to ADM model simulations and set for zeolite 

experiments.  

 Parametric sweeps were performed by adjusting DDMT parameters (mobile and 

immobile porosities and the mass transfer rate) and holding all variables constant. The mass 

transfer rate was evaluated from 10-3 to 10-8 s-1 with increments increasing by an order of 

magnitude. The mobile and immobile porosities were evaluated over the interval from 1 to 65% 

at increments of 2.7%. Simulations with total porosity less than 15% or greater than 85% were 

not considered because they were unrealistic. The total number of simulations considered was 

2,742. Concentration was converted to σf using the linear relation defined by Keller and 

Frischknecht [1966]. Although running multiple forward models rather than an inverse approach 

is more computationally expensive, this method allows for a visual evaluation of the sensitivity 

for each parameter. 

2.2.5 Linking Electrical Methods to Anomalous Transport 

 The most commonly used relation between σb and σf, ignoring surface conductivity, is the 

empirical Archie’s law [Archie, 1942]: 

𝜎𝑏 = 𝜎𝑓𝜃𝑚, (2.4) 

where m is the cementation factor [-]. Archie’s law does not account for mass transfer into 

immobile domains and predicts a strictly linear relation between σb and σf. However, hysteresis 

between σb and σf has been observed in both field and synthetic numerical modeling experiments 

and has been suggested to be a function of the unequal distribution of solutes between immobile 

and mobile domains [Singha et al., 2007; Day-Lewis and Singha, 2008]. In a dual-domain 

system, Archie’s law is not appropriate without modification to include multiple domains, since 

both the immobile and mobile components contribute to σb. 

2.2.6 Material Characterization 

 Understanding the physical makeup of our materials is fundamental to predicting and 

interpreting the solute transport behavior in our columns, and confirming the geophysical 

signatures we measured. The materials used in this study were characterized using X-ray 

diffraction (XRD) and scanning electron microscopy (SEM). XRD analysis was used primarily 
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to detect the presence of clays. SEM images were used to identify surface features on the sub-

micron scale that may contribute to immobile pore space. Additionally, the water content in the 

saturated samples was determined gravimetrically and taken to be equivalent to the total 

porosity.  

2.2.7 Nuclear Magnetic Resonance 

 Independent methods for characterizing the mobile and immobile parameters remain 

elusive but paramount to connecting best-fit calculated parameters to a physical representation of 

the pore space. We used low-field proton NMR measurements to partition the total porosity into 

an immobile and mobile porosity based on the distribution of transverse relaxation times. 

 The measured NMR signal, I(t), is described by a multiexponential decay 

𝐼(𝑡) = 𝐼0 ∑ 𝑓𝑖𝑒−𝑡/𝑇2𝑖
𝑖 , (2.5) 

where I0 is the initial signal magnitude. Using an instrument specific calibration factor, I0 can be 

converted into the total volume of water measured in the NMR experiment. The subscript i in 

equation 2.5 represents each pore environment and fi is the fraction of protons relaxing with a 

relaxation time of T2i. The values of fi versus T2i are often plotted to show the distribution of 

relaxation times. In the case of fast diffusion, which assumes that all protons travel to and relax 

at the solid surface in the time interval of the NMR experiment, the ith relaxation time value is 

given by [Brownstein and Tarr, 1979; Senturia and Robinson, 1970]: 

1
𝑇2𝑖

⁄ ~ 
𝜌2𝑖

𝑎𝑖
⁄  (2.6) 

where ai is the characteristic length scale of the ith water-filled pore, typically described by the 

inverse of the surface-area-to-volume ratio of the corresponding pore, and 2i is the surface 

relaxivity or the ability of the surface to enhance relaxation. For porous material with uniform 

2i, e.g. clean sand, the T2-distribution can be used to represent the pore-size distribution. 

Previous studies have verified this relation for a range of water-saturated porous material 

including: sandstone and carbonate cores [Arns, 2004; Straley et al., 1997]; silica gels 

[Valckenborg et al., 2001]; fused glass beads [Straley et al., 1987]; and unconsolidated sand and 

glass beads [Bird et al., 2005; Hinedi et al., 1993]. Furthermore, an early study by Timur [1969] 

showed that 𝜃𝑖𝑚  can be estimated from 𝜃𝑖𝑚 = ∑ 𝑓𝑖𝑇2𝑖<𝑇2𝑐𝑢𝑡𝑡𝑜𝑓𝑓
, where T2cuttoff is an empirically 

defined cut-off time; similarly, 𝜃𝑚 can be estimated from 𝜃𝑚 = ∑ 𝑓𝑖𝑇2𝑖>𝑇2𝑐𝑢𝑡𝑡𝑜𝑓𝑓
. In sandstone 
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cores, a cut-off time of 33 ms is commonly used to accurately determine immobile and mobile 

porosities [Allen et al., 2000; Timur, 1969].  

 To create samples for NMR measurement, the sand and zeolites were separately packed 

into Teflon containers using the same methods as described in Section 2.2. The media packed 

sample holders were saturated with tap water under a vacuum as described in Keating and 

Knight [2010] and covered with parafilm to prevent the evaporation of water from the sample. 

NMR relaxation data were collected with a 2 MHz Rock Core Analyzer (Magritek Ltd) using a 

CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence. For each sample, 40 data points were 

obtained at each echo, and 50000 echoes were collected with an echo spacing of 300 s. Each set 

of measurements was stacked 32 times with a delay time of 10 s. The T2-distribution was 

determined by applying a non-negative least squares inversion with Tikhonov regularization to a 

logarithmically subsampled set of the NMR data [Whittall et al., 1991]. The regularization 

parameter was selected such that each datum was misfit by approximately one standard 

deviation.  

 The distribution of relaxation times can be used to approximate the total mobile and 

immobile porosity domains and provides an independent estimate that can be compared to the 

values determined using the curve-fitting methods. The total porosity can also be estimated from 

the NMR data for each sample by measuring the initial signal amplitude, converting to the total 

water volume using an instrument-specific calibration factor, and then converting the total water 

volume estimate to total porosity by adjusting for the known total volume of the sample holder. 

NMR measurements were repeated three times, and the total, immobile and mobile porosities 

were calculated separately for each sample. The numbers reported are the mean of each of these 

materials for the three samples and the error is the standard deviation. 

2.2.8 Estimating Best-Fit Parameters  

 Best-fit DDMT parameters (𝜃𝑚, 𝜃𝑖𝑚, and 𝛼) are often determined through numerical 

simulations by minimizing an objective function. One method includes minimizing the root-

mean-square error (RMSE) between observed and measured σf, defined as: 

𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝜎𝑓,𝑠,𝑡 − 𝜎𝑓,𝑚,𝑡)

2𝑛
𝑡=1 , (2.7) 

where n is the number of observations and 𝜎𝑓,𝑠,𝑡 and 𝜎𝑓,𝑚,𝑡 are the simulated and measured σf, 

respectively, at time step t. As a pulse of tracer moves and is sampled, the rising and falling 
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limbs of the breakthrough curve rise and fall rapidly. Small changes in the mobile porosity can 

have a large effect on the arrival of tracer, and if the timing is slightly off between simulated and 

measured σf during this portion of the tracer test, the difference and RMSE will be high. 

Minimizing the RMSE will preferentially minimize these times. However, we are particularly 

interested in the late-time tailing, so we use the Box-Cox power transform on both the measured 

and simulated σf and use the transformed values in our estimate of the TRMSE (transformed 

root-mean-square error) [Box and Cox, 1964]: 

𝑍 =
(1+𝜎𝑓)

𝜆
−1

𝜆
, (2.8) 

𝑇𝑅𝑀𝑆𝐸 = √
1

𝑛
∑ (𝑍𝑠,𝑡 − 𝑍𝑚,𝑡)

2𝑛
𝑡=1 , (2.9) 

where λ is the transformation parameter and 𝑍𝑠,𝑡 and 𝑍𝑚,𝑡 are the transformed simulated and 

measured σf, respectively. We chose a λ value of 0.3 because it emphasizes the smaller measured 

values observed at late-times and has been previously used to minimize the late-time of 

hydrographs, and we extend this use here to emphasize the fit to the late-time tailing behavior 

[Kollat et al., 2012; Misirli et al., 2003; van Werkhoven et al., 2009]. The minimum TRMSE 

corresponds to the best-fit DDMT parameters including the mobile and immobile porosities and 

the mass transfer rate that emphasize the fit to late-time tailing.  

2.3 Results 

 Here we present the tracer results for both the sand and the zeolite columns. The best-fit 

DDMT parameters are listed for both materials, even though we do not expect mass transfer to 

be occurring in the zeolites. 

2.3.1 Accusand 

 XRD analysis shows nearly pure (>99%) quartz grains, free of clay. SEM images show 

smooth grains with little surface topography (Figure 2.1b-c). The gravimetric method of 

calculating porosity indicates a total porosity of 34%. NMR results show multiple peaks in the 

distribution of relaxation times (Figure 2.3a). Using a 33 ms cutoff [Allen et al., 2000; Timur, 

1969], the majority of the total porosity (31.7  0.3%) determined from NMR methods is mobile 

(31  0.3%), with the remaining 0.7  0.1% of the total porosity potentially serving as immobile 

pore space. The porosity calculations and best-fit parameters are listed in Table 2.1. 
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 In the well-sorted sand column, σf and σb behave as predicted by Archie’s law, with 

negligible hysteresis (Figure 2.4a-b). The measured σf is consistent with ion chromatography 

analyses of collected fluid samples, and the total mass recovery is 99%, as calculated from 

temporal moments of σf. Assuming advective-dispersive transport, the mean arrival time 

indicates a porosity of 33%. Parametric sweeps performed in COMSOL indicate a mobile 

porosity of 33% (shown only for the best-fit mass transfer rate, Figure 2.4c). The best-fit 

immobile porosity is 1% and mass transfer rate is 10-5 s-1 determined from minimizing misfit 

between modeled and observed σf.  

2.3.2 Zeolite 

 XRD analysis of the zeolite indicates a sample dominated by clinoptilolite with minor 

amounts of quartz and no strong indicators of any clay phases. SEM images of the zeolite 

(Figure 2.1e-f) show a rough surface topography dominated by layered sheets of varying relief 

with minor, smaller regions composed of faceted crystals. The gravimetric method of calculating 

porosity indicates a value of 54%. The NMR results for the zeolite (Figure 2.3b) show multiple 

peaks in the relaxation time distribution. Using the same 33 ms cutoff for the zeolite as the sand, 

the mobile and immobile porosities determined from this method are 43  1% and 7.7  0.3%, 

respectively, and the total porosity is 50.3  0.9%.  

 The zeolite column shows significant tailing in σf and σb (Figure 2.5a). The relation 

between σf and σb varies in time, resulting in hysteresis as the σb lags behind σf as solutes are 

trapped and released from the immobile domain (Figure 2.5b). The ratio between σf and σb could 

be described as an “apparent formation factor” that changes through time, but an unmodified 

Archie’s law does not apply for a mobile-immobile system. We find a best-fit mobile porosity of 

46%, immobile porosity of 20% and mass transfer rate of 10-5 s-1 based on matching simulated 

and observed σf (shown only for the best-fit mass transfer rate, Figure 2.5c). The corresponding 

length scale of mass transfer is 2.4 cm, assuming diffusion in and out of cylinders [Haggerty and 

Gorelick, 1995], which is within an order of magnitude of the grain size (2.4 to 4.8 mm). 

Temporal moment analysis of the σf indicates that 100% of the mass was recovered.  

2.4 Discussion 

 Here we discuss the results including the tracer tests, best-fits from parametric sweeps, 

and material characterization results. We use SEM images as a qualitative descriptor the 

materials used, and is consistent with our expectations of mass transfer in the zeolite.  
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Figure 2.3 The relaxation time distributions for (A) sand and (B) zeolite show multiple peaks, 

representative of different pore sizes. Cutoff times separate the total estimated porosity into 

either mobile or immobile porosity.  

 

Table 2.1 Estimated and best-fit parameters 

Material Parameters 
Method 

Gravimetric TRMSE NMR 

Sand Total Porosity [-] 0.34 0.34 0.32 

  Mobile Porosity [-] -- 0.33 0.31 

  Immobile Porosity [-] -- 0.01 0.01 

  Mass transfer rate ( s-1) -- 10-5 -- 

  DaI [-] -- 0.1 -- 

Zeolite Total Porosity [-] 0.54 0.66 0.50 

  Mobile Porosity [-] -- 0.46 0.43 

  Immobile Porosity [-] -- 0.2 0.07 

  Mass transfer rate ( s-1) -- 10-5 -- 

  DaI [-] -- 0.2 -- 
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Figure 2.4 Results from the sand tracer test. (A) The timing of σb closely matches σf and there is 

no late-time tailing. (B) Minor hysteresis is observed between σf and σb. (C) The mobile and 

immobile porosities are shown for the best-fit mass transfer rate of 10-5 s-1. The results for the 

other mass transfer rates are not shown. The TRMSE does not depend strongly on the immobile 

porosity because the mass transfer rate is so small such that no mass transfer is occurring. 

Transport behaves like a single domain, advective-dispersive solution. The star shows the best-fit 

value. 
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Figure 2.5 Results from the zeolite tracer test. (A) Tailing is observed, which is better matched 

by a DDMT model than the ADM. (B) Hysteresis is observed between σf and σb because solutes 

are slowly released from the immobile domain. (C) The TRMSE is shown for the immobile and 

mobile porosities for the best-fit mass transfer rate of 10-5 s-1, while the results for the other mass 

transfer rates are not shown. Changes in the mobile porosity have greater influence on the 

TRMSE than the immobile porosity. The star shows the best-fit value.  
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2.4.1 Accusand 

 XRD analysis shows nearly pure silica grains of sand, whereas SEM images reveal that 

the sand grains do not appear to have any major internal porosity that could serve as immobile 

domains to trap, store, and release solutes. The modeled best-fit mobile and immobile porosities 

(33% and 1%, respectively) are consistent with the weight-based measurement of 34%. NMR 

measurements estimate a mobile porosity of 31% and little immobile porosity (0.7%). This best-

fit immobile porosity and mass transfer rate of 10-5 s-1 indicate that the modeled exchange of 

mass between mobile and immobile domains in negligible, and because the immobile porosity is 

so small, other mass transfer rates would produce similar breakthrough curves. The similarity of 

the estimated mass transfer rates for the sand and zeolite are coincidental rather than a product of 

a similar length scale of mass transfer for the two materials. The rate of mass transfer can be 

used to calculate a characteristic length scale; however, in this experiment there is little mass 

transfer occurring, so the mass transfer rate and immobile porosity are likely a fitting parameters 

rather than representative of the physical system.  

2.4.2 Zeolite 

 Natural zeolites may contain clays that would make the relation between σf and σb 

difficult to interpret because surface conductivity, dependent upon clays and conductance within 

the electrical double layer, creates a non-linear relation between σb and σf [Revil and Glover, 

1998]; however, previous analysis of the electrical properties of clinoptilolite shows negligible 

surface conductivity if clay phases are not present [Revil et al., 2002]. XRD did not indicate the 

presence of clay phases, so surface conductivity is assumed to contribute negligibly to σb.  

 The zeolite column displays non-Fickian behavior that cannot be explained using the 

ADM but can be better explained by incorporating first-order rate DDMT. Hysteresis between of 

σf and σb is observed for nearly co-located measurements, indicating mass transfer between 

mobile and immobile domains. Archie’s law predicts that the ratio of σf and σb remains fixed 

through time. However, in the zeolite tracer test, this ratio varies in time: at early times, σb rises 

more slowly than σf, while at late times, σb remains elevated relative to σf. This lag in time can be 

attributed to the difference in sampling volumes between σf and σb, because the point-scale σf 

measurement is restricted to only the mobile domain while σb is a bulk average of both the 

immobile and mobile domains. The slight lag between the σf and σb observed in the field and 

numerical modeling experiments has previously been attributed to mass transfer [Singha et al., 
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2007; Day-Lewis and Singha, 2008], and we can confirm this phenomena here, where no other 

complicating factors exist. We provide evidence of mass transfer with by-passed pore space 

and/or slow advection through stagnant or poorly connected pore space, approximated here using 

what is commonly termed the mobile-immobile framework. Although we consider only a single 

rate of mass transfer between two domains, we recognize that the DDMT model is a simple 

approximation of a complicated process that can be more completely described by using a range 

of residence times or rates. 

 The best-fit mobile porosity (46%) is similar to the NMR estimate of the mobile porosity 

(43%); however, the best-fit immobile porosity (20%) is much greater than the NMR estimate of 

the immobile porosity (7.7%). The TRMSE between observed and modeled σf is not as sensitive 

to the immobile porosity compared to the mobile porosity. As a result of this lower sensitivity, a 

wide range of estimated immobile porosity values from 12% to 28% result in reasonable 

approximations of observed solute transport; this lack of sensitivity may explain the over-

estimate of the immobile and total porosities using this method compared to the NMR-

determined immobile porosity. The DDMT model assumes complete mixing between the two 

domains; incomplete mixing within the mobile and immobile domains may result in over-

estimation of the immobile pore space. Mass transfer is expected given the DaI of 0.2, based on 

the best-fit mobile and immobile porosity and mass transfer rate. The total best-fit porosity 

(66%) is slightly greater than the measured total porosity (54%). The internal porous network of 

the zeolite serves as a reservoir for water inside the grain itself, resulting in a total porosity 

greater than expected for a random packing assortment. The SEM images reveal a rough 

topography and layered sheets, which potentially serve as immobile pore space. The materials 

studied here were selected to minimize the effects of surface conduction and cation exchange. 

The zeolite may exhibit cation exchange, but we used sodium chloride tracer and sodium is the 

most abundant cation available for exchange; hence the role of cation exchange was minimized. 

2.4.3 Experimental Methods and Limitations 

 We focus on homogenously packed, unconsolidated, clay-free material to limit the effect 

of hydraulic conductivity heterogeneity; consequently, anomalous transport can be attributed to 

mass transfer into the immobile domain. Our results show that the comparison of σf and σb 

through time can be used to observe the exchange of mass in a DDMT framework, but the scale 

of these measurements impose practical limits on direct inference of timescales and estimated 
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mass transfer rates, as suggested by Day-Lewis and Singha [2008]. In a multirate environment, a 

distribution of mass transfer rates and thus DaI numbers exists. Our methods may be sensitive to 

only an effective mass transfer rate or only those mass transfer rates corresponding to DaI 

number(s) around unity; future work is needed to investigate the relation between electrical 

resistivity measurements with multiple rates of mass transfer.  

 NMR can be used to partition the porosity into mobile and immobile domains, but this 

method depends on a selected cutoff time. Although the selection of the cutoff time may vary, 

we use the value of 33 ms used by the petroleum industry for assessing recoverable 

hydrocarbons in sandstone [Allen et al., 2000; Timur, 1969]. To justify our choice we note that 

this cutoff time corresponds to an effective pore diameter ranging between 96 and 182 nm, 

determined from equation 2.6 using values for the surface relaxivity that represents silica sand 

(2.9 μm s-1) to natural aquifer material (5.5 μm s-1) [Hinedi et al., 1997]. This range of pore 

diameters is in the range expected to differentiate intra-grain from inter-grain porosity for the 

zeolite clinoptilolite [Kowalczyk et al., 2006]. We extend this simple assumption to the zeolites, 

although we stress that this methodology should be taken with caution as a starting point for a 

future, comprehensive analysis. The T2-distributions have a large, obvious peak corresponding to 

mobile domains such that the cutoff time can also be selected from visual inspection. Selecting 

different cutoff times within an order of magnitude will not dramatically affect the modeled 

tracer test at late times because the tailing is strongly controlled by the mass transfer rate. 

Although the NMR results show a pore-size distribution, these results cannot reveal any 

information about the connectivity of these pores. Some pores, large or small, may be entirely 

disconnected from the rest of the pore network and may be classified as neither mobile nor 

immobile. Conversely, a fraction of small pores may be strongly connected to the mobile pores. 

Additionally, small pores with corresponding fast relaxation times may not be detected, resulting 

in an underestimate of the total porosity. Despite these caveats, the mobile and immobile 

porosities determined from NMR support the best-fit modeled parameters. 

 We stress the importance of complementing concentration samples with electrical 

geophysics rather than using electrical measurements as a substitute for direct sampling. 

Although electrical resistivity instruments can automatically and rapidly collect time-lapse 

information, these methods are limited in their information regarding water chemistry. Similarly, 

fluid samples are limited by their nature as a point-source measurement consisting primarily of 
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mobile fluids. Each method has unique restrictions that can be minimized when used 

collectively. Future work can take the findings of this work further by focusing on: (1) the 

inability to predict the mass transfer rate a priori, (2) the selection of the cutoff time used to 

partition the total porosity into a mobile and immobile domain with NMR, and (3) the 

assumption of one mass transfer rate.  

2.5 Conclusions 

 We present the first controlled, laboratory experimental evidence confirming that the 

synthesis of σf with σb can be used to directly estimate properties controlling the operation of 

mass transfer. The hysteresis between σf and σb observed in the zeolite tracer test is evidence for 

the exchange of solutes between immobile and mobile domains, and cannot be explained by 

large-scale heterogeneity, or by the difference in measurement scales of σf and σb. In the sand 

column, we did not observe hysteresis between σf and σb, consistent with advection-dispersion 

behavior with negligible mass transfer. 

 We calculated best-fit mass-transfer parameters in both sand and zeolite for numerical 

models with first-order exchange based on σf using the Box-Cox transform to emphasize the late-

time tailing. The mass transfer rate is the parameter that has the most influence on late-time 

tailing. For the zeolites, we present a best-fit mobile and immobile porosity of 46% and 20%, 

respectively, and a mass transfer rate of 10-5 s-1. These values are similar to our NMR estimates 

for a mobile and immobile porosity of 43% and 7.7%, respectively. For the sand, we present a 

best-fit mobile and immobile porosity of 33% and 1%, respectively, and a mass transfer rate of 

10-5 s-1. This is consistent with our NMR estimates for a mobile and immobile porosity of 31% 

and 0.7%, respectively. 
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CHAPTER 3 

ON THE INFERENCE OF EFFECTIVE SINGLE-RATE MASS TRANSFER PARAMETERS 

IN THE PRESENCE OF MULTIRATE BEHAVIOR 

 When describing anomalous solute transport, a single-rate dual-domain mass transfer 

(SRMT) model commonly is used; however, a multirate mass-transfer (MRMT) model with a 

distribution of rate coefficients is better able to represent transport in many field settings. Here, 

we consider the implications of assuming a single rate coefficient when multiple rates may exist. 

We explore implications for parameter inference using conventional tracer-test analysis (i.e., 

solute data) and emerging approaches involving electrical geophysical monitoring (i.e., solute 

and electrical conductivity data) through numerical modeling. The electrical geophysics’ limited 

sensitivity to small changes in conductivity acts similarly to truncation of breakthrough curves 

and thus affects model parameter estimates, so we consider truncation of the experiment due to 

limited instrument resolution to small changes in concentration. Incorrect assumptions of the 

geoelectric averaging of mobile and less-mobile domains may play a role between the 

differences in parameter estimates from the true values, so we consider incorrect assumptions of 

geoelectrical averaging of fluid conductivity in the mobile and less-mobile domains. Assuming 

SRMT in the presence of MRMT results in substantial differences between the model-calibrated 

single mass transfer rate coefficient for SRMT and the harmonic average of the rate distribution 

for MRMT, assumed to be the effective rate. Our results indicate that effective parameters 

estimated under the assumption of SRMT may not accurately represent transport behavior in 

multi-rate systems. 

3.1 Introduction 

 In many field and laboratory solute tracer tests, asymmetric tailing, or a gradual decrease 

in concentration with time that is not predicted by the advection-dispersion equation (ADE), is 

observed [van Genuchten and Wierenga, 1977; Boggs et al., 1992b; Huang et al., 1995; 

Haggerty et al., 2004; Bijeljic et al., 2011]. The classical ADE predicts a nearly Gaussian 

distribution of concentration with time for conservative tracers, and cannot reproduce tailing in 

breakthrough curves (BTCs). As a result, non-local solute transport models have been developed 

to explain non-Fickian BTCs [e.g., Berkowitz and Scher, 2001]. 

 One commonly used non-local model is the single-rate dual-domain mass transfer 

(SRMT) model [van Genuchten and Wierenga, 1976b]. SRMT model parameters include a 
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mobile porosity and less-mobile porosity, and a rate coefficient controlling solute exchange 

between these two domains. The SRMT model assumes one rate of exchange of solutes between 

mobile and less-mobile domains, but this may be a significant oversimplification in experiments 

with complex pore structures. If mass transfer is related to diffusion into and out of a continuous 

distribution of pore spaces or exchange into low permeable zones such as clay lenses, then 

multirate mass transfer (MRMT) may be more likely, where multiple rates of exchange between 

the two domains exist [Haggerty and Gorelick, 1995].  

 To estimate parameters for these models, BTC data are generally model-calibrated. Water 

samples collected in the field are derived from the mobile pore space because solutes in the less-

mobile domain are released through slow diffusion and not advected. Consequently, direct 

measurements of the less-mobile domain require destructive sampling, and information about 

this domain is instead typically inferred from model calibration based on BTC data. SRMT 

model parameters are commonly model-calibrated without accounting for MRMT. Although the 

SRMT model is commonly used for its simplicity, the implications of assuming SRMT in the 

presence of MRMT has not been fully evaluated. The harmonic mean of the α distribution is 

assumed to be the effective mass transfer rate coefficient when a distribution of α exists 

[Haggerty et al., 2000], but if this effective mass transfer rate coefficient is the same as the rate 

coefficient estimated through model calibration has yet to be explored for MRMT. 

 Other methods of parameter estimation exist beyond model calibration of fluid 

conductivity BTCs. Electrical methods have been shown to be sensitive to both mobile and less-

mobile pore spaces, and can be used to provide additional information to BTCs beyond water 

samples. Like standard model calibration, these methods have been used to monitor solute 

transport interpreted within a SRMT framework but have not been explicitly considered for a 

distribution of mass transfer rate coefficients [Singha et al., 2007; Day-Lewis and Singha, 2008; 

Swanson et al., 2012; Briggs et al., 2013].  

 Here, we explore the consequences of assuming a single-rate of mass transfer when 

multiple rates exist. We perform laboratory-scale column experiment on zeolites with known 

mass transfer properties and numerical simulations assuming different mass transfer rate 

distributions, and estimate SRMT model parameters. For the numerical simulations, we compare 

SRMT parameter estimates to the known input values. We estimate SRMT through three 

methods, including temporal moments and BTC calibration based on solutes alone and temporal 
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moments incorporating electrical methods. For temporal moment-based estimates with electrical 

measurements, we explore additional complications that may exist, including the instrument 

sensitivity to low concentrations and the uncertain relation between the bulk electrical 

conductivity response measured by the geophysics and the averaging of solutes in mobile and 

less-mobile pore spaces. Our primary goal is to determine the implications of assuming SRMT 

for MRMT systems.  

3.2 Background 

 Here, we summarize the SRMT and MRMT models. We introduce the dimensionless 

Damköhler number, which determines whether non-Fickian transport is observed. Finally, we 

discuss temporal moment equations used for estimating SRMT parameters based on solutes and 

incorporating geoelectric measurements. 

3.2.1 Dual-Domain Mass Transfer Models 

 The MRMT model is formulated for a distribution of mass transfer rate coefficients, and 

the SRMT model is a simplified version of the MRMT model. Assuming no retardation in the 

mobile or less-mobile domain the 1-D MRMT model can be formulated as [Haggerty and 

Gorelick, 1995; Haggerty et al., 2000]: 

𝜕𝐶𝑚

𝜕𝑡
+ 𝛤(𝑥, 𝑡) = 𝐷

𝜕2𝐶𝑚

𝜕𝑥2
− 𝑣

𝜕𝐶𝑚

𝜕𝑥
, (3.1a) 

 𝛤(𝑥, 𝑡) = 𝛽𝑡𝑜𝑡 (
𝜕𝐶𝑙𝑚

𝜕𝑡
), (3.1b) 

𝛽𝑡𝑜𝑡 =
𝜃𝑙𝑚

𝜃𝑚
 (3.1c) 

where t is time [s], x is the spatial coordinate [m], D is dispersion coefficient [m2 s-1], v is the 

average pore water velocity [m s-1], θm and θlm are the fractional volumes of the mobile and less-

mobile pore space [-], respectively, and Cm and Clm [kg m-3] are the concentrations in θm and θlm, 

respectively. 𝛤(𝑥, 𝑡) accounts for the exchange of mass between θm and θlm. 𝛽𝑡𝑜𝑡 is the capacity 

coefficient [-], expressed as the ratio between θlm and θm at equilibrium. 𝛤(𝑥, 𝑡) (equation 3.1b) 

can be written to for a discrete series of first-order mass transfer coefficients and their 

corresponding capacity coefficients: 

𝛤(𝑥, 𝑡) = ∑ 𝛽𝑗 (
𝜕𝑐𝑙𝑚,𝑗

𝜕𝑡
)

𝑁𝑙𝑚
𝑗=1 , 𝑗 = 1,2, ⋯ , 𝑁𝑙𝑚, (3.2) 

where j is the index of the corresponding subdomain of θlm and Nlm is the number of subdomains 

and discrete first-order mass transfer coefficients [-]. The capacity coefficients of each 
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subdomain, βj, sum to βtot. The exchange of solutes between θm and θlm for multi-rate mass 

transfer is governed by: 

𝜕𝐶𝑙𝑚,𝑗

𝜕𝑡
= 𝛼𝑗(𝐶𝑚 − 𝐶𝑙𝑚,𝑗), (3.3) 

where the mass transfer rate coefficient, 𝛼𝑗, is discretized to the corresponding θlm. If there is 

only one α and one corresponding θlm and β, the MRMT model simplifies to the SRMT model.  

3.2.2 Damköhler Numbers and the Window of Detection  

 The mass transfer rate coefficient, α, is inversely proportional to the residence time of 

solutes within the less-mobile domain, and this timescale, relative to the advection timescale, 

controls whether non-Fickian transport is observed. The ratio of the timescales of advection to 

the timescales of mass transfer are given by the Damköhler number, DaI [Bahr and Rubin, 1987; 

Haggerty et al., 2004]: 

𝐷𝑎𝐼 =
𝛼(1+

𝜃𝑙𝑚
𝜃𝑚

)𝐿

𝑣
, (3.4) 

where L [m] is the length from the solute injection point to the observation location.  

 For a single-rate system, careful consideration of experimental setup must be taken for 

the effects of mass transfer with specific timescales to be captured within the "window of 

detection" [Harvey and Wagner, 2000; Ward et al., 2010]. For example, the sensitivity of 

observations to storage in θlm associated with mass transfer is greatest for DaI around unity 

[Wagner and Harvey, 1997]. θlm acts as a solute sink at early times, and at late times these 

solutes are released back into the θm to be sampled and observed as tailing. For DaI<<1, the 

exchange of solutes into θlm is relatively slow compared to the rate of advection, and solutes do 

not have sufficient time to enter this solute sink. For DaI>>1, the rate of mass transfer is 

relatively small compared to the timescale for advection, and solutes are exchanged rapidly 

between the domains, in which case θlm effectively acts as additional θm and transport of the bulk 

of the tracer is retarded. Even for favorable mass transfer associated with DaI near unity, 

sufficient loading time of solute injection must be obtained to detect mass transfer [Briggs et al., 

2013]. 

 The harmonic mean of the α distribution is assumed to be the effective α when a 

distribution of α exists [Haggerty et al., 2000], but this may depend on the window of detection 

and DaIs. For example, α values corresponding to DaIs near unity may have more influence on 

the resultant BTCs because storage in less-mobile domains is most sensitive to DaIs near unity, 
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whereas a harmonic mean of the α distribution that is far away from unity may have little impact 

on the BTC. Consequently, we argue that for transport model calibrations assuming SRMT, it is 

not clear if the optimized single α will correspond with the harmonic mean of the α distribution. 

 Different experimental conditions may result in a DaI around unity in MRMT systems 

because there is a distribution of α and thus DaIs, which may act to widen the window of 

detection and allow for mass transfer to be observed across a wide range of scales [Haggerty et 

al., 2002]. MRMT may manifest as power-law tailing [Haggerty et al., 2000], and if instrument 

resolution or experimental duration due to time constraints is not sufficient to capture the tail, 

then the BTC must be truncated. Different techniques exist to account for truncated distributions 

[Cohen, 1949; Skopp, 1984; Jawitz, 2004; Luo et al., 2006], but require assumptions of how the 

distribution behaves at late times, which may not be known. Therefore, correcting for truncation 

of BTCs may not be sufficient for correct parameter estimation and prediction of solute fate and 

transport. 

3.2.3 Estimating SRMT Parameters: Temporal Moments 

 Although curve-fitting methods are one of the most common ways for estimating solute 

transport model parameters, other techniques can be used including both temporal and spatial 

moments of the BTC or plume. Temporal moments of BTCs have been used to provide estimates 

of the recovered mass, mean, and spread of concentration [e.g., Harvey and Gorelick, 1995], 

seepage velocities, and dispersivity [e.g., Cirpka and Kitanidis, 2000; Luo et al., 2006]. 

Temporal moments incorporating geoelectrical data have been used to estimate the velocity field 

[Pollock and Cirpka, 2008, 2010], and to estimate parameters controlling mass transfer within a 

SRMT framework through numerical simulations [Day-Lewis and Singha, 2008].  

Temporal (and spatial) moments describe different aspects of the shape of a tracer breakthrough 

curve (or plume). The nth temporal moment, mn, is defined as: 

𝑚𝑛 = ∫ 𝑡𝑛𝑐(𝑡)𝑑𝑡
∞

0
, (3.5) 

where t is the simulated time [s] and c(t) is the concentration through time [kg m-3]. Temporal 

moment-generating equations were developed in a SRMT framework by Harvey and Gorelick 

[1995] for rapid, approximate simulation of transport based on moments of both Cm and Clm:  

𝑚𝑛
𝑙𝑚 = 𝑛! ∑

𝑚𝑖
𝑚

𝑖!

𝑛

𝑖=0

1

𝛼𝑛−𝑖
+ 𝑛!

𝑐𝑙𝑚
0

𝛼𝑛
 (3.6) 
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where 𝑚𝑛
𝑙𝑚is the nth temporal moment of the less-mobile domain concentration, 𝑚𝑖

𝑚 is the ith 

temporal moment of the mobile domain concentration, 𝑐𝑙𝑚
0  is the initial concentration in the less-

mobile domain. From equation 3.6, the SRMT parameters may be estimated, given the BTCs of 

both Cm and Clm. 

 Although equation 3.6 allows for estimation of SRMT parameters, estimates of Clm are 

required. Solutes in θlm may be limited to slow diffusion, and estimates of Clm are limited to 

destructive sampling that is not feasible for time-lapse tracer tests. Temporal moment equations 

were later modified by Day-Lewis and Singha [2008] for parameter inference using the total 

rather than less-mobile concentration, which can be measured from electrical measurements:  

𝑚𝑛
𝑇 =

1

𝜃𝑚 + 𝜃𝑙𝑚
(𝜃𝑚𝑚𝑛

𝑚 + 𝜃𝑙𝑚𝑛! ∑
𝑚𝑖

𝑚

𝑖!

𝑛

𝑖=0

1

𝛼𝑛−𝑖
+ 𝑛!

𝑆0

𝛼𝑛
) (3.7) 

where 𝑚𝑛
𝑇 and 𝑚𝑛

𝑚 are the nth temporal moment of the total and mobile concentration 

respectively, and S0 is the initial condition of the concentration distribution in the medium. 

Equation 3.7 points to the information content of electrical geophysical data for inference of 

mass-transfer parameters; however, Day-Lewis and Singha [2008] cautioned that the method is 

prone to measurement error, as accurate inference of moments in the presence of noise is 

problematic. 

 For purge experiments that have Cm and Clm in equilibrium, SRMT parameters can be 

estimated from equation 3.7 using only the 0th and 1st temporal moments of the Cm and total 

concentration [Day-Lewis and Singha, 2008]: 

𝛼 =
𝑚0

𝑇 − 𝑚0
𝑚

𝑚1
𝑇 − 𝑚1

𝑚 − 𝑚0
𝑚(𝑚0

𝑇 − 𝑚0
𝑚)/𝑆0

 (3.8) 

𝜃𝑖𝑚

𝜃𝑙𝑚+𝜃𝑚
=

(𝑚0
𝑇−𝑚0

𝑚)
2

𝑆0(𝑚1
𝑇−𝑚1

𝑚)−𝑚0
𝑚(𝑚0

𝑇−𝑚0
𝑚)

, (3.9) 

𝜃𝑚

𝜃𝑙𝑚+𝜃𝑚
= 1 −

(𝑚0
𝑇−𝑚0

𝑚)
2

𝑆0(𝑚1
𝑇−𝑚1

𝑚)−𝑚0
𝑚(𝑚0

𝑇−𝑚0
𝑚)

. (3.10) 

  One caveat of these temporal moment-based equations is that the total transport porosity, 

θTOT [-], must be known to determine θlm and θm from the ratios in equations 3.9-3.10. We 

assume θTOT is the sum of θm and θlm; however, some pores may be small and/or completely 

disconnected from transport [Wempe and Mavko, 2001; Gouze et al., 2008; Scheibe et al., 2013; 

Swanson et al., 2014, in review], so the transport porosity may be less than the total gravimetric 
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porosity. Consequently, θm and θlm may be underestimated in experimental settings, and α may 

be overestimated. These moment equations have been used in numerical modeling simulations 

have not been tested experimentally or tested for applicability in the presence of MRMT, which 

they were not intended to be able to map. 

 To use equations 3.8-3.10, an additional equation must be used to infer the total bulk 

conductivity from the components in the mobile and less-mobile domain. We use a modified 

Archie's law [Archie, 1942] to relate the bulk conductivity to σf in both θlm and θm [Singha et al., 

2007]: 

𝜎𝑏 = (𝜃𝑙𝑚 + 𝜃𝑚)𝑚−1 ∙ (𝜃𝑚𝜎𝑓,𝑚𝑜𝑏 + 𝜃𝑙𝑚𝜎𝑓,𝑙𝑚), (3.11) 

where m [-] is the cementation factor, and 𝜎𝑓,𝑚𝑜𝑏and 𝜎𝑓,𝑙𝑚 are the fluid conductivities [S m-1] of 

θm and θlm, respectively. This equation assumes arithmetic averaging of the pore spaces and the 

same connectedness of θm and θlm. For this work, we determine σb using equation 3.11, and we 

assume that measurements of σb and σf are co-located in space and in time, and the sampling 

volume of σb is the same as σf. 

3.3 Column Tracer Test 

 We performed a solute tracer test on a laboratory-scale column, and estimate SRMT 

parameters including α, θm, and θlm through model calibration of σf, and temporal moments of σf 

and σb. Another possible method to estimate these parameters would be to include temporal 

moments of Cm (equivalent to σf) and Clm from equation 3.6, but we do not use this method for 

laboratory experiments because we cannot measure Clm directly. For model calibration of σf, we 

used STAMMT-L to simulate the BTC of the column experiment [Haggerty, 2009] in 

conjunction with PEST [Doherty, 2010] to determine model calibrated SRMT parameters using 

the σf BTC. 

3.3.1 Laboratory Tracer Test Methods 

 A 25-cm long, 2.54-cm radius (510 mL) column was used for the laboratory tracer test 

experiment. Every 5 seconds, σf was measured at the outlet at the top of the column with a flow-

through σf probe (Microelectrodes, Inc.). For σb measurements, current electrodes consisted of a 

brass wire mesh that was installed at both end caps, and the potential electrodes consisted of 

eight stainless steel screws spaced equally every 2.5-cm from 4.5 to 22 cm. Figure 3.1 shows a 

schematic of the laboratory setup.  
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 Different potential electrode pairs were collected along the column for a total of 28 

unique measurements, collected at a rate of 17 measurements per minute using a 10-channel 

resistivity meter (Syscal Pro, IRIS Instruments, France). We focused on the potential 

measurement nearest the top of the column, nearest the σf probe (potential pair #7 in Figure 3.1). 

Geometric factors, K [m], for every quadrupole (measurement consisting of a pair of potential 

and a pair of current electrodes) were estimated before packing by first filling the empty column 

with a known σf solution (such that σf = σb), measuring the resistance, R [Ω], and using equation 

3.11 to estimate K: 

𝐾 = (𝑅 ∙ 𝜎𝑏)−1. (3.12) 

Values of K were based on the mean of the estimates using σf solutions of 315 and 1300 μS cm-1, 

repeated 10 times for each solution. After measurements of K were collected, the zeolite 

clinoptilolite was wet-packed into a degassed saturated column by slowly adding  

material, followed by tamping the grains down with a pestle and tapping the side of the column 

for dense packing. 

 The tracer consisted of 0.5 g L-1 NaCl mixed into 7.2 L of tap water (400 μS cm-1), for a 

resulting σf of 1400 μS cm-1. The tracer was injected into the base of the column for 98 hours at 

1.25 ml min-1. After this period, equilibrium conditions were reached and verified by observing 

no additional change in σf and σb. Then, the inlet was switched back to tap water and the tracer 

was purged, and this time is referred to as t=0 for this purge experiment. σf and σb were 

monitored continuously for 72 hours after the switch back to tap water. The tracer test was 

replicated once for quality control with repeatable results. 

3.3.2 Laboratory Tracer Test Results 

 The observed σf and σb through time are shown in Figure 3.2. SRMT parameters were 

estimated using three different methods, listed in Table 3.1, including methods based on solute 

data only and methods incorporating electrical geophysics. The transport-model calibrated 

dispersivity based on σf was 7.28 x 10-3 m. 

 Temporal moment equations of Cm and Clm were not used for estimating SRMT model 

parameters because Clm cannot be directly measured. SRMT parameters were estimated using 

temporal moments for the σf and σb BTC (Table 3.1). We use equations 3.8-3.10, assuming that 

the transport total porosity is equal to 0.60. To estimate Archie’s m, first we assume Cm and Clm  
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Figure 3.1 A schematic of the column setup showing the potential and current electrodes. The 

seven potential pairs are listed. Here, we focus on the potential pair nearest the outlet (#7). The 

two current electrodes consist of a brass wire mesh in each of the end caps of the column. 

 

Table 3.1 Estimated SRMT parameters for the column experiment. 

Method θm [-] θlm [-] α [s-1] 

Calibration of σf 0.36 0.24 7.0x10-5 

Temporal moments: σf and σb 0.5 0.1 9.8 x10-5 

Temporal moments: Cm and Clm n/a n/a n/a 
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are in equilibrium after 98 hours of injected into the column and σf and σb were constant. Then, 

we solve equation 3.10, yielding 1.8 for m.  

These different methods provide different estimates of SRMT parameters. The zeolites 

used in this experiment have a complex intragranular pore structure: the pore size distributions 

for these zeolites are multimodal, as indicated from Hg porosimetry, and nuclear magnetic 

resonance (NMR) measurements show multiple peaks in the relaxation time distributions 

(Swanson et al., 2014, in review). If the mass transfer rate coefficient is related to diffusion into 

and out of these complex pore spaces, then MRMT may be likely. The differences in the 

estimated parameters may be caused by assuming SRMT when this is not true, or by the different 

sensitivities and assumptions for each of the methods used.  

 Other possible explanations include limitations driven by the insensitivity of electrical 

resistivity measurements to small changes in concentration of the late-time tail, thus artificially 

truncating the experiment, and assuming an arithmetic average of the mobile and less-mobile 

conductivities in the geoelectrical response (equation 3.11). We turn to numerical modeling to 

investigate the implications of our results when SRMT is incorrectly assumed.  

 

 

Figure 3.2 Laboratory purge tracer test results, with the insert showing the same observations in 

a log-log space. The observed σb and σf are shown along with the transport-model calibrated 

forward model result of the σf BTC from STAMMT-L and PEST. Before t=0 (not shown), tracer 

was injected for 98 hours until equilibrium conditions were reached determined by no change in 

σf and σb. 
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3.4. Numerical Simulations 

 To explore the implications of assuming SRMT within a MRMT framework, we generate 

a series of synthetic models of increasing complexity of the α distribution for different DaIs. We 

use a modified version of STAMMT-L that outputs both Cm and Clm to simulate BTCs, and then 

calculate the corresponding σb (equation 3.11) without numerical simulation. Noise is not added 

to Cm or Clm. We then estimate SRMT parameters using the three different methods described 

above. We use the calibration of the column experiment to the σf BTC as our baseline for the 

parameters, with θm and θlm set at 0.36 and 0.24, respectively. θtot (0.60) is input into the 

temporal moment-based estimates of SRMT parameters, but is not constrained for estimates 

based on the model calibration using PEST in conjunction with STAMMT-L. 

 The simulated purge experiment is set up to mimic the laboratory tracer experiment with 

the maximum concentration (1400 μS cm-1) set in both θlm and θm at the start of the experiment, 

and the upstream boundary condition set to 400 μS cm-1 with an input flow rate of 1.25 mL min-

1. Cm and Clm are output every 150 s and normalized from 0 to 1 for ease of parameter estimation 

and comparison across simulated BTCs.  

 We used three different types of α distributions in our STAMMT-L simulations: (1) 

single-rate, (2) bimodal, and (3) lognormal, each with three different α values/distributions, for a 

total of nine unique simulations. Table 3.2 lists the input α distribution parameters and the 

harmonic means of the input distribution, and the simulation numbers for the different mass 

transfer parameters. The harmonic mean has been proposed the likely effective α for MRMT 

systems [Haggerty and Gorelick, 1995; Haggerty et al., 2000]. For the single-rate simulations, 

three different values of α were selected with corresponding DaIs of 0.1, 1 and 10. Two values of 

α were selected for the bimodal distribution with same β and thus equal weight. The α values 

differed by an order of magnitude, and the DaIs for the three bimodal simulations were 0.1 and 

1, 1 and 10, and 10 and 100. The lognormal distributions are described by the standard deviation, 

σstd [s
-1], and the mean, μ [s-1], of the natural logarithm of the distribution. For the three 

lognormal simulations, we assigned values of 7 x10-6, 7 x10-5, and 7x10-4 s-1 for μ, and 1 s-1 for 

σstd. The lognormal distribution simulations were discretized into j=100 multirate parameters, 

each with a corresponding αj and βj, and βj sums to βTOT (0.67). 

 

 



39 
 

3.4.1 Complications for Electrical Resistivity Measurements 

 In addition to exploring the effects of assuming SRMT despite multiple rates present, we 

also explore two issues that may affect parameter estimation using electrical geophysics-based 

approaches. These additional issues include (1) limited instrument resolution that may result in 

the inability of geoelectrical measurements to detect small changes in σb, thus truncating the 

experiment, and (2) assuming arithmetic averaging of Cm and Clm in the σb response when other 

types of averaging may be possible. We explore these complications for the temporal moment-

based SRMT parameter estimates. 

3.4.2.1 Complications for Electrical Resistivity Measurements: Averaging of the σb 

Response 

 The modified version of Archie's law (equation 3.11) assumes arithmetic averaging 

between the mobile and less-mobile domains. Many other modified forms of Archie's law may 

exist in addition to equation 3.10 [see Glover, 2010]. For example [Day-Lewis et al., 2014], 

 𝜎𝑏 = (𝜃𝑙𝑚 + 𝜃𝑚)
𝑚−1

𝑝 ∙ (𝜃𝑚𝜎𝑓,𝑚𝑜𝑏
𝑝 + 𝜃𝑙𝑚𝜎𝑓,𝑙𝑚

𝑝)
1/𝑝

, (3.12) 

allows for harmonic and geometric averaging, with corresponding power exponents, p [-], of -1 

and 0, respectively. The temporal moment equations of σf and σb (3.8-3.10) could be modified for 

any type of averaging, if that averaging is known. However, this averaging is difficult to estimate 

a priori for tracer tests before any injection of tracer. For these synthetics, arithmetic averaging is 

assumed. For the same SRMT inputs (θm, θlm, and α) as simulations 1-3 (Table 3.2), we estimate 

SRMT parameters while varying p from -1 to 1, discretized every 0.01, covering the range from 

harmonic to arithmetic averaging. We do not explore different averaging for MRMT 

(simulations 4-9, Table 3.2) because we are primarily interested in the consequences of assuming 

SRMT in a MRMT framework, and this added complication would obfuscate the drivers for 

different SRMT parameter estimates.  

3.4.2.2 Complications for Electrical Resistivity Measurements: BTC Truncation 

 Temporal moment-based estimates may not capture the full BTC response observed in σf 

or σb because some of the mass will be lost due to instrumentation resolution or truncation of 

data collection. The amount of the BTC signal captured by the electrical methods, σb, will 

influence the estimated moments and subsequent SRMT parameters. STAMMT-L is capable of 

simulating concentrations to a greater numerical precision than what can be measured, so the 

transport simulations were truncated early based on 30 different σb
 normalized cutoff values from 
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4x10-2 to 4x10-4, spaced logarithmically. This mimics the effect of lesser instrument resolution 

for the geophysical response of σb when compared to the sensitivity of σf measurements. The 

smallest cutoff value normalized σb (4x10-4), corresponding with the longest simulation duration, 

is used to estimate SRMT parameters for all simulations for consistency. Although different 

approaches may have different sensitivities to truncation, we are primarily interested in the 

implications of assuming SRMT in a MRMT framework. 

 

Table 3.2 The simulation descriptions for single-rate, bimodal, and lognormal distributions of α. 

The harmonic means of the simulations are shown in the last column. 

 Simulation α1 [s-1] β1 [-] α2 [s-1] β2 [-] 

Harmonic mean α [s-

1] 

Single-rate 

1 7.0x10-6 0.67 - - 7.0 x10-6 

2 7.0 x10-5 0.67 - - 7.0 x10-5 

3 7.0 x10-4 0.67 - - 7.0 x10-4 

Bimodal 

4 7.0 x10-5 0.333 7.0 x10-6 0.333 1.3x10-5 

5 7.0 x10-4 0.333 7.0 x10-5 0.333 1.3 x10-4 

6 7.0 x10-3 0.333 7.0 x10-4 0.333 1.3 x10-3 

  σstd [s-1] μ [s-1]    

Lognormal 

7 7.0 x10-6 1.00   4.2 x10-6 

8 7.0 x10-5 1.00   4.2 x10-5 

9 7.0 x10-4 1.00   4.2 x10-4 

 

3.5 Results of Numerical Simulations 

 Here, we present the results for the simulated BTCs and explore the effects of assuming 

SRMT for a medium defined by MRMT. We estimate parameters using two methods 

incorporating temporal moments (Cm and Clm; σb and σf) and one method through model 

calibration (σf). Two of these methods rely on solute information alone (temporal moments of Cm 

and Clm; model calibration of the σf BTC), and the other method relies on both solute information 

in conjunction with electrical geophysics (temporal moments of σb and σf). 

3.5.1 SRMT Model Setup, Simulations 1-3 

 For the single-rate analysis, we varied α (Table 3.2) such that the DaIs were 0.1, 1.0 and 

10 for the three simulations while keeping all other parameters constant. The breakthrough 
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curves for Clm, Cm, and σb are shown in Figure 3.3, and are used for SRMT parameter estimation. 

The only parameter that changes in each simulation is α, so the early time behavior is similar. 

The ADE solution is shown for the same θm (0.36) but no θlm and thus no mass transfer. The 

BTCs when mass transfer is present are delayed for each of the simulations when compared to 

the ADE due to solute exchange into θlm. For DaI<<1, we would expect Cm to follow the same as 

the ADE solution, and for DaI>>1, we would expect the similar BTC response as the ADE 

solution but delayed by a factor of 1+ βTot. These limits are not reached because the DaI is not 

sufficiently far away from unity. SRMT parameters were estimated at the longest simulation 

duration shown in Figure 3.3, associated with the last cutoff value, for all of the methods.  

 

 

Figure 3.3 Cm, Clm, and the simulated σb BTC responses for three different α values and thus 

DaIs. The ADE solution is shown as the dashed line with the same input θm (0.36), but no θlm, 

and thus no mass transfer. The black circles show the cutoff values used to estimate SRMT 

parameters from temporal moments of σb and σf, spanning the cutoff range in gray.  

 

3.5.1.1 SRMT Results, Simulations 1-3: Temporal Moments (σb and σf; Cm and Clm) 

 SRMT parameters were estimated using equation 3.6, based on the temporal moments of 

Cm and Clm at the smallest cutoff value and longest simulation duration (Table 3.3). These 

estimates are identical to the temporal moment estimates using both σf and σb (equations 3.8-

3.10) because the methods incorporating σb assume perfect timing and infinitesimally small 

sampling volume such that both estimates incorporate the same information. 
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 The temporal moment-based estimates closely match the input parameters. These 

estimated SRMT parameters are at the smallest cutoff value and thus longest experimental 

duration. We use the same cutoff value and experimental duration across each simulation for all 

estimates in Table 3.3 for ease of comparison. 

3.5.1.2 SRMT Results, Simulations 1-3: Model Calibration (σf) 

 At the smallest cutoff value and longest simulation duration, SRMT parameters (θm, θlm 

and α) were calibrated to the σf BTC (from Figure 3.2) using PEST. The results are listed in 

Table 3.3. For these first three simulations associated with a single α, standard model calibration 

based on the σf BTC reproduce the SRMT parameters at the final, smallest cutoff value 

associated with the longest experiment duration considered.  

3.5.2 Bimodal α Distribution Setup, Simulations 4-6 

 To explore how the assumption of SRMT may impact results in a MRMT environment, 

we first incorporate a bimodal α distribution (Table 3.2) for simulations 4-6. For the bimodal 

simulations, another value of α is included that is an order of magnitude higher than the other α 

compared to simulations 1-3. Both α values have equal corresponding β (0.333) that sum to βTOT 

(0.67) and corresponding DaIs. The breakthrough curves for Clm, Cm and σb are shown in Figure 

3.4.  

 If DaI is sufficiently large (DaI≫1), then θlm will behave as additional θm due to the rapid 

mass transfer and exchange relative to advection in this pore space. For the bimodal simulations, 

half of the total θlm (0.24) is divided into one pore space with a larger α and the other pore space 

with the smaller α. If the DaI associated with the larger α is sufficiently rapid, we would expect 

estimates of 0.48 and 0.12 for θm and θlm, respectively, and α to corresponding with the DaI 

nearest unity.  

3.5.2.1 Bimodal α Distribution Results, Simulations 4-6: Temporal Moments (σb and σf; Cm 

and Clm) 

  SRMT parameters were estimated using equation 3.6, based on the temporal moments of 

Cm and Clm at the smallest cutoff value and longest simulation duration (Table 3.3). These 

estimates are the same as for the temporal moments based on σb and σf. All temporal moment-

based estimates must recover the total input porosity because θTOT is assumed to be known. 
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 For the temporal moment-based estimates, θm is overestimated and θlm is underestimated 

relative to the input porosities. However, θlm does not completely act as additional θm, but may be 

the partial cause for the increase in estimated θm and decrease in θlm. 

 

 

Figure 3.4 Cm, Clm and the simulated σb BTCs for three different bimodal α distribution. The 

solid black circles show the cutoff values used to estimate the SRMT parameters span the cutoff 

range in gray.  

  

3.5.2.2 Bimodal α Distribution Results, Simulations 4-6: Model Calibration (σf) 

 The estimates based on model calibration of the σf BTCs are shown in Table 3.3. The 

estimates drastically differ from the temporal moment-based methods, and from the input values. 

θTOT is not held constant so the model-calibrated total porosity may not match the total input 

porosity, but the model-calibrated total porosity is never greater than the total input porosity. 

 Simulation 6 was fit with negligible mass transfer and θlm. Mass transfer is rapid relative 

to advection, such that θlm corresponding with the largest α is at equilibrium with θm, and θlm 

space behaves as θm. This simulation can be fit with a greater dispersivity (0.013 m) compared to 

the input dispersivity (0.00728 m) and no mass transfer because at DaIs≫1, mass transfer 

appears as additional spreading rather than tailing. 

 Figure 3.5 shows forward model simulations corresponding to the true input values, along 

with the forward simulations using the temporal moments (of σb and σf) and σf BTC-based 

parameters (Table 3.3). Single-rate approximations fail to fit the bimodal simulation at both early 
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and late-times. For simulation 6, the different methods reproduce the input BTC even though the 

SRMT parameters are dramatically different because the fast mass transfer behaves as additional 

spreading and not tailing. 

3.5.3 Lognormal α Distribution Setup, Simulations 7-9 

 For simulations 8-10, we considered a lognormal α distribution as a more complex 

MRMT alternative to a bimodal distribution. The discretized α distributions are shown in Figure 

3.6. We simulated three different BTCs (Figure 3.7) with different α distributions (Table 3.2). 

For a lognormal distribution of α, the late-time tailing continues as a nearly linear slope in log-

log space that was not observed for the single-rate or bimodal α distribution (Figures 3.3, 3.4 and 

3.7). Simulation 7 ends when the maximum experimental duration is reached (504 hours), and 

SRMT parameters are estimated at this time. 

 The window of detection is important for a lognormal distribution with α values that span 

many orders of magnitude. With a distribution of α, there will be a distribution of DaIs and β for 

each θlm. Some DaIs may be much greater or less than unity and fall outside of the window of 

detection. Even though we specify θm and θlm, these pore spaces may behave differently 

depending on the DaIs. As a result, the porosity of interest can be divided into three categories 

corresponding with: (1) β (and thus α and θlm) for 0.1<DaI<10 that will contribute most to 

tailing, (2) β for DaI<0.1 that may not contribute to transport at all, and (3) β for DaI>10 for pore 

space that may serve as advective pore space due to rapid exchange relative to advection. 

We recalculate the α distributions and show the β corresponding with this range in DaIs 

in Table 3.4, which lists estimates of the volumetric weighted arithmetic and harmonic mean of 

the α for only α values corresponding with 0.1<DaI<10. These new arithmetic and harmonic 

means are less than the original arithmetic and harmonic means in simulation 7 and 8, but not in 

9. In simulation 7, nearly two-thirds of β and thus θlm corresponds with DaI<0.1, but no pore 

space corresponds to DaI>10 (Table 3.4). For simulations with θlm corresponding with DaI<0.1 

(simulations 7 and 8), the exchange of solutes is too slow relative to advection and this pore 

space may be ignored by transport; consequently, we would expect our σf BTC-based estimates 

to provide θtot estimates that are below 0.60. Simulation 8 is centered on a DaI of unity and has 

the almost all of the pore space corresponding with 0.1<DaI<10. Simulation 9 has no pore space 

corresponding with DaI<0.1, but has a significant portion that may have fast mass transfer 

relative to advection, acting as additional θm.  



45 
 

Table 3.3 SRMT parameter estimates (θm, θlm, α, and DaI) from temporal moments (using both σf and σb) and model calibration. For 

simulations 8-10, α refers to the harmonic mean of the distribution. 

 
      Temporal Moment-Based Estimates Model Calibration Estimates 

 Sim. 

# 

Input parameters Cm and Clm σb and σf σf 

 θm [-] θlm [-]  α [s-1] θm [-] θlm [-] α [s-1] DaI [-] θm [-] θlm [-] α [s-1] DaI [-] θm [-] θlm [-] α [s-1] Disp.[m] DaI [-] 

Single rate 

1 0.36 0.24 7E-6 0.35 0.25 7.3E-6 0.1 0.35 0.25 7.3E-6 0.1 0.36 0.24 7.0E-06 7.3E-3 0.1 

2 0.36 0.24 7E-5 0.35 0.25 7.3E-5 1.1 0.35 0.25 7.3E-5 1.1 0.36 0.24 7.0E-05 7.3E-3 1.0 

3 0.36 0.24 7E-4 0.36 0.24 7.2E-4 10.5 0.36 0.24 7.2E-4 10.5 0.36 0.24 7.0E-04 7.3E-3 10.2 

Bimodal 

4 0.36 0.24 7E-6, 7E-5 0.45 0.15 8.2E-6 0.1 0.45 0.15 8.2E-6 0.1 0.37 0.17 4.2E-05 8.3E-3 0.6 

5 0.36 0.24 7E-5, 7E-4 0.45 0.15 8.1E-5 1.2 0.45 0.15 8.1E-5 1.2 0.49 0.12 7.2E-05 1.5E-2 1.0 

6 0.36 0.24 7E-4, 7E-3 0.46 0.14 7.8E-4 11.3 0.46 0.14 7.8E-4 11.3 0.60 0.00 1.0E-10 1.3E-2 0.0 

Lognormal 

7 0.36 0.24 4.2E-6 0.44 0.16 3.5E-6 0.1 0.44 0.16 3.5E-6 0.1 0.36 0.19 1.1E-05 7.7E-3 0.1 

8 0.36 0.24 4.2E-5 0.48 0.12 2.3E-5 0.3 0.48 0.12 2.3E-5 0.3 0.40 0.18 6.6E-05 1.1E-2 0.9 

9 0.36 0.24 4.2E-4 0.49 0.11 2.1E-4 3.1 0.49 0.11 2.1E-4 3.1 0.56 0.04 1.7E-04 1.6E-2 2.4 
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Figure 3.5 The BTCs are shown for each DaI for the true simulation (solid and dashed black 

lines), along with forward simulations using the single-rate best-fit parameters of temporal 

moments and the σf BTC. 

 

3.5.3.1 Lognormal α Distribution Results, Simulations 8-10: Temporal Moments (σb and σf; 

Cm and Clm)  

 SRMT parameters were estimated using equation 3.6, based on the temporal moments of 

Cm and Clm at the smallest cutoff value and longest simulation duration (Table 3.3). These SRMT 

estimates are the same as for the temporal moments based on σb and σf. θm and θlm are over- and 

underestimated, respectively, compared to their inputs. SRMT porosity estimates are quite poor 

for all cutoff values when SRMT is assumed. Estimates of θm are greater than the input values 
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with an increasing harmonic mean of the α distribution, which is consistent with our expectations 

since rapid exchange will lead to more advective porosity.  

3.5.3.2 Lognormal α Distribution Results, Simulations 8-10: Model Calibration (σf) 

 We estimate SRMT parameters (θm, θlm and α) using the σf BTC at the smallest cutoff 

value associated with the longest experimental duration. The total model-calibrated porosity is 

typically less than the input total porosity, as expected, because the pore space with the slowest 

rate of exchange relative to advection (small α and DaI values) plays a negligible role for the 

given experiment. 

 We simulate BTCs using the SRMT estimates and compare to the simulated input BTCs 

(Figure 3.8). The σf BTC-based estimates tend to reproduce the early portion of the input BTC, 

but cannot capture late-time tailing. This is likely a result of model calibration based on a least-

squares approach, so large values have more weight. Model calibration could be performed on 

the logarithm of observations to provide better fits to the late-time tail; however, these estimates 

of SRMT parameters would still fail to reproduce MRMT BTCs. Assuming SRMT when MRMT 

is occurring results in dramatically different porosities estimates compared to the true values, and 

will not capture late-time tailing.  

3.6 Results for Geophysics-Specific Issues 

 Here, we present results for additional complications for electrical methods, including 

issues to due truncation of BTCs due to the greater insensitivity of electrical measurements for 

the temporal moment estimates with σb and σf. Additionally, we present results for incorrect 

assumptions of averaging of the conductivity response in the mobile and less-mobile pore space. 

The truncations are analyzed for all 9 simulations, but the averaging is only tested for the SRMT 

cases (simulations 1-3). 

3.6.1 Results for Geophysics-Specific Issues: Averaging of the σb Response 

 Both temporal moment-based methods (based on Cm and Clm; σb and σf) yield the same 

SRMT parameters because we assume arithmetic averaging of the electrical response of the 

solutes θm and θlm, which is the averaging used in the “true” case. In field settings, the true 

averaging may be unknown. We estimated SRMT parameters with the temporal moment 

equations (equations 3.8-3.10), but use a range of values of p in equation 3.12 to relate σb and σf 

in the numerical simulations to simulate an unknown averaging response. We estimate SRMT  
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Figure 3.6 The input lognormal α distributions are shown for simulations 8-10, which are 

discretized to 100 values, spaced evenly in log space. The sum of individual β is βTOT (0.67). The 

dashed lines correspond to the harmonic means of the distributions (shown in Table 3.2). 

 

 

 

 Figure 3.7 The Cm, Clm and the simulated σb BTCs for a lognormal α distribution for three 

different lognormal distributions of α. In this image, α refers to the harmonic mean of the 

distribution. The black circles show the cutoff values used to estimate the SRMT parameters, 

spanning the cutoff range in gray. 
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Table 3.4 For the lognormal simulations, the input SRMT parameters are shown, along with 

recalculated values for α and β, depending on the corresponding individual DaIs. 

 Input Recalculated 

  Average α [s-1] β [-] Average α [s-1] 

Simulation β [-] Harmonic Arithmetic DaI<0.1 0.1<DaI<10 DaI>10 Harmonic Arithmetic 

7 0.67 4.2x10-6 1.2 x10-5 0.43 0.24 0.00 1.8 x10-5 2.4 x10-5 

8 0.67 4.2 x10-5 1.2 x10-4 0.02 0.64 0.00 5.2 x10-5 1.2 x10-4 

9 0.67 4.2 x10-4 1.2 x10-3 0.00 0.44 0.23 3.0 x10-4 4.9 x10-4 

  

 

Figure 3.8 The BTCs are shown for each DaI for the true simulation (solid and dashed black 

lines), along with forward simulations using the SRMT model best-fit parameters of both 

temporal moments and PEST of the σf BTC (solid lines).  
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parameters for p values covering the range from harmonic (p=-1) to arithmetic (p=1) averaging, 

and we use the same SRMT input values as simulations 1-3. 

 The results for varying p are shown in Figure 3.9. If harmonic or geometric averaging is 

true but unknown, the assumption of arithmetic averaging will result in drastically different 

SRMT parameters even with sufficient instrument resolution. Only for values of p nearest the 

assumed averaging (p>0.9) do the SRMT parameters begin to recover the input parameters. The 

temporal moment equations (equations 3.8-3.10) can be modified for any averaging if the 

averaging is known.  

3.6.2 Results for Geophysics-Specific Issues: Truncation of the σb Response, Simulations 1-

3 

 At each of the cutoff values (shown as the black circles in Figure 3.3), SRMT parameters 

(θm, θlm, and α) were estimated from temporal moments given σb and σf (equations 3.8-3.10). The 

SRMT estimates are shown relative to the input parameters in Figure 3.10. The cutoff values 

correspond with the desired instrument resolution and  

simulation length. As the cutoff value decreases (implying increasing experiment duration), the 

SRMT parameter estimates improved and approached the input values. At earlier times, the 

estimates of SRMT parameters were poor, but approach unity with a smaller cutoff value at later 

times. 

 Designing experiments to achieve the ideal sufficient experimental duration, and thus 

instrument resolution for accurate parameter estimation, is desirable but impractical for certain 

combinations of parameters. Parameter estimates relative to the input values do not improve 

monotonically with experimental duration and cutoff value of σb. For simulations 1 and 2, the 

porosity estimates relative to their inputs deviate both above and below unity (Figure 3.10). 

Additionally, for some cutoff values and experimental durations, the porosity estimates may be 

the same as the input values but then progressively worsen with increasing simulation time 

before improving again, re-approaching unity. Consequently, there is not any particular cutoff 

value, instrument resolution, or experimental duration that is sufficient to ensure accurate 

parameter estimation. The necessary resolution or experimental duration will depend on the 

instrument resolution and transport dynamics of the system.  
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Figure 3.9 The estimated relative to the input SRMT parameters are shown for different 

exponents, and thus averaging of the mobile and less-mobile domains. The dashed line shows a 

value of unity, indicative of perfect parameter recovery of SRMT parameters. Equation 3.12 is 

undefined for a value of p=0. 

 

 
Figure 3.10 SRMT parameters (θm, θlm, and α represented by blue circles, red triangles, and black 

squares, respectively) are estimated through temporal moments of σb and σf from equations 3.8-

3.10, and are shown relative to the input parameters for each of the DaIs for the first three 

simulations. A value of unity for perfect recovery of input parameters is shown as the gray 

dashed line. SRMT parameter estimates approach the input parameters with decreasing cutoff 

value and increasing simulation time. 
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3.6.3 Results for Geophysics-Specific Issues: Truncation of the σb Response, Simulations 4-

6 

 As with the single-rate simulations (simulations 1-3), we estimate the SRMT parameters 

using temporal moments of σb and σf at different cutoff values of σb and relate these estimates to 

the input parameters (simulations 4-6, Figure 3.11). The window of detection affects parameter 

estimation: at early times, the larger of the two bimodal mass transfer rate coefficients 

(corresponding with a greater DaI) more strongly controls the BTC, and thus estimates will be 

favored towards those faster (larger) α values, associated with the light gray dashed line in 

Figure 3.11. As the simulation progresses, the slower α (smaller DaI) controls the late-time 

tailing and estimates tend toward this parameter, associated with the dark gray dashed line. 

3.6.4 Results for Geophysics-Specific Issues: Truncation of the σb Response, Simulations 7-

9 

 At each of the cutoff values associated with experimental duration and instrument 

resolution, the SRMT parameters (θm, θlm, and α) are estimated from temporal moments 

 using σf and σb (equations 3.8-3.10). The results are shown in Figure 3.12, with α relative to the 

harmonic mean of the distribution. For all experimental durations and cutoff values, SRMT 

estimates fail to match the input porosities of a MRMT system. 

3.7 Discussion of Laboratory Tracer Test and Numerical Simulations 

 We performed a column tracer test on the zeolite clinoptilolite and estimated SRMT 

parameters. The estimated parameters were different depending on the method used for 

parameter estimation. In the column experiment, we assume that σf and σb are perfectly co-

located in both space and in time; however, σb may have a larger support volume thus resulting 

in measurements corresponding to different spatial scales with temporal smearing. Electrical 

geophysics in conjunction with fluid samples can aid in estimating SRMT parameters, but these 

SRMT parameters are different than what is estimated from water sampling alone and not 

necessarily an improvement if the model describing the physics of transport is incorrect. Some of 

the differences in estimating SRMT parameters may be driven by non-uniqueness of the model 

calibrations, but all of the estimated SRMT parameters are likely incorrect since MRMT is 

probable in these zeolites. MRMT may be likely for most complex systems. θlm may consist of 

both dead-end pore space and less-permeable zones such as clay lenses, and each of these less- 
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Figure 3.11 For each cutoff value, SRMT parameters (θm, θlm and α) are estimated through 

temporal moments of σb and σf from equations 3.8-3.10 for three different bimodal distributions. 

A value of unity (dark gray dashed line) represents perfect recovery of θm and θlm. The dark gray 

dashed represents the estimated α relative to the smaller of the two α values, and the light gray 

dashed line dashed represents the estimated α relative to the lager of the two α values. 

 

 
Figure 3.12 For each cutoff value, SRMT parameters (θm, θlm and α) are estimated through 

temporal moments from Equations 3.8-3.10 for three different bimodal distributions. θm and θlm 

are shown relative to the input parameters and α is shown relative to the harmonic mean of the 

distribution. Simulation 7 ended before the minimum cutoff value could be reached. 
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mobile zones may have different residence times and thus corresponding α values, implying 

MRMT. However, the SRMT is often used instead of a multirate description of α because the 

SRMT model is easy to implement and exists in many software packages. SRMT parameters 

cannot reproduce extensive power-law tailing at late-times. The assumption of SRMT in a 

MRMT environment may result in parameter estimates that have little connection to the physical 

properties of the medium, and the resultant estimated parameters will depend on the methods 

used in parameterization.  

 Careful selection of the transport model is essential for meaningful model parameters. 

Perfect instrument resolution may still result in incorrect estimated parameters if the model 

describing transport is incorrect, such as using SRMT models when MRMT is present. However, 

even incorrect models describing solute transport can still reasonably reproduce some of the 

input and observed BTCs including non-Fickian transport and tailing due to non-uniqueness of 

different parameter combinations. The choice of how reasonable (i.e., error tolerance) calibrated 

models predict future transport, however, is case-specific that will depend on the user and 

application [Konikow, 2010], and care must be taken when interpreting the physical basis for 

these calibrated parameters. 

 SRMT models cannot be upscaled to different flow conditions, whereas multirate models 

possibly can. However, determining the appropriate multirate α distribution is difficult, and may 

require multiple tracer tests at different flow conditions and DaIs to extend the window of 

detection. Therefore, whenever the SRMT is assumed true in field systems, extra care must be 

taken as different methods may yield different SRMT parameters. If SRMT is assumed and 

MRMT is occurring (a reasonable assumption for most cases), then the resulting SRMT 

parameters may have little value. 

 We explored the implications for SRMT parameter estimation of early truncation of 

BTCs for temporal moments of σb and σf. The effect of truncation is quickly reduced with 

increasing instrument resolution and thus simulation duration. Prior knowledge of a specific 

experimental duration or measurement resolution (most likely for σb) is ideal for parameter 

estimation. However, a single cutoff value is likely system dependent, depending on the flow 

conditions and residence times related to α. Estimates of θm and θlm relative to the input did not 

approach unity monotonically with increasing experiment duration. Therefore, no single cutoff 

value or experimental duration will result in perfect recovery of porosity estimates, but we show 
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the importance of high-resolution measurements. Extending a truncated BTC requires a priori 

knowledge of the shape of the BTC at late times, which can be assumed but not predetermined. 

Instrument resolution is not likely the main driver for the differences between the methods of 

estimating SRMT parameters in the zeolite column experiments, but complicates parameter 

estimation when the model describing transport is incorrect.  

3.8 Conclusions 

 SRMT is often assumed in field settings, and we explore the implications for assuming 

SRMT when MRMT exists. First, we perform a controlled laboratory experiment on the zeolite 

clinoptilolite, which has known mass transfer properties. Using different methods of parameter 

estimation (including two solute-only based methods and one solute and geoelectrical-based 

method), we estimate different SRMT parameters for the same laboratory experiment. We find 

that different methods result in different estimates of SRMT parameters, which may be driven by 

MRMT and a model that cannot fully describe transport the observed BTC response, and due to 

the different sensitivities of each of the methods of estimating SRMT parameters.  

 Numerical simulations are used to explore the implications of assuming SRMT in MRMT 

frameworks for different distributions of α. SRMT cannot reproduce the extensive power-law 

tailing observed with MRMT, and different methods of parameter estimation result in different 

SRMT parameters. Although model parameters may be related to physical properties of the 

system (e.g., θlm and less-connected pore space), if the selected model—i.e., SRMT—does not 

capture all of the physics—such as lognormal MRMT—then the resulting model parameters will 

have less connection to the physical properties they are supposed to represent. Although we 

focus specifically within a SRMT framework, our work extends to any calibration and estimates 

of model parameters that are believed to be related to physical properties: if the physical model is 

incorrect, the resultant model parameters may have little value, and may not serve as an 

approximation. For example, the estimated single-rate α is not the effective or harmonic mean α 

of the true, input distribution. Furthermore, the estimated porosities are generally not near the 

true input porosity values.  

 Our experiments and numerical simulations show that high-resolution measurements are 

important for accurate parameter estimation, and the necessary cutoff value for accurate 

parameter estimation is site-specific and dependent on experimental conditions. The most 

important key to successful model parameterization is selecting the initial selection of the correct 
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model of transport. Assuming SRMT when MRMT is likely occurring, or an incorrect 

assumption of the type of the MRMT distribution, may result in dramatically different SRMT 

parameters compared to the true values and compared to different techniques of estimating these 

parameters. 
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CHAPTER 4 

ANOMALOUS SOLUTE TRANSPORT IN SATURATED POROUS MEDIA: 

LINKING TRANSPORT MODEL PARAMETERS TO ELECTRICAL AND 

 NUCLEAR MAGNETIC RESONANCE PROPERTIES 

Modified from a paper submitted to Water Resources Research 

Ryan D. Swanson, Andrew Binley, Kristina Keating, Samantha France, Gordon Osterman, 

Frederick D. Day-Lewis, and Kamini Singha 

 The advection-dispersion equation (ADE) fails to describe commonly observed non-

Fickian solute transport in saturated porous media, necessitating the use of other models 

including the dual-domain mass transfer (DDMT) model. The parameters of this model are 

commonly transport-model calibrated, providing little insight into the relation between effective 

parameters and physical properties of the medium. There is a clear need for material 

characterization techniques that can be extended to the field scale and provide insight into pore 

spaces related to model parameters. Here we interpret nuclear magnetic resonance (NMR), 

direct-current (DC) resistivity, and complex conductivity (CC) measurements on column-scale 

samples within a DDMT framework. We use two different samples of the zeolite clinoptilolite, a 

material shown to demonstrate solute mass transfer due to a substantial intragranular porosity, 

and glass beads, as a reference. We estimate DDMT parameters via transport-model calibration 

of column-scale solute tracer tests. Comparison of NMR, DC resistivity, CC, and transport-

model calibration results reveals that grain size alone does not control transport and geophysical 

parameters; rather, the volume and arrangement of the pore space play important roles. NMR 

provides estimates of more- and less-mobile pore volumes in the absence of tracer tests, but these 

estimates depend critically on selection of a material and flow rate dependent cutoff time. 

Increased electrical connectedness correlates with greater mobile pore space determined from 

transport model calibration, and preliminary experimental results indicate that the appropriate 

cutoff time varies inversely with electrical connectedness.  

4.1 Introduction 

 The classical advection-dispersion equation (ADE) consistently fails to match 

breakthrough curve (BTC) data in many experimental settings. This failure has led to arguments, 

in part, for better estimates of the velocity field [Berkowitz et al., 2006]. Although new 

experimental methods have been demonstrated to estimate hydraulic conductivity, K [m s-1], with 
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a cm-scale vertical resolution using direct-push technologies [Butler. et al., 2007; Liu et al., 

2009, 2010a, 2013; Dogan et al., 2011; Bohling et al., 2012], the ADE may fail at predicting 

solute transport even if the K-field is well known [Major et al., 2011]. Tailing, or elevated late-

time concentrations relative to predictions based on the ADE, is observed at many field sites but 

cannot be easily explained even with an extensive understanding of the K-field; consequently, 

temporally and/or spatially nonlocal models have been developed to explain these non-Fickian 

observations [Berkowitz et al., 2002, 2006; Salamon et al., 2007; Neuman and Tartakovsky, 

2009; Zheng et al., 2010; Bianchi et al., 2011a; Benson et al., 2013]. Determining the parameters 

for these conceptual models based on material properties, without subjecting the material to 

tracer tests, is desirable but remains speculative [Benson et al., 2001; Schumer et al., 2003; 

Reeves et al., 2008; Zhang et al., 2009]. There is an increasing need to relate parameters 

estimated through model calibration to physical properties of the medium to provide adequate 

risk assessment in non-ADE-based models of contamination and remediation [e.g., de Barros et 

al., 2013], especially when time-intensive invasive tracer tests are not desirable. Here, we seek to 

identify mechanisms influencing non-Fickian transport that we can infer using geophysical 

methods. We focus on properties that may be more readily quantifiable by material 

characterization other than K, and we seek to relate these properties to parameters controlling 

non-Fickian transport.  

 The commonly used single-rate dual-domain mass transfer (DDMT) model partitions the 

total porosity into a mobile and less-mobile porosity. The less-mobile porosity accounts for 

unresolved geologic heterogeneities below the characteristic measurement scale, including 

regions of low permeability at the field scale [Feehley et al., 2000; Harvey and Gorelick, 2000; 

Liu et al., 2010b; Flach, 2012], or regions where transport is dominated by diffusion into 

intragranular pore space [Rao et al., 1980a, 1980b, 1982; Wood et al., 1990; Harmon and 

Roberts, 1994; Ewing et al., 2012]. The less-mobile porosity may capture, store, and release 

solutes, resulting in non-Fickian transport. Water samples collected through pumping are not 

representative of the less-mobile space because solutes in this pore space are slowly released 

through diffusion rather than advection. Direct sampling of less-mobile pore space is difficult 

without destructive coring and testing, and new methods are needed to characterize this pore 

space. 
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  Geophysical measurements including nuclear magnetic resonance (NMR), direct-current 

(DC), and complex conductivity (CC) are sensitive to properties such as porosity and K [Singha 

et al., 2007; Slater, 2007; Dlubac et al., 2013; Keating and Falzone, 2013], but relating these 

geophysical properties to transport properties within a DDMT framework has yet to be reliably 

demonstrated. Previously, Swanson et al. [2012] showed non-Fickian transport in column-scale 

solute tracer tests with the zeolite clinoptilolite. We aim to build on these experiments by 

considering additional zeolites with different mass transfer properties and exploring relations 

between conservative solute transport, geophysical measurements, and material properties. We 

evaluate NMR, DC, and CC measurements for investigating the less-mobile porosity for DDMT 

systems. 

 Here we: (1) analyze a porous media (two zeolites) with traditional laboratory material 

characterization methods, specifically scanning electron microscope (SEM), X-ray computed 

tomography (CT), and mercury (Hg) porosimetry; (2) perform column-scale tracer experiments 

in zeolites as well as a synthetic glass-bead reference material that does not exhibit mass transfer; 

(3) estimate DDMT parameters through transport-model calibration of BTC data; (4) collect 

static DC resistivity and CC measurements; and (5) identify aspects of non-Fickian transport 

related to our geophysical measurements. We conduct controlled laboratory experiments on 

homogenously packed columns to investigate the properties of saturated porous media that drive 

ADE-based models to perform poorly in describing non-Fickian solute transport. Specifically, 

we focus on characterizing the pore structure, including the intergranular and intragranular pore 

space, with geophysical measurements, and interpret this pore space within a DDMT framework. 

Our goals are to determine which features of non-Fickian transport can be readily detected by 

multiple geophysical techniques, to determine whether the fitted DDMT parameters are 

reproduced by any of the given geophysical measurements that are sensitive to the pore 

structures in saturated porous media, and to determine how to associate specific aspects of non-

Fickian transport with features revealed by geophysical measurements. We aim to identify 

correlations, if they exist, between geophysical properties and DDMT parameters such that 

transport characteristics may be constrained while avoiding invasive and time-intensive tracer 

tests. In the absence of such correlations, we aim to show the limitations of geophysical methods 

for estimates of DDMT parameters. 
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4.2 Theory and Background 

 We are interested in the worth of geophysical data to quantify the volumes of the mobile 

and less-mobile domains, and relate the geophysical measurements to properties that may control 

non-Fickian transport. Here we provide background information for the DDMT model, the 

geophysical methods, and material characterization tools used in this analysis. 

4.2.1 The DDMT Model 

 There are two equations necessary to describe the single-rate DDMT model, including 

one to describe bulk transport, and another to describe solute exchange into and out of the less-

mobile domain. The form presented by van Genuchten and Wierenga [1976] is: 

𝜃𝑚
𝜕𝐶𝑚

𝜕𝑡
+ 𝜃𝑙𝑚

𝜕𝐶𝑙𝑚

𝜕𝑡
= 𝜃𝑚𝐷

𝜕2𝐶𝑚

𝜕𝑥2 −𝜃𝑚𝑣
𝜕𝐶𝑚

𝜕𝑥
, (4.1a) 

𝜃𝑙𝑚
𝜕𝐶𝑙𝑚

𝜕𝑡
= 𝛼(𝐶𝑚 − 𝐶𝑙𝑚), (4.1b) 

where t is time [s], x is the spatial coordinate [m], θm and θlm are the mobile and less-mobile 

porosities (or domains) [-], respectively; Cm and Clm are the concentration in the corresponding θm 

and θlm [kg m-3]; D is the dispersion coefficient [m2 s-1]; v is the average pore water velocity [m s-

1] and α is the first-order mass transfer rate coefficient [s-1]. This formulation is for a 1D, 

spatially invariant pore-water velocity and dispersion coefficient– a reasonable assumption for a 

homogeneously packed column.  

 Advection may occur in θlm, but we assume advection rates in θlm are much less than in 

θm. Therefore, we advocate the term "less-mobile" instead of "immobile" to avoid confusion with 

a completely disconnected pore space, θdc [-], that does not contribute to transport or solute 

exchange but may contribute to electrical and gravimetric measurements.  

 There are two subtly different formulations of α, referred to as either "classic" or 

"alternate" [Ma and Zheng, 2011]. The difference is a consequence of dividing through by the 

dimensionless porosity term in Equation 4.1b, and the "alternate" α is the product of the "classic" 

α and θlm. We use the "alternate" form that is implemented in STAMMT-L [Haggerty, 2009].  

 The multirate mass transfer (MRMT) model [Haggerty and Gorelick, 1995; Haggerty et 

al., 2000] is a DDMT model that allows for a distribution of α. The MRMT is more geologically 

reasonable because multiple scales of heterogeneity are expected in natural media [Neuman and 

Di Federico, 2003] and provides a better fit to BTC data compared to a single-rate DDMT 

model. Many multirate distributions are possible and produce non-unique BTC responses; 
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consequently, we work within a single-rate DDMT model but interpret our results knowing a 

distribution of α is probable. 

4.2.2 Damköhler Numbers 

 Not all experimental conditions may result in tailing. The relative timescales of advection 

to mass transfer is given by the Damköhler number, DaI [Bahr and Rubin, 1987]:  

𝐷𝑎𝐼 =
𝛼(1+

𝜃𝑙𝑚
𝜃𝑚

)𝐿

𝑣
, (4.2) 

where L [m] is the distance away from the source where the solute concentration is measured. 

Solutes have insufficient time to enter into θlm if the advection timescale is relatively small 

compared to the timescale of mass transfer (e.g., under strong pumping), and little mass transfer 

may be observed. Conversely, for large advection timescales, Cm and Clm will remain in 

approximate equilibrium and little mass transfer will be observed. The tailing effects of mass 

transfer are most important for DaI near unity. Mass transfer is controlled by either slow 

advection or diffusion, depending on the DaI and Peclet numbers [Zinn et al., 2004], and tailing 

may be due to either diffusion into intragranular pores or exchange between preferential flow 

paths and θlm [Scheibe et al., 2013].  

 Tailing may be present for many experimental conditions due to MRMT. Each α in a 

multirate distribution will have a corresponding DaI for a given θlm, with some DaIs near unity 

[Haggerty et al., 2004]. As a result, tailing is commonly observed at different flow rates (varying 

v) and/or observations lengths (varying L). In a single-rate model, the transport-model calibrated 

best fit α may correspond to a DaI of near unity.  

4.2.3 Spherical-Diffusion Models 

 We focus our analysis within a DDMT framework, even though other models of solute 

transport may have physical connections to the pore properties of the media, including the 

spherical-diffusion model (SDM) [Goltz and Roberts, 1986]. Similar to the DDMT model, the 

SDM model tracks two concentrations: (1) the concentration in a mobile pore space, and (2) the 

concentration in the intragranular pore space. One advantage of the SDM includes the ability to 

reproduce BTC behavior for varying L and v, and thus, different flow conditions [Young and 

Ball, 1995]; whereas, the single-rate DDMT model may work effectively only for a range of DaI. 

Despite its intuitive appeal, the SDM does not provide a good fit to the transport behavior of the 

zeolites studied here. Whereas the SDM assumes intragranular porosity is entirely immobile, a 
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portion of the zeolite’s internal porosity appears to behave as mobile porosity. In the discussion, 

we discuss our evaluation of the SDM for our present work. We note that the SDM and the 

MRMT model (and other models non-Fickian transport) may prove advantageous for work on 

other materials and in future extensions of our approach; however, our present scope is limited to 

DDMT. 

4.2.4 Material Characterization 

 We consider three different material characterization methods to analyze the pore 

structure of the zeolites: SEM, X-ray CT, and Hg porosimetry. These standard characterization 

methods help guide our interpretation of geophysical measurements within a DDMT framework 

at the laboratory scale. We use SEM images and CT scans to provide qualitative information of 

the surface pore structures, and use Hg porosimetry to quantify the pore-size distributions [see 

Giesche, 2006].  

4.2.5 Nuclear Magnetic Resonance (NMR) 

 The NMR phenomenon is observed in atoms with unpaired protons or neutrons, which 

possess a nuclear spin angular momentum. These nuclear spins align when placed in a static 

magnetic field. The application of a secondary oscillating field moves the spins out of alignment 

with the static field; when the secondary field is released the spins return to equilibrium emitting 

a measureable signal. The transverse component (with respect to the static field) of the NMR 

signal, I(t), is described by a multi-exponential decay 

𝐼(𝑡) = 𝐼0 ∑ 𝑓𝑖𝑒−𝑡/𝑇2𝑖
𝑖 , (4.3) 

where I0 is the initial signal magnitude, i corresponds to each pore environment, and fi is the 

fraction of protons relaxing with a relaxation time, T2i [s]. I0 is directly proportional to the 

number of protons, and thus water content, relaxing in the measured volume. The sample's water 

volume can be estimated from I0 using an instrument specific calibration factor, and the total 

porosity can be determined by adjusting for the sample volume. The relaxation time distribution 

is given as fi versus T2i. Assuming fast diffusion and for homogeneous applied magnetic fields, 

the ith relaxation time value is given by [Senturia and Robinson, 1970; Brownstein and Tarr, 

1979]: 

1
𝑇2𝑖

⁄ ~ 
𝜌2𝑖

𝑎𝑖
⁄ , (4.4) 

where ai is the characteristic length scale [m] of the ith water-filled pore and 2i reflects the 

capacity of the pore surface to enhance relaxation. The T2-distribution has been shown to 
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correspond to the pore-size distribution for saturated porous media including: sandstone and 

carbonate cores [Straley et al., 1987; Arns, 2004]; silica gels [Valckenborg et al., 2001]; fused 

glass beads [Straley et al., 1987]; and unconsolidated sand and glass beads [Hinedi et al., 1993; 

Bird et al., 2005]. 

 The NMR relaxation time distribution is used to distinguish different porosity regimes in 

petroleum applications. The "producible" porosity, i.e., the porosity containing extractable fluids, 

can be distinguished from capillary-bound porosity by summing the relaxation time distribution 

above and below T2cuttoff [s], an empirically defined cut-off time [Timur, 1969]. However, the 

value of T2cuttoff depends on rock type and may be sample-specific: in carbonate cores T2cuttoff 

ranges from ~24 ms to greater than 400 ms [Westphal et al., 2005]. In sandstone cores, a 33 ms 

T2cuttoff is commonly used to distinguish producible from capillary-bound porosity, and a 3 ms 

T2cuttoff has been used to determine the clay-bound porosity, and cutoffs are based on an average 

pumping rate [Allen et al., 2000].  

 We postulate that NMR may provide an independent method for approximating θm and 

θlm, providing a direct connection between transport-model calibrated DDMT porosity 

parameters and measurable properties of the pore structure. Large intragranular pores associated 

with larger NMR relaxation times are expected to be active in advective transport and correspond 

to θm. Smaller intragranular pores associated with smaller NMR relaxation time scales may not 

contribute to advective transport and correspond to θlm. Selecting an appropriate cutoff time for 

each material is desirable: we estimate θlm using the NMR signal from 𝜃𝑙𝑚 = ∑ 𝑓𝑖𝑇2𝑖<𝑇2𝑐𝑢𝑡𝑡𝑜𝑓𝑓
 

and we estimate θm using the NMR signal from 𝜃𝑚 = ∑ 𝑓𝑖𝑇2𝑖>𝑇2𝑐𝑢𝑡𝑡𝑜𝑓𝑓
. However, the cutoff time 

used to divide the total porosity into either θlm or θm is not well defined; the empirical 33 ms 

cutoff time was weakly supported by a previous study [Swanson et al., 2012]. 

4.2.6 Direct-Current (DC) Resistivity 

 Static DC methods have been used to estimate pore-volume and grain-surface 

conductivity, the formation factor, F [-], and clay content [Archie, 1942; Klein and Sill, 1982; 

Revil et al., 1999]. We interpret porosity properties related to non-Fickian transport using static 

electrical measurements, and relate these measurements to transport-model calibrated DDMT 

parameters.  

 DC resistivity typically requires four electrodes to collect a measurement, including two 

electrodes to drive electrical current and two electrodes to measure the resultant electrical 
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potential difference. Ohm's law is used to estimate the resistance, R [Ω], and the apparent bulk 

resistivity, ρb [Ω m], is estimated as follows: 

𝜌𝑏 = 𝑘 ∙ 𝑅 (4.5) 

where k [m] is a geometric factor is controlled by the position of the electrodes and sample 

geometry. The inverse of ρb is the bulk apparent electrical conductivity, σb [S m-1]. F relates σb 

and fluid conductivity, σf [S m-1]: 

𝜎𝑏 =
1

𝐹
∙ 𝜎𝑓 + 𝜎𝑠 (4.6) 

where σs [S m-1] is the surface conductivity. Revil and Cathles [1999] advocate that F can be 

used as an inverse measure of the effective porosity, θeff [-], i.e.,  

𝐹 ≅
1

𝜃𝑒𝑓𝑓
. (4.7) 

F is defined by the total porosity and the cementation exponent, m [-], as given by: 

𝑚 = −
log 𝐹

log 𝜃𝑡𝑜𝑡
. (4.8) 

A value of 1.5 for m represents the analytical solution for perfectly packed glass spheres [Sen et 

al., 1981] and m is typically greater than 1.5 for consolidated media. We define the total 

gravimetric porosity, θtot [-], as the sum of θlm, θm, and θdc. However, θdc may be disconnected 

from transport yet electrically active. The electrical tortuosity, τ [-], depends on the arrangement 

of the pore space, and is defined as the product of F and θtot [Walsh and Brace, 1984; Nelson, 

1994]: 

𝜏 = 𝐹 ∙ 𝜃𝑡𝑜𝑡. (4.9) 

Even though the fluid-flow tortuosity and electrical tortuosity are not identical [Zhang and 

Knackstedt, 1995], we expect τ to positively correlate with fluid-flow tortuosity and both 

tortuosities to be dependent on the pore structure.  

 The static electrical response depends on the conduction pathways and can be 

quantitatively described in terms of connectedness, G [-], which describes the availability of 

transport pathways [Glover, 2009, 2010]:  

𝐺 =
1

𝜏
 𝜃𝑡𝑜𝑡. (4.10) 

G depends on both the amount (θtot) and the arrangement of the pores [Glover, 2010], and is 

equivalent to the inverse of F (c.f. equation 4.8). We focus on G as a measure of the electrical 
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connectivity within the porous medium and assume that the total porosity is the same as the 

gravimetric porosity, implying that θdc is electrically active. 

4.2.7 Complex Conductivity (CC) 

 Complex electrical conductivity (σ*) is a measure of a porous medium's ability to 

transport and store charge. The real component (σ’) of σ* represents the transport of charge 

under the influence of an electric field, whereas the imaginary component (σ”) is caused by 

polarization mechanisms. CC provides information about charge storage, which is typically 

attributed to processes occurring at or near the grain surface; as a result, CC may offer useful 

information about pore (or grain) surface area [Börner et al., 1996; Slater and Lesmes, 2002]. 

CC has been increasingly used for near-surface geophysical imaging including estimation of 

permeability [Slater and Lesmes, 2002; Slater, 2007; Revil and Florsch, 2010; Titov et al., 2010; 

Zisser et al., 2010], as well as sorption and detection of near-surface organic contaminants 

[Vanhala et al., 1992; Vaudelet et al., 2011].  

 The magnitude of σb and the phase shift between injected current and measured voltage 

signals can be converted to real and imaginary conductivity components. The CC spectrum is 

obtained by injecting current at different frequencies (typically in the range 1 mHz to 1 kHz). 

The spectrum of imaginary conductivity may be interpreted as a result of different electrical 

relaxation times caused by the diffusion of ions, bound to the material’s charged surface, back to 

their state of equilibrium following cessation of an applied electrical field. The long relaxation 

times may be sensitive to grain size because the dominant relaxation time for polarization along 

a grain’s boundary, τr [s], following, for example, Schwarz [1962], is related to the grain radius: 

𝜏𝑟 =
𝑅𝑔

2

2𝐷∗
 (4.11) 

where and Rg [m] is the grain radius and D* [m2 s-1] is a diffusion coefficient. 

 The CC relaxation times reflect the length scale (e.g., the grain boundary or pore length) 

of the polarization and a diffusion coefficient (controlled by the mobility of ions along the 

surface of the grain). The distribution of CC relaxation times provides insight into the length 

scales of intragranular electrical diffusion. Interpreted within a DDMT framework, these length 

scales may be related to length scales of diffusive mass transfer between θm and θlm, and thus 

provide laboratory estimates of α. 
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4.3 Methods 

 We selected two different samples of the zeolite clinoptilolite (Figure 4.1) for column 

experiments, referred to as zeolite A and zeolite B. Zeolite A consists of 0.25 to 2 mm grains, 

and zeolite B consists of 2 to 4.8 mm grains (Figure 4.1). These zeolites were sieved to control 

for the effects of sample chemistry or differences in surface conduction that would affect the 

geoelectrical response; different intragranular pore structures and pore volumes could lead to 

different θm, θlm, θdc, and α. Zeolite A was sieved to three different sizes (0.25-0.5 mm, 0.5-1 

mm, and 1-2 mm), and zeolite B was sieved to two sizes (2-3.35 mm and 3.35-4.8 mm) to 

differentiate the effects on mass transfer due to grain size and origin. We used synthetic 1.5 mm 

diameter glass beads with no internal porosity as a reference material exhibiting negligible mass 

transfer (Figure 4.1).  

 We collected standard material characterization measurements to link the porosity 

structure to the observed transient transport behavior. Hg porosimetry (Micromeritics Autopore 

IV 9500) was used to determine the distributions of pore-sizes in samples of the two (un-sieved) 

zeolites. CT scans were performed on dry zeolite samples placed in a 15 mm diameter plastic 

tube, and measurements were made with an X-TEK Benchtop CT160Xi scanner at 60 keV at 

approximately 340 μA, with 1567 images obtained around the center of rotation. Images were 

reconstructed using X-TEK reconstruction software producing a 3D image with a resolution of 

approximately 15 μm (Figure 4.1). SEM images were obtained using a Phenom Desktop SEM 

(Phenom World, Eindhoven, The Netherlands) with a resolution of 30 nm (Figure 4.1) for both 

the glass beads and the zeolites. All samples were sputter coated with a layer of gold 

nanoparticles prior to analysis to alleviate sample charging. 

4.3.1 Laboratory Experiments: Solute Tracer Tests 

 We selected 13-cm long and 3-cm diameter columns with an unpacked volume of 92 cm3 

for solute tracer tests (Figure 4.2). The columns were wet-packed, adding small amounts of 

material to a degassed water-filled column, followed by tapping on the sides and the top of the 

material for complete compaction. No air bubbles were visible in the columns. Solute tracer tests 

were conducted for each of the five sieved fractions of zeolites and for the glass beads. A 0.4 g 

L-1 (σf ~ 80 mS m-1) background NaCl solution was injected into the bottom of the column at a 

rate of 0.35 mL min-1 until the solution reached equilibrium, determined by no change in σf, and 

steady state flow conditions were obtained. The time to reach equilibrium is controlled by α, 
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which we do not know before transport-model calibration but attempt to measure with 

geophysical methods. Next, the injection line was switched to a continuous 0.35 mL min-1 stream 

of 1.15 g L-1 (σf ~ 230 mS m-1) NaCl tracer solution. Syringe pumps were used to inject the NaCl 

solutions at constant flow rate that was verified with volumetric checks of the column effluent. 

Every 30 seconds, σf was measured at both the inlet and outlet of the column using a flow-

through σf electrode (Microelectrodes, Inc.).  

 

Figure 4.1 The materials used varied in size and composition. The synthetic glass beads were 

used as a reference, and two zeolites were sieved to 5 different sizes. CT (A, B) and SEM (C-E) 

images show the different intragranular pore structures between the two zeolites and the lack of 

intragranular pore structures in the glass beads. CT scans include all of the sieved fractions. 

Zeolite B has large intragranular pores throughout the entire grain that have a low degree of 

connectivity, and zeolite A has a more diffuse pore distribution. 

 

 We assumed that the NaCl solution is chemically conservative and that there is no 

retardation from sorption; therefore, any anomalous transport of the NaCl is attributed to 

physical heterogeneities, including diffusion into and out of θlm. This assumption must be taken 

with caution when applied to the zeolite, although clinoptilolite is preferentially selective 

towards Ca2+ over the tracer cation, Na+ [Hulbert, 1987]. Retardation due to sorption would 

delay the tracer arrival and result in a greater estimated θm.  
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Figure 4.2 Solutes were injected into the base of the column, and σf was monitored at the bottom 

and the top of the column. Spiral current electrodes were at the top and bottom of the column, 

and two non-polarizing electrodes were used to measure the potential difference. Syringe pumps 

(not pictured) were used to control the flow rate. DC and CC measurements were collected 

before and after tracer tests; NMR and material characterization were completed on samples 

packed in separate sample holders. 

 

4.3.2 NMR Measurements 

 Samples were prepared for NMR measurements by separate packing into Teflon 

containers using the same methods as described in Section 2.1 of Swanson et al. [2012]. After 

packing, the sample holders were vacuum-saturated in a 0.01 mM NaCl solution as described in 

Keating and Knight [2010]. Following saturation, the zeolite packed sample holder was left 

submerged in the saturating fluid for one week, after which we assumed equilibrium had been 

reached and the sample was fully saturated. Prior to NMR measurements the sample holders 

were covered with parafilm to prevent evaporation.  

 NMR relaxation data were collected with a 2 MHz Rock Core Analyzer (Magritek Ltd) 

using a CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence. Forty data points were obtained at 

each echo in the CPMG pulse sequence. Data were collected at an echo time of 200 s; 50000 

echoes were collected for a total scan time of 10 s. The data were stacked 32 times such that the 

signal-to-noise ratio was greater than 200 for each measurement. A relaxation delay time of 10 s 

was used for each measurement to ensure that the samples returned to thermal equilibrium 
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between each scan. The measurements were repeated in triplicate and all measurements were 

collected at the standard operating temperature of the instrument (30C). 

 The relaxation time distribution for each NMR data set was determined using a non-

negative least squares inversion with Tikhonov regularization as described by Whittall et al. 

[1991]. NMR data sets with more than 5000 data points were logarithmically subsampled to 

5000 data points to improve the speed of the fitting algorithm. The subsampled data were then fit 

to a distribution of 160 exponentially spaced T2-values ranging from 0.1 ms to 10 s. For each 

data set, the regularization parameter was selected using the L-curve criterion. 

4.3.3 Direct-Current (DC) Resistivity Measurements 

 DC resistivity measurements were performed using a high-accuracy electrical impedance 

spectrometer described in Zimmermann et al. [2008]. Two non-polarizing 0.8 mm Ag-AgCl 

potential electrodes were placed at the sides of the column at 4.5 and 8.5 cm from the base of the 

packed sample. Two stainless-steel current electrodes were installed in spiral configurations (see 

Figure 4.2) at the ends of both columns separated by 17 cm, with a 2 cm gap between the packed 

material and the current electrodes filled by a plastic porous disc. The porous disc dispersed the 

flow evenly across the column end cap and prevented the material from escaping out of the 

column. We measured σb of the saturated, packed column at seven different σf (approximately 

70, 110, 155, 200, 530, 1000, and 1600 mS m-1). Measurements were collected at steady state 

flow conditions and equilibrium concentrations. 

4.3.4 Complex Conductivity (CC) Measurements 

 CC measurements were collected using the same non-polarizing potential electrodes as 

the DC resistivity measurements outlined in the previous section. Measurements were made at 23 

frequencies in the range from 2 mHz to 14 kHz and were collected before (σf ~ 80 mS m-1) and 

after (σf ~ 230 mS m-1) tracer tests. Triplicate spectra were obtained and the average spectra were 

modeled using the Debye decomposition approach of Keery et al. [2012] to determine a 

distribution of CC relaxation times, in contrast to the Cole-Cole model [Cole and Cole, 1941].  

4.4 Results 

 First, we present the results of the material characterization methods. Then, we analyze 

the tracer test and transport-model calibrated DDMT parameters. Next, we incorporate the DC, 

CC, and NMR measurements, and use these data to partition the pore structure into θm, θlm, and 

θdc. 
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4.4.1 Material Characterization 

 CT (Figure 4.1 A-B) and SEM (Figure 4.1 C-E) images of both zeolites reveal an 

intragranular porosity component. Gravimetric porosity measurements for zeolites A and B are 

similar (0.64 to 0.68, Table 4.1). Hg porosimetry reveals information about the largest opening to 

a pore (Figure 4.3). The lower limit and upper resolution limits are approximately 0.03 and 700 

μm, respectively. We assume pore sizes larger than the upper limit correspond with θm [Nimmo, 

2004]. 

4.4.2 Tracer Tests and Solute Behavior 

 We use STAMMT-L to simulate our tracer experiments and the parameter estimation 

software PEST [Doherty, 2010] to transport-model calibrate the dispersivity and the single-rate 

DDMT parameters (θm, θlm, and the single α), listed in Table 4.1. The 95% confidence intervals 

are within 1% for all porosity values. The transport-model calibrated dispersivity ranged from 

1.5 to 4.7 mm. The best-fit simulated BTCs are shown next to the observations in Figure 4.4. The 

advection timescale is inversely proportional to θm, so faster arrival times indicate a smaller θm. 

The mean arrival time value is strongly controlled by θm so our analysis has greater sensitivity to 

this parameter [Ciriello et al., 2013] , whereas the shape of the BTC is not sensitive to slight 

changes in θlm. 

 Both zeolites have similar θm and θlm across all their sieved fractions as estimated from 

PEST. Both zeolites have some θdc determined by the difference in transport and gravimetric 

porosity (Table 4.1). Zeolite B has a smaller θm and greater θlm compared to zeolite A (e.g. 

Figure 4.3). The transport-model calibrated estimates of θm, θlm, and α indicate no substantial 

trends of DDMT parameters within the sub-fractions of each zeolite. Zeolite A has a longer 

residence time than zeolite B because α is inversely proportional to the residence time of solutes 

within θlm [Haggerty et al., 2000]. The glass beads have little tailing or mass transfer compared 

to the zeolites.  

4.4.3 Nuclear Magnetic Resonance 

 The NMR relaxation time distributions and cumulative NMR relaxation time 

distributions, shown respectively in Figures 4.5 and 4.6, are strongly dependent on material type. 

The NMR relaxation time distribution for the glass beads is dominated by a large peak at long 

relaxation time that is assumed to correspond to intergranular pore water, and there is little 

response at shorter NMR relaxation times. This response is as expected since there is no   
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Table 4.1 The transport, NMR and DC results. The blue and red entries correspond to θm and θlm 

estimates, respectively. The entries with a gray background correspond to all of the porosity 

estimates. 

 
 

 

 

Figure 4.3 The results of the Hg porosimetry data show the cumulative porosity distribution from 

approximately 0.01µm up to 700µm for unsieved samples of zeolites A and B. The average 

difference between the transport and gravimetric porosity for the two zeolites, θdc, is not active 

for transport. Using the cumulative porosity distribution, this θdc corresponds to a pore diameter 

of approximately 0.08 µm for both materials. Cutoff values for θm and θlm are based on transport-

model calibration. Zeolite A has a wider range of pore-sizes that act as θm. 
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 intragranular porosity in the glass beads. Conversely, for zeolite A and zeolite B, relaxation 

occurs with both long and short relaxation times. Zeolite A has a larger portion of the relaxation 

occurring between 10-3 and 10-2 s and a more continuous distribution of NMR relaxation times 

than zeolite B. Zeolite B exhibits multiple discrete, isolated peaks. 

 The ideal NMR cutoff times that match the transport-model calibrated θm and θlm (Figure 

4.5) are determined by first fitting the θm assuming the largest relaxation times and pores are 

mobile, then fitting θlm assuming shorter times are less-mobile and finally assuming the rest of 

the signal corresponds to θdc. These estimated cutoff times are approximately 3 ms in zeolite A, 

but are near 1.5 s in zeolite B. The NMR relaxation time 

 distribution is more multimodal in zeolite A than B, and slight changes in the cutoff time used 

for zeolite B may not have large changes on the estimated θm and θlm, whereas the zeolite A has a 

more continuous distribution; consequently θm and θlm are more sensitive to the cutoff time 

selected for zeolite A. 

 

 

Figure 4.4 Best-fit simulations (solid lines) and observations (symbols) for the glass beads and 

one of each of the zeolite sub-fractions, with a subset showing the response in log-log space. The 

three different materials used have different BTC responses, indicating different mass transfer 

properties. The sieved sub-fractions for each zeolite have a similar BTC, so only a representative 

BTC is shown for σf every 150 s. Early arrival is indicative of a smaller θm. The effect of mass 

transfer appears in the two zeolites as tailing and the gradual increase in normalized σf until the 

input σf is reached. 
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4.4.4 Direct-Current Resistivity 

 We measured σb at various σf (Figure 4.7) to estimate geoelectrical parameters related to 

the porous structure and transport behavior. The slope and vertical axis intercept of σf versus σb 

are determined using a least-squares fitting approach to estimate the formation factor F (the 

inverse of the electrical connectedness G) and the surface conductivity σs, respectively (equation 

4.6). The DC resistivity results are listed in Table 4.1. For the DC resistivity results, we focus 

primarily on G, which is a function of both the electrical connectivity and volume of the pore 

space (equation 4.10). G is greater in zeolite A compared to zeolite B, indicating a greater degree 

of connectedness. 

4.4.5 Complex Conductivity 

 The spectra of electrical relaxation times from the Debye decomposition (Figure 4.8) 

show an increase in polarization (expressed here as chargeability) at greater CC relaxation times 

for the zeolites. There is a distinct peak in the CC relaxation time distribution for the two finest 

sub-fractions of zeolite A, and a continuing trend in CC peak relaxation time with grain size for 

all zeolites. However, it is apparent from Figure 4.8 that the two zeolites have contrasting 

polarization contributions at smaller CC relaxation times, and such differences appear 

independent of grain size. All sub-fractions of zeolite A show similar polarization at the small 

CC relaxation times, and the value is much greater than that of zeolite B.  

4.5 Discussion 

 We collected measurements on porous media using standard material characterization 

methods, but these data have limited information for predicting solute transport within a DDMT 

framework. We built upon these standard techniques by incorporating static NMR, DC 

resistivity, and CC measurements and interpret these measurements along with transport-model 

calibrated DDMT parameters to evaluate the worth of these geophysical measurements. A 

summary of the results is shown in Figure 4.9, which relates the transport, geophysical and 

material characterization methods used here. 

 The extension of our results to field experiments is subject to complications including 

possible low permeability zones that behave similarly to θlm, heterogeneities of K, θ, σb, and σf, 

and mineral composition. Field-scale measurements of σb can be used to estimate G to determine 

different zones of high and low connectivity and potential regions for mass transfer. 
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Figure 4.5 (A) The schematic shows an idealized NMR relaxation time distribution dominated by 

two distinct peaks that would correspond to θm or θlm, given by a single cutoff time. In the 

subsequent subplots (B-G), the NMR relaxation time is shown for each of the samples. The 

transport-estimated best fit θm and θlm are shown as blue and red lines, respectively, with 

associated error bars assuming a 1% error in the transport-model calibrated θm and θlm. 
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Figure 4.6 The NMR relaxation time distribution, converted to cumulative porosity, for each of 

the zeolites and the glass beads. The glass beads have little response for shorter relaxation time 

scales. 

 

 

Figure 4.7 The measured σb and σf for the glass beads and a representative sample of the two 

zeolites, and a best fit of equation 4.6 for each. 
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Figure 4.8 The CC spectra from Debye decomposition. The response at larger CC relaxation 

times is controlled by grain size, whereas the response at smaller CC relaxation times 

corresponds to a difference in the pore structures. There is a distinct difference between the two 

zeolites for the smaller CC relaxation time distributions. 

 

 

 

Figure 4.9 A simplified summary of the contrast in properties between zeolite A and zeolite B. 

Zeolite A has smaller and more continuous distribution of pores along with a larger G; zeolite B 

has larger, isolated pores and a smaller G. The difference in pore structure between these two 

zeolites and thus G may guide the appropriate cutoff time to estimate θm and θlm from the NMR 

relaxation time distributions. The gray, red and blue correspond to θdc, θlm, and θm, respectively. 
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4.5.1 Transport-Model Calibration of DDMT Parameters 

 Tracer tests on both zeolites exhibit non-Fickian BTCs that could not be fit using the 

ADE. Zeolite A and B were sieved to identify possible correlation between grain size and 

DDMT parameters. The substantial differences in each of the DDMT parameters between zeolite 

A and B are attributed to the unique intragranular pore structure of the two zeolites given their 

different origins, rather than grain size (Table 4.1). Although the BTC for the glass beads 

indicate negligible mass transfer, PEST yields non-zero α and θlm because of the additional free 

parameters in the DDMT model. We expect little mass transfer to be occurring in the glass beads 

and attribute non-zero θlm and α to non-uniqueness and possibly a minor mass transfer 

component. Any sorption resulting in retardation would delay the arrival of tracer and may result 

in an overestimation of θm; however, we do not expect significant retardation in our tracer tests. 

 The total gravimetric porosity is similar for the two zeolites, and the lack of large, 

isolated pores in zeolite A compared to zeolite B implies a well-connected intragranular pore 

network in zeolite A. The transport-model calibrated total porosities from the tracer tests are less 

than measured gravimetric porosities, indicating that some of the porosity may not be active for 

transport. Either (1) this fraction of porosity is θdc such that advection, diffusion and solute 

exchange do not occur in these pores, or (2) the rate of solute exchange is so slow relative to 

advection that there is not sufficient time for mass transfer, corresponding with DaI<<1. 

Consequently, Hg porosimetry and NMR may be sensitive to this saturated pore space, but our 

transport-model calibrations are not.  

 The pore size for θdc is approximately 0.08 µm for both the zeolites based on the pore-

size estimates from Hg porosimetry (Figure 4.3). These small pores may not actively contribute 

to advective transport or solute exchange to affect transport. The pore-size threshold that 

separates θlm and θm (determined by the sum of θlm and θdc) corresponds with pores greater than 

0.3 µm and 3 µm for zeolite A and B, respectively (see Figure 4.3). θlm in zeolite B consists of 

larger pores and spans a wider pore-size distribution than zeolite A. The 0.3 to 3 µm pore-size 

range that is θm in zeolite A is θlm in zeolite B. Most of the intergranular porosity is θlm; however, 

some is likely θm. 

 We estimated transport parameters for a single-rate DDMT model. Repeating the 

experiment at flow rates orders of magnitude faster and slower will result in different flow 

conditions that may reveal MRMT behavior, but repeating the experiments at different flow rates 
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poses additional challenges with experimental setup and instrument resolution. At faster flow 

rates, the temporal resolution decreases and the full effect of tailing may not be captured. At 

slower rates, the tailing and experimental duration are prolonged, and the effects of possible 

instrumentation drift of the σf signal are magnified, reducing the resolution of tailing. 

4.5.2 Nuclear Magnetic Resonance 

 The shape of the distributions (Figure 4.6) implies that zeolite A has a more continuous 

pore-size distribution compared to zeolite B. The NMR-estimated and gravimetric porosity are 

greater than the transport total porosity, indicating a θdc component. The total porosity 

determined by the sum of transport-model calibrated θlm and θm may not be the same as the 

gravimetric porosity because the saturated portion of θdc does not contribute to transport. A 

single NMR cutoff time may not be feasible to estimate θm and θlm from the NMR data for these 

zeolites as the cutoff values are likely flow rate dependent and may vary with the connectedness 

of the pore structures, which are material dependent. Another cutoff time may be needed to 

account for the saturated θdc that does not contribute to transport but is sensitive to NMR and 

gravimetric measurements. NMR is not sensitive to the connectivity of the pores, so large, 

disconnected may be interpreted as θm and small pores active for advection may be interpreted as 

θlm. 

 Hg porosimetry combined with NMR can provide additional details on the porous 

structure. The Hg porosimetry measurements are sensitive to the largest entrance to a given pore, 

rather than the diameter of the pore beyond the pore entrance. As a result, small pore openings 

that lead to large inner pore diameters may be missed with this method. Small intergranular pore 

spaces where two larger grains are touching are still in direct connection to larger intergranular 

pore spaces; consequently, relaxing protons would diffuse between the pores and average over 

the entire connected pore space that would be captured through NMR. The net effect would 

result in the smaller portion of the larger pore appear similar to the larger pore as a whole. This is 

in contrast to small, disconnected intragranular pores which are not well-connected to the rest of 

the connected pore network. Direct translation of NMR relaxation time distributions to pore size 

distributions is difficult, so direct comparison between the two methods is not limited. 

 A cutoff time to separate NMR relaxation time distribution into estimates of θm and θlm 

may be flow rate and thus DaI dependent. Although the cutoff time for θdc may change between 

samples, the cutoff time may be controlled by a minimum pore-size if we assume θdc corresponds 
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to the smallest pores, and this volume and threshold can be measured through Hg porosimetry. 

Slight changes in the NMR relaxation cutoff time selected may not translate to significant 

changes in the estimated θm and θlm for cutoffs near low signal intensity. NMR estimates of 

bound and producible pore volumes may provide limited, albeit useful, insight into θm and θlm for 

predicting transport behavior. 

4.5.3 DC Resistivity 

 G is given as the product of θtot and the inverse of τ, and is used to describe the porous 

network and potentially be used in NMR analysis. Specifically, DC resistivity measurements, 

including G, provide indicators of the connectedness of the porous media, which may correlate 

with a more continuous pore-size distribution. G is greatest for zeolite A, indicating a higher 

potential for connected pathways between more and less-mobile domains (Table 4.1). The 

greater G in zeolite A compared to zeolite B indicates that smaller pores in zeolite A advect 

solutes, consistent with the smaller threshold for θm from the Hg porosimetry data in Figure 4.3. 

The difference between gravimetric porosity and total transport-model calibrated porosity 

(θlm+θm) is greater for the zeolite B than zeolite A, indicating greater θdc, which is consistent with 

a smaller G in this zeolite compared to zeolite A. 

 The Hg porosimetry data reveals that zeolite A has smaller pores that contribute to 

advective transport and a greater value of G compared to zeolite B. NMR does not account for 

pore connectivity, but increased electrical connectivity correlates with greater transport-model 

calibrated θm. For homogenous systems, G may be inversely correlated with NMR relaxation 

time cutoffs to provide constrains on θm and θlm. Some of the intragranular pore space is likely θm 

depending on the connectivity of these pores. If large and small pores are not connected, then a 

larger cutoff value may be needed. Conversely, if small pores are well-connected, then shorter 

cutoff times may be needed to estimate θm and θlm. In the absence of other material 

characterization or geophysical data, G may provide only relative indicators of θm; other 

information is required to infer this parameter. 

 We use the DC resistivity data to interpret the NMR relaxation time distributions. Zeolite 

A has a shorter NMR relaxation time cutoff based on transport estimates of θm and θlm (Figure 

4.5). In this zeolite, Hg porosimetry reveals that smaller pores contribute to advective transport 

(Figure 4.3). We propose that the internal porous network of zeolite A is more continuous with 

smaller pores because the NMR relaxation time distribution is more continuous (Figure 4.6) and 
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G is larger (Table 4.1), but the distribution may be affected by the choice of smoothing 

parameter for the NMR relaxation time distributions. Increased pore space active for advective 

transport shifts the cutoff towards smaller NMR relaxation times because the NMR relaxation 

time distribution is controlled by pore-size distributions. The internal pores are relatively large 

and isolated in zeolite B than in zeolite A as shown in the CT images, which correspond with 

NMR relaxation time distributions dominated by a large intragranular response at larger NMR 

relaxation times and isolated smaller intragranular responses at shorter NMR relaxation times. 

 For both zeolites and the glass beads, σs is small (Table 4.1), consistent with the absence 

of clay minerals in these materials as indicated by X-ray diffraction measurements [Swanson et 

al., 2012]. Consequently, we expect σs to have little impact on our interpretation NMR or CC 

measurements. 

4.5.4 Complex Conductivity 

 CC peak relaxation times show a clear trend of maximum chargeability with increasing 

grain size, consistent with equation 4.11. If the peak chargeability response is controlled by grain 

size, then the faster CC relaxation times correspond with a shorter length scale and must be due 

to (possibly intragranular) sub-grain scale polarization mechanisms. Zeolite A has a greater 

contribution to total polarization from shorter length scales than zeolite B (Figure 4.8). However, 

there is no clear trend between CC relaxation time and α (the residence times in θlm). 

Consequently, we conclude a null hypothesis given our expectations: the length scales of 

intragranular electrical polarization do not appear to be directly related to length scales of 

diffusive mass transfer or residence times from θm to θlm. 

4.5.5 Applications of Geophysical Measurements 

 The inability to model non-Fickian transport may be a result of the difficulty to fully 

determine the spatial variability of the velocity field. Conventional sampling methods, including 

in-well measurements, are expensive, invasive, and only provide high-resolution measurements 

in the vertical direction. Consequently, perfect knowledge of the velocity field is not obtainable, 

and predictions of solute fate and transport are limited. Geophysical methods, including NMR 

and DC resistivity, allow for a non-invasive approach to quantify the variability of the subsurface 

and can be collected at the field scale without the need for time-consuming, invasive tracer tests. 

As previously noted, these geophysical measurements may be sensitive to hydrogeologic 
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parameters such as K, but here we focus measurements on the pore structure that include less-

mobile regions that may drive non-Fickian transport.   

 The role of the pore structure is critical for anomalous transport, yet difficult to 

determine. Some pore space serves as a solute sink at the early times of tracer tests, and later the 

slow release from this pore space drives non-Fickian transport including tailing. Here, we focus 

on collecting static, non-invasive geophysical methods before tracer tests, and show that DC 

resistivity measurements combined with NMR may be useful for estimating the connectedness of 

the pore structure. The complex pore structure in these homogenously packed columns is the 

main driving force for non-Fickian transport. Given that science benefits from clear negative 

statements, we show that, in this example, CC relaxation times do not correspond with residence 

times in θlm. We note some limitations of static geophysical methods to infer information about 

the pore structure, including directly relating these geophysical measurements to the volume of 

θm and θlm. 

 Other geophysical approaches not covered in this work, including time-lapse electrical 

measurements, likely provide the most useful information regarding solute transport [Binley et 

al., 2010]. Time-lapse geophysical signals may be useful for estimating DDMT parameters 

including α [Day-Lewis and Singha, 2008; Briggs et al., 2013]. While static electrical 

measurements can be used to help predict solute transport, time-lapse electrical measurements 

can be used for in-situ monitoring of the movement of solute particles through time, including 

diffusion into and out of less-mobile pore spaces [Singha and Gorelick, 2006; Singha et al., 

2007, 2008; Wheaton and Singha, 2010; Swanson et al., 2012; Briggs et al., 2013]. However, 

time-lapse measurements may require the use of invasive tracers, whereas the static methods 

presented were collected before injection of any tracer. Time-lapse measurements provide 

valuable complementary information to static measurements for prediction of solute fate and 

transport. 

4.5.6 Spherical Diffusion Model 

 We transport-model calibrate the SDM parameters using PEST, matching the flow 

conditions for the column experiments and using the median grain radii for each of the sieved 

fractions. The estimated porosities from the calibrated model exceeded the gravimetric porosity 

for both zeolites A and B, resulting in a non-physical description of the pore space. The mobile 

and less mobile porosity for zeolite B (2 to 3.35 mm) was 0.43 and 0.82, respectively, and for 
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zeolite A (0.5 to 1 mm) was 0.52 and 0.50, respectively. Whereas the SDM assumes that 

intragranular porosity is effectively immobile, advective transport likely occurs within a well-

connected portion of the intragranular pore space of these zeolites. As a result, the SDM model 

does not adequately describe the primary mechanism for solute transport (advection) for the 

zeolites. Consequently, we focus exclusively on the DDMT model because geophysical 

measurements have been shown to be sensitive to solutes in θm for time-lapse monitoring 

[Singha et al., 2007; Swanson et al., 2012] but little work has been done exploring the relation of 

static geophysical measurements to DDMT parameters without subjecting the material to 

invasive tracer tests. 

4.6 Conclusions 

 We presented column-scale tracer tests, material characterization and geophysical data 

collected on two zeolites and a glass-bead reference to explore relations between intragranular 

pore structures and parameters driving anomalous, non-Fickian solute transport in saturated 

porous media, and interpret our results within a DDMT framework. The zeolites have mass 

transfer properties that cannot be explained using the ADE, but can be simulated using a single-

rate DDMT model. Through model calibration, we estimate different θm and θlm for the two 

different zeolites, and a longer solute residence time in the zeolite A. Tracer tests and model 

calibration on sieved fractions of the zeolites indicate that the best fit DDMT parameters are not 

controlled by grain size. Our results can be summarized in the following major conclusions: 

 (1) The ADE-based model does not account for different pore structures with different 

degrees of connectivity, and the resulting exchange of solutes between θlm and θm may drive non-

Fickian transport observed at many field sites. The DC-resistivity derived estimates of G are 

representative of transport connectivity. The increase of the connectivity of the pore structure 

may result in smaller θm advecting solutes that may otherwise be less connected and behave as 

θlm. Connected pores may allow for solutes to exchange into and out of θlm. This increased 

connectivity may result in longer solute residence times in θlm, and is a potential source for 

tailing. 

  (2) Estimates of G appear to be inversely related to the ideal selection of an NMR 

relaxation cutoff time to partition the porosity into and constrain θm and θlm for homogenous 

materials for certain flow conditions. The cutoff time to separate θm and θlm may be controlled by 

the arrangement of the pore space, with a larger NMR relaxation time cutoff required if the pore 
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structure is more connected (larger G). Different NMR relaxation cutoff times are needed to 

match the porosities estimated from transport, implying that cutoff times are material specific 

and related to the pore structure rather than grain size. The cutoff time that separates θdc and θlm 

may be the similar for multiple materials and controlled by a minimum pore-size threshold. 

NMR measurements may provide valuable, low-cost information prior to, or in the absence of, a 

tracer test. NMR measurements can be collected in situ at the field scale in conjunction with 

electrical measurements.  

 (3) Contrary to our expectations, CC measurements did not correlate with α and thus did 

not correlate with the residence times within θm as we previously expected. At larger CC 

relaxation times, the polarization response is dominated by grain size. At shorter CC relaxation 

times, there is a substantial difference between the polarization response between the zeolites 

that cannot be attributed to a grain size effect alone. Relations between these observations of the 

porosity structure and our transport observations within DDMT framework were unclear, and CC 

may be controlled by other hydrogeologic parameters not related to DDMT [see, for example, 

Slater, 2007]. 

 The aim of this paper was to provide experimental methods, results, and observations for 

measuring and characterizing the pore structures of porous media that may drive non-Fickian 

transport that cannot be described by ADE-based models of solute transport. Here we (1) 

estimated transport-model calibrated DDMT parameters through column-scale solute tracer tests 

for materials that exhibit mass transfer, and (2) assessed laboratory-based material 

characterization techniques (Hg porosimetry, SEM images, and CT scans) along with laboratory 

and field-scale geophysical methods (NMR, DC resistivity, and CC) within a DDMT framework 

to provide the underlying pore structure that results in anomalous solute transport that cannot be 

explained with the ADE. These material characterization methods and geophysical 

measurements were conducted prior to the tracer tests. Based on our results, NMR and DC 

resistivity measurements have potential to describe features of the pore structure that may drive 

tailing and can be applied at the field scale. CC measurements, however, appear to provide less 

information about DDMT parameters, and we conclude that, at least for the zeolites considered, 

CC response is controlled by properties unrelated to DDMT. Our findings point to the potential 

of geophysical and material characterization methods to provide useful insight into the 

controlling factors of anomalous solute transport. 
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CHAPTER 5 

CONSTRAINTS FROM ELECTRICAL GEOPHYSICS ON FIELD-SCALE MODELING OF 

NON-LOCAL SOLUTE TRANSPORT 

The Macrodispersion Experiment Site in northeastern Mississippi site has been the subject of 

numerous tracer tests and is composed of a shallow, highly heterogeneous unconfined aquifer of 

poorly to well-sorted sand interbedded with silts and gravel. In October 2009, a doublet tracer 

test was performed by injecting NaCl solution into a well and extracting groundwater at an equal 

rate 6.2 m down gradient. The tracer was monitored to 12 m depth using 34 sampling points in 

seven multi-level sampling wells for 100 hours. 10,958 high-resolution hydraulic conductivity 

(K) data were collected using direct-push techniques in four wells surrounding the injection and 

extraction wells. Electrical resistivity boreholes were co-located with the K data, allowing the 3D 

inversion images of resistivity between the wells to be converted to a 3D K-field via empirical 

relationships. Breakthrough histories in both fluid and electrical conductivity measurements 

show a heterogeneous pattern of tracer arrival times and long tails at most depths. A series of 

realizations of the K-field are generated using (1) an empirical relationship between electrical 

conductivity and K, (2) ordinary kriging of K, and (3) sequential Gaussian simulation of K to 

evaluate the worth of geophysical data for constraining transport. The stochastic simulations 

assume advective-dispersive transport, while the deterministic methods assume transport within 

a single-rate dual-domain mass transfer framework. We compare the modeled results to the 

observed fluid conductivity in multiple wells at different depths. Our results show that transport 

within ordinary kriging K-fields based on K measurements in 19 wells is similar to transport 

based on the empirical relation between electrical conductivity and K from only four wells. 

Electrical methods may be able to detect solute transport in preferential pathways or less-mobile 

zones that would be missed through conventional sampling methods.  

5.1 Introduction 

 The Macrodispersion Experiment (MADE) site on the Columbus Air Force Base in 

Columbus, Mississippi is known for its highly heterogeneous unconfined fluvial aquifer and has 

been the subject of numerous tracer tests for over the last two decades [see Zheng et al., 2010; 

and Bianchi et al., 2011, for a review]. The natural log of the variance of hydraulic conductivity 

(K) at this site has been reported as 4.5 cm s-1 based on extensive flowmeter data [Rehfeldt et al., 

1992], compared to 0.38 cm s-1 for the Borden aquifer [Sudicky, 1986] and 0.24 cm s-1 for the 
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Cape Cod aquifer [Hess et al., 1992]. Debates over conceptual models and controls of solute 

transport persist at this site despite a well-characterized K-field and an extensive multi-level 

sampling network to capture breakthrough curves (BTCs) with high temporal and spatial 

resolution [Boggs et al., 1992b; Harvey and Gorelick, 2000; Salamon et al., 2007; Zheng et al., 

2010; Bianchi et al., 2011a]. Given the estimated velocity field, tracer arrives earlier than 

predicted from the classic advection-dispersion equation (ADE) and mass balance based on the 

ADE overestimates the amount of tracer recovered at early times and underestimates the mass 

recovery at late times [Harvey and Gorelick, 2000].  

 Numerous arguments show that the ADE cannot account for the anomalous transport 

behavior at the MADE site [Boggs et al., 1992b; Harvey and Gorelick, 2000; Zheng et al., 2010; 

Bianchi et al., 2011a]; while some indicate that it can [Barlebo et al., 2004]. The uncertainty in 

predicting solute transport at this site is believed to stem in part from the limited knowledge of 

the heterogeneities, both between wells where heterogeneities are not sampled, and in-well 

where heterogeneities may be smaller than the sampling volumes. Small-scale heterogeneities 

and preferential flow paths in the field may cause non-Fickian, non-local transport, which cannot 

be explained using the ADE. However, laboratory experiments of a sandstone slab show that 

even a well-characterized velocity field in a simple system may not be sufficient for predicting 

mass transfer and non-Fickian transport [Major et al., 2011], so applying the ADE to field 

experiments may be tenuous even with a well-known velocity field. Repeated failures of the 

ADE to account for anomalous transport at this and other field sites have led to the development 

of more complex non-local models to account for the unresolved heterogeneity and preferential 

flow paths that control solute transport.  

The dual-domain mass transfer (DDMT) model includes a mobile domain where 

advection occurs and a less-mobile domain where solutes are trapped and slowly released back to 

the mobile domain, resulting in non-Fickian transport [van Genuchten and Wierenga, 1976a]. 

This less-mobile domain accounts for unknown heterogeneities and which may include less-

connected or dead-end pore space, but may also account for unknown low-permeability regions 

that trap, store, and release solutes resulting in non-Fickian transport. At this site with the large 

range in K, low permeability regions may act as less-mobile domains. Small, low permeability 

clay lenses may be missed by K measurements; these lenses may act as a less-mobile domain in 

DDMT model. These low permeability zones must still be sufficiently connected to the rest of 
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the domain such that solutes may enter this domain [Zheng and Gorelick, 2003; Zinn and 

Harvey, 2003]. Identifying solutes in preferential flow paths and in less-mobile domains that 

may be missed with conventional sampling is essential for verifying models and predicting 

solute transport.  

 Direct-current (DC) resistivity measurements have a larger support volume than typical 

water sampling. At this highly heterogeneous site, solutes traveling in small preferential flow 

paths may elude sampling if the well does not directly intersect the flow path. DC resistivity's 

larger support volume may be able to detect the presence and transport of solutes in preferential 

flow paths or less-mobile domains, albeit with a lesser accuracy than direct water sampling 

[Slater et al., 2002]. Additionally, for some sites, static electrical measurements may be 

correlated with K such that 3D estimates of the K-field may be generated [e.g., Purvance and 

Andricevic, 2000a, 2000b; Bowling et al., 2007]. 

 We build upon previous work involving electrical methods at this site [e.g., Bowling et 

al., 2006] by incorporating borehole electrical measurements both before and during the tracer 

test. We explore the value of DC resistivity data for constraining K-fields in this heterogeneous 

environment by relating static electrical conductivity measurements to hydraulic conductivity, 

and the value of detecting the movement of solutes in preferential flow paths or less-mobile 

domains that may otherwise be missed through small-scale conventional water sampling. We 

perform a tracer test and simulate this tracer test within ADE-based and single-rate DDMT 

models. Measurements of K are used to create K-fields for flow and transport. We estimate K-

fields through common geostatistical methods including ordinary kriging and sequential 

Gaussian simulation, but we also estimate K through a site-specific power-law relation between 

hydraulic and electrical conductivity. Measured and simulated solute transport are compared in 

conjunction with electrical measurements to verify and dismiss modeled BTCs, and to evaluate 

the reproducibility of solute transport in different K-fields at this site. 

5.2 Background 

 Here, we provide background of the dual-domain model we use to model solute transport 

at this site and provide background on the different measurement techniques we use to monitor 

solute transport. 
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5.2.1 Single-Rate Dual-Domain Mass Transfer Model 

 Due to its simplicity and previous use to fit data at the MADE site, we use the single-rate 

dual-domain mass transfer (SRMT) model of solute transport in this work. This model assumes a 

single rate of mass transfer, or exchange, between mobile and less-mobile pore space. This 

model compensates for the unknown heterogeneity by partitioning the mobile porosity into 

mobile and less-mobile domains [van Genuchten and Wierenga, 1976]: 

𝜃𝑚
𝜕𝐶𝑚

𝜕𝑡
+ 𝜃𝑙𝑚

𝜕𝐶𝑙𝑚

𝜕𝑡
= 𝜃𝑚𝐷

𝜕2𝐶𝑚

𝜕𝑥2
−𝜃𝑚𝑣

𝜕𝐶𝑚

𝜕𝑥
, (5.1) 

𝜃𝑙𝑚
𝜕𝐶𝑙𝑚

𝜕𝑡
= 𝛼(𝐶𝑚 − 𝐶𝑙𝑚), (5.2) 

where θm and θlm are the mobile and less-mobile porosity [-], respectively; Cm and Clm are the 

concentration of the mobile and less-mobile domain [kg m-3], respectively; t is time [s]; D is the 

dispersion coefficient [m2 s-1]; x is space [m]; v is the average pore water velocity [m s-1]; and α 

is the mass-transfer rate coefficient [s-1]. A first-order rate law (equation 5.2) governs the 

exchange of solutes between the two domains, and is inversely proportional to the mean 

residence time of solutes in θlm. Only one value for α is assumed in the SRMT model. Although 

multiple rates of mass transfer may be possible at many field sites, quantifying the multirate 

mass transfer distribution can be difficult due to non-uniqueness and arbitrary assumptions of a 

prior multirate mass transfer rate coefficient distribution. SRMT is often assumed to be sensitive 

to the effective rate of a multirate distribution [Haggerty and Gorelick, 1995; Haggerty et al., 

2000]. 

 Solutes in θlm are temporarily stored because solutes are limited to exchange by slow 

advection or diffusion. Consequently, solutes in θm are preferentially sampled for conventional 

water sampling, and we must infer on solutes in θlm. Other techniques must be used to identify 

solutes trapped in these less-mobile domains, and to identify solutes travelling in small 

preferential flow paths. 

5.2.2 Fluid and Bulk Conductivity Measurements 

 K may vary by orders of magnitude in a relatively small vertical distance at the highly 

heterogeneous MADE site, and water samples may either lie within a preferential pathway or in 

a slow, lower K zone, depending on placement of the sampling ports. As a result, even a dense 

network of sampling may miss plumes of solutes for highly heterogeneous K-fields. DC 

resistivity measurements are non- to minimally invasive and can be collected on the surface or 
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co-located in boreholes. Borehole DC resistivity measurements can be collected both cross- and 

in-well to provide additional spatial coverage between well measurements. Preferential flow 

paths may be small and hard to detect with point measurements, but DC resistivity measurements 

sample a larger volume that may detect solutes missed with standard fluid conductivity samples. 

However, the trade-off includes a larger, less well-known sampling volume with lesser accuracy 

compared to standard water samples, and electrical measurements suffer from ambiguity: small, 

conductive plumes may have a similar electrical response compared to a large, less-conductive 

ionic plume [Singha and Gorelick, 2005]. 

 Static and time-lapse DC electrical resistivity methods are popular geophysical tools for 

solute transport field experiments. Inversion of static DC resistivity measurements provide a 2D 

or 3D distribution of the resistivity distribution, which can be used to delineate hydrofacies [e.g., 

Mele et al., 2012] or estimate hydraulic permeability based on measured pore-volume or pore-

surface conductivity values [e.g., Revil and Cathles, 1999; Purvance and Andricevic, 2000]. 

Time-lapse DC resistivity is a powerful application that relies on changes in electrical 

conductivity to image and plot pathways. The differences in sensitivity between the DC 

resistivity and fluid conductivity measurements can be used to differentiate between mobile and 

less-mobile pathways at both the field [Singha et al., 2007] and laboratory scale [Swanson et al., 

2012].  

 Geophysical methods including shallow seismic reflection, 2-D DC surface resistivity 

and ground-penetrating radar (GPR) surveys have been conducted at and near the MADE site 

[Bowling et al., 2005, 2006, 2007; Dogan et al., 2011]. However, static and time-lapse borehole 

resistivity measurements have yet to be collected at this site, and the large support volume may 

be used to detect the presence of solute in small, preferential flow paths or in less-mobile pore 

spaces that would be otherwise missed through standard water sampling. We aim to build upon 

previous work to identify the value of electrical measurements by incorporating time-lapse 

borehole DC resistivity measurements with accurate water sampling at this well-studied site.  

5.3 Methods 

 Here, we describe the field setting for our tracer test, along with measurements of K and 

the fluid and bulk electrical conductivity (the inverse of electrical resistivity). We collect both 

static and time-lapse electrical measurements for 100 hours of a tracer experiment. 
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5.3.1 Field Setting 

 The aquitard base of the unconfined aquifer at the MADE site consists of the clay-rich 

Eutaw formation with layered fluvial sediment extending from 12 m to the surface [Boggs et al., 

1992a; Bowling et al., 2005, 2006, 2007; Bianchi et al., 2011b]. Directly above the Eutaw 

formation are packages of braided fluvial deposits from approximately 3 to 10 m below land 

surface. The braided sediment is classified as sandy gravel and gravelly sand intermixed with 

small packages of finer particles. Open-framework gravel likely controls flow in this section of 

the aquifer. The braided fluvial deposits are capped by meandering fluvial deposits. The 

meandering fluvial deposits are composed of fine silt, sand, and gravel. Figure 5.1d shows an 

interpretation of the geology at this site. The native groundwater has low background fluid 

conductivity, σf,, between 20-200 μS cm-1.  

5.3.2 Tracer Test 

 The position of the wells and their respective instrumentation setup is listed in Figure 5.1. 

The tracer test was conducted under forced gradient conditions. Prior to injection of the tracer, 

the injection well was used to inject native groundwater while the extraction well was used to 

pump groundwater out of the system, which was re-injected back into the aquifer 100 m 

downgradient from the test. The injection well was screened over the entire interval of 12.06 m. 

After steady-state conditions were reached using the native groundwater, we injected 1,240 L of 

1g L-1 sodium chloride solution with σf of 2,100 μS cm -1 for 354 minutes. The flow rate of 5.7 L 

min-1 was temporarily interrupted after 96 minutes for 58 minutes due to mechanical problems 

with the injection pump (Figure 5.2). After tracer injection was completed, 266 L of native 

groundwater was injected over a period of 0.75 hours at a rate of 5.7 L min-1. The extraction well 

was on for the entire test, pumping at 5.7 L min-1. Four pressure transducers were used to 

monitor water levels, pressure, and σf in wells 8a, 9a, 10a and 10c (Figure 5.1). Measurements 

were collected for 100 hours. 

5.3.3 Hydraulic Conductivity Measurements  

 High-resolution K measurements were collected from direct-push methods in 19 wells 

near the tracer test [see Butler, et al., 2007; Liu et al., 2009]. Eight K wells are within 6 m of the 

tracer test, with the remaining tracer wells within 20 m from the center of the tracer test (see 

Figure 5.1c). A total of 10,958 K measurements were collected with approximately 1.5 cm 

vertical resolution.  
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Figure 5.1 (A) In this plan view diagram, the locations of the wells are shown here with the color 

of the well corresponding to the role of that particular well. The origin (0,0) represents the 

midpoint between the injection and extraction wells, and the plane of injection lies on the x-axis. 

The boreholes with electrodes are nearly aligned in a parallel and perpendicular plane to the 

tracer injection, shown as dashed lines. (B) This cross-sectional view diagram shows the 

locations of the multilevel sampling ports and the electrodes. (C) An extended plan view diagram 

including additional wells used for K measurements near the tracer test. (D) Interpreted geology 

of the site. 
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Figure 5.2 Fluid conductivity measured at 6.9 m below ground surface. The dark gray box 

corresponds to time when the injection pump was on and functional, and the light gray box 

corresponds to pumping of native groundwater into the well. The data logger was pulled after 

approximately 86 hours. The insert highlights the first six hours of the injection. 

 

5.3.4 Fluid Conductivity Measurements 

 During the injection of tracer, the multi-level sampling (MLS) wells and extraction well 

were monitored for σf. Samples were collected periodically, with measurement frequency 

decreasing from less than 10 minutes to approximately 10 hours as the experiment continued. 

Eight MLS wells (8a, 9a, 10a, 10c, 10d, 10b, W1, W2, see Figure 5.1) were also used to measure 

σf and collect water samples. The approximate depths of the sampling ports for the different 

MLS wells are shown in Figure 5.1b, ranging from 0.82 to 12.16 m. Two of these (W1 and W2) 

were installed in a previous field test (see Bianchi et al., [2011] for a complete description of 

these wells), and are in the plane parallel to tracer injection and extraction with seven sampling 

ports each but without K measurements. The remaining six wells have both MLS sampling and K 

measurements. The remaining wells were installed using direct-push methods and contain 

sampling ports consisting of 1.6-mm tubing wrapped along the outside of 1.27-cm polyvinyl 

chloride (PVC) pipe. The opening of the tubing was covered with a double layer of nylon to 

minimize coarse material from clogging the sampling; however, some ports in some wells were 

clogged upon installation regardless, and well 10d contained no functional sampling ports. A 

peristaltic pump was used to purge the water and collect samples for σf, which were measured in 

the field using a handheld σf probe.  
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5.3.5 Electrical Resistivity Measurements 

 Four wells (8a, 9a, 10a and 10c) contained 16 electrodes per well, spaced vertically every 

0.75 m with the shallowest electrode at 0.82cm below the surface with the deepest electrode at 

12.16 m (Figure 5.1), for a total of 64 electrodes. Electrodes were spaced between every other 

MLS sampling port. The electrodes consist of 1.27-cm wide stainless steel foil wrapped 

completely around 1.27-cm diameter PVC pipe. The PVC pipe and electrodes were installed 

using direct-push methods and the wells were pushed into the ground until the Eutaw formation 

was reached.  

 We used a Syscal Pro 10-channel resistivity meter (IRIS Instruments, France) for DC 

resistivity measurements. Both in-well and cross-borehole quadripoles were collected for a total 

of 1594 measurements in a sequence, which took approximately 1 hour to collect. The in-well 

measurements were collected in a dipole-dipole array to allow for high-resolution electrical 

measurements in the vertical direction.  To provide information for 3-D imaging of the resistivity 

at this site prior to injection of tracer, cross-well data were also collected.  

 In addition to the 3D resistivity inversions, we also focus on raw, non-inverted, time-

lapse electrical measurements which have been previously shown value for predicting transport-

model parameters in SRMT systems [Singha et al., 2007; Swanson et al., 2012; Briggs et al., 

2013]. The bulk apparent resistivity, ρb [Ω m], is inversely proportional to the bulk conductivity, 

σb [μS cm-1], and directly related to MLS measurements of σf through time. The larger sampling 

volume of individual, raw geoelectrical measurements compared to in-well sampling allows for 

detection of solutes passing near the wells that may be otherwise missed by the small sampling 

volume of MLS measurements or solutes trapped within less-mobile domains.  

 We focus on the ρb through time which was determined from the following:  

𝜌𝑏 =
𝑉

𝐼
∙ 𝑘, (5.3) 

where V is the measured voltage, I is the injected current, and k [m] is the geometric factor, 

which depends on the spatial position and arrangement of the electrodes. For each measurement, 

k was calculated based on the position of the electrodes. For boreholes, k is determined from the 

spatial location of the four electrodes given by: 

𝑘 = 4𝜋 ∙ (
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where A, B, M, and N [m] are the locations of the current (A and B), and potential (M and N) 

electrodes; A' and B' are the image locations reflected across the surface (such that xA, yA, zA 

become xA,yA,-zA, respectively); and 𝐴𝑀̅̅̅̅̅ [m], for example, is the distance between current 

electrode A and potential electrode M.  

5.4 Measurement Results – K,σf, and σb 

Here, we present results for K, σf, and σb measurements. K measurements were collected before 

the tracer test, and σf, and σb were collected both before and during the tracer test. Measurements 

before tracer injection were used as reference measurements. The time-lapse measurements were 

collected for 100 hours after tracer injection.  

5.4.1 Hydraulic Conductivity 

 In Rehfeldt et al. [1992], over 2,500 flowmeter measurements from 66 wells were used to 

determine that K ranges orders of magnitudes, defined by a geometric mean of 4.3x10-3 cm s-1 

with a variance in ln(K) of 4.5 cm s-1. The work presented here has less horizontal resolution due 

to fewer wells existing than during the original MADE tracer tests [Boggs et al., 1992a], but the 

vertical resolution is an order of magnitude greater in this study. From the 10,958 measurements 

in 19 wells near our tracer test, we determine a geometric mean of 4.2x10-3 cm s-1 and a natural 

log variance of 5.9 cm s-1. The geometric mean is similar to previous studies but the natural log 

variance is greater, which may be due to the greater vertical resolution of the method used in this 

study and the greater lower and upper limits of measuring K with this method than previous 

flowmeter work. The fastest pathways lie around 5-7 m depth, consistent with the open-

framework gravel deposits, and this fast region may serve as a major conduit for preferential 

flow. These K measurements were used as the basis for geostatistical realizations for different K-

fields from ordinary kriging and sequential Gaussian simulation. 

5.4.2 Fluid Conductivity 

 The BTCs observed in the MLS wells highlight the heterogeneity of transport at this site 

(Figure 5.3). Measurements were collected from over 30 different sampling ports in six wells at 

multiple depths, and show vastly different BTC responses for different sampling ports within the 

same well, or across different sampling ports at the same depth. 

 The two MLS wells (W-1 and W-2, with no electrodes or K data) in the plane parallel to 

the injection-extraction plane show the greatest solute transport response, as shown in their 

respective BTCs (Figure 5.3). The majority of the BTC response is at 7.1 and 8.3 m for W-1 and 
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W-2, respectively, with little BTC response at other depths even though the plume is expected to 

pass by these wells based on time-lapse electrical measurements. Tracer arrives earlier, 

shallower, and with a higher σf in W-1 compared to W-2.  

 Wells 8a, 9a, 10a and 10c showed relatively little σf response (Figure 5.3). The increase 

in σf in this 10a may be attributed to both native water and injected tracer spreading in all 

directions away from the injection well to compensate for the steady flow of the injection. Well 

10c is located in front of the extraction well and had its greatest BTC response at 4.3 and 5.8 m. 

Wells 8a and 9a are in the plane perpendicular to the injection-extraction plane, and little tracer 

is observed during the duration of the tracer test in these wells. 

 

 

Figure 5.3 The BTC history of σf for six wells for the first 100 hours of the experiment during 

ER measurements. The time is with respect to the injection of the tracer. The dark gray 

background refers to the period of tracer injection, and the light gray period refers to the 

injection of native groundwater. The pumping well was on throughout the duration of the 

experiment. The dark and light gray boxes correspond with injection of tracer and native 

groundwater, respectively. 
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5.4.3 Electrical Resistivity 

 The 1,594-measurement sequence was collected 28 times before injection and 81 times 

during and after injection, for a total for 173,746 measurements. Each measurement was 

collected twice, and noisy measurements with a standard deviation of greater than 3% were 

excluded from analyses.  This removed 4.3% (7,471) of the total collected measurements. 

 Figure 5.4 shows the average of all the raw, non-inverted apparent σb measurements 

through time. These measurements include wells 8a, 9a, 10a and 10c (Figure 5.1), in both in-well 

and cross-borehole configurations. At 100 hours the measured σb has yet to return to the initial 

σb, indicating that the electrical measurements remain sensitive to the presence of the ionic tracer 

plume.  

 

 

Figure 5.4 The raw, averaged σb is shown for the first 100 hours for all of the ERT wells. The 

dark and light gray boxes correspond with injection of tracer and native groundwater, 

respectively, consistent with Figure 5.2. 

 

 Like the MLS σf measurements, time-lapse σb measurements highlight the heterogeneity 

of transport at this site. Figure 5.5 shows the mean of the raw, non-inverted apparent σb for in-

well dipole-dipole measurements in wells 10a and 10c, on the plane parallel to the injection-

extraction plane. The depth assigned here for these raw σb measurements corresponds to the 

midpoint of the four electrodes used for the in-well measurements. Well 10a shows a response at 

2.7 and 3.5 m, and there are no functioning σf ports at this location; without electrical 
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measurements this tracer response would be missed, and electrical measurements are not subject 

to clogging from direct-sampling ports as occurred with the MLS measurements. Well 10c shows 

a small increase in σb at 6.5 and 8 m, consistent with an increase in σf in this well.  

Interpreting time-lapse σb must be done carefully. Although measurements were collected 

with 75 cm spacing, data may show a strong signal response at one depth yet no response in the 

adjacent depth because electrical measurements have a larger sampling volume compared to 

fluid samples, and the sampling volume is not a point as indicated by the given corresponding 

depth. A signal response is indicative of tracer moving near the area of measurement, but the 

exact location of tracer transport cannot be resolved. 

 No significant changes were observed for the in-well dipole-dipole measurements in 

wells 8a and 9a for both σf and σb (not shown). The large support volume of the electrical 

measurements indicates that solute transport was likely not occurring near these wells, which 

were perpendicular to the injection-extraction plane and likely outside of the plume's path. 

 A 3D inversion image of electrical resistivity was created from the static, pre-tracer 

injection ρb measurements. The 3D image was created using a modified version of FW2_5D 

[Pidlisecky and Knight, 2008] (Figure 5.6) and shows low σb (high ρb)  response at the top and 

bottom of the aquifer, and high σb (low ρb) response in the middle portion of the aquifer, 

associated with the open-framework gravel and gravelly sand facies, and corresponding with 

high K zones, consistent with the known geology at this site (Figure 5.1). The high conductivity 

at the top and bottom of the aquifer corresponds with increased amounts of low-K clays. 

5.5 Numerical Modeling 

 The flow and transport for this field experiment was simulated using MODFLOW 

[Harbaugh et al., 2000] and MT3DMS [Zheng and Wang, 1999] to simulate the transport of σf. 

The model domain is set up into two main blocks. The primary block is 15 x 19.25 x 12.75 m 

with each grid 0.35 x 0.35 x 0.15 m, while the outer block consists of gradually coarser grid 

sizes. The longest dimension is parallel to the injection plane. A total of 335,335 cells were 

simulated. Specified-head boundary conditions were assigned along the left and right (north and 

south) boundaries in addition to the head gradient driven by the injection and extraction wells at 

early time, and just the extraction well at late time. All other boundaries were assigned as zero-

gradient boundaries. Constant concentration values were set at the boundaries, and all other cells 

were set active for transport. 
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Figure 5.5 The time series of σb for borehole in-well dipole-dipole measurements for the wells 

closest to the injection (A) and extraction (B) wells, with colors corresponding to approximate 

depth. Not all electrodes were functional, so some depths are missing for each well. The dark and 

light gray boxes correspond with injection of tracer and native groundwater, respectively, 

consistent with Figure 5.2.  
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Multiple stress periods were assigned in the tracer test. The first stress period is steady 

state while both the injection and extraction pumps are on, but before tracer is injected. Five 

transient stress periods were used to simulate the injection of tracer and continued use of 

pumping well for the duration of the tracer test, matching Figure 5.2. The background σf was set 

to 20 μS cm-1 throughout the domain, even though the background σf varies. Consequently, we 

focus on the changes relative to background. The total transport porosity was set to 0.32 based on 

previously collected soil cores [Boggs et al., 1992a]. For SRMT-based numerical simulations, θm 

and θlm were set to 0.07 and 0.25, respectively, and α was set to 5.7 hr-1, consistent with previous 

transport-model calibrated results [Bianchi et al., 2011a]. A single value of 0.6 m was assigned 

for the longitudinal dispersivity based on a approximately a tenth of the distance from the 

injection well to the extraction well [Gelhar et al., 1992]. The transverse horizontal and vertical 

dispersivity were set at one and two order of magnitudes below the longitudinal dispersivity, or 

0.06 m and 0.006 m, respectively. 

 

 

Figure 5.6 The 3D inversion image of σb.  
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5.6 Hydraulic Conductivity Fields 

 We generate K-fields given three different methods, including: (1) converting ρb to K 

given a site-specific relation, (2) ordinary kriging of K, and (3) sequential Gaussian simulation of 

K. These hydraulic fields were linearly interpolated to match the grid sizes for numerical 

simulations. Table 5.1 summarizes the geometric mean and variance of the K-fields, with 

comparison to the geometric mean and variance of from the K logs.  

 

Table 5.1 The geometric mean and variance of the generated K-fields.  

 Nat. log geometric  

mean (cm s-1) 

Nat. log  

variance (cm s-1) K-field 

Ordinary 

kriging -5.7 3.5 

SGS -5.8 6.4 

K and ρb -5.8 3.8 

 K-logs K-logs 

True -5.5 5.9 

 

5.6.1 Hydraulic Conductivity Fields: K from 3D ρb 

 The 3D inversion of ρb was converted to K based on empirical relations, following 

previous work. Purvance and Andricevic [2000] described a log-log relationship based on 

Archie's law and the Kozeny-Carmen equation [Scheidegger, 1974] of 

log(𝐾) =
log (𝑝𝑏)

𝐴
+ 𝐵, (5.5) 

where A and B are empirically determined constants. Bowling et al. [2005] found best fit values 

of 0.30 and -10.0 for A and B, respectively, for a surface electrical resistivity survey at the 

MADE site. We used the four wells that have both K data and electrodes to estimate values A 

and B, and pulled ρb from inversion images for co-located estimates of ρb and K. We determined 

best-fit values of 0.33 and -8.5 for A and B, respectively, based on a least-squares approach, and 

compare the K values in Figure 5.7. 

 Using the empirical constants for A and B, a 3D ρb image was converted to a 3D K-field 

with a natural log geometric mean of -5.8 and a natural log variance of 3.8 cm s-1 (Figure 5.8). 
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This is comparable to the values of the natural log geometric mean determined by the K logs (-

5.5 cm s-1), respectively. The variance of this K-field (3.8 cm s-1 ) compared to the K logs (5.9 

cm s-1 ) is smaller due to the larger support volume of the electrical methods and the smoothing 

effect of the inversion. The lateral and vertical extent of the inversion image was trimmed to a 6 

x 6 x 14 m prism. Outside of this trimmed region, the value of K is set equal to the geometric 

mean of the site as determined by the K logs (natural log -5.5 cm s-1). 

5.6.2 Hydraulic Conductivity Fields: Ordinary Kriging 

 The geostatistical parameters (determined through a visual approach) for the selected 

variogram in K are listed in Table 5.2. The variograms were generated based off the high-

resolution K logs in and around the 19 wells near the tracer test region. The vertical and 

horizontal variograms indicate zonal anisotropy indicated by a greater sill in the vertical 

direction and greater range in the horizontal direction, a result of greater variability in the vertical 

direction than the horizontal. This is consistent with the geologic heterogeneity of the site and 

layers of fluvial deposits, which are continuous and layered horizontally. To match the zonal 

anisotropy, the minimum and maximum range for the exponential structure was set to at 100,000 

m, essentially infinity, such that the variance does not contribute to the maximum sill reached in 

the horizontal direction, but includes a vertical range that does contribute to the sill in the vertical 

direction. This allows for modeling a variogram with a different range and sill in the horizontal 

and vertical direction and account for the zonal anisotropy. No directionality was assumed due to 

the limited horizontal distribution of the wells.  

 We used a linear combination of two nested structures including one spherical model and 

one exponential model to fit the model to the variogram. The exponential model allows for a 

better fit at larger lag distances, and the spherical model allows for a better fit at shorter lags. 

When fitting a model to the experimental variogram, the high vertical resolution allowed for 

almost no nugget effect, but a small nugget effect was observed in the horizontal direction due to 

the inability to collect continuous horizontal measurements of K.  

 Using the model parameters from Table 5.2, ordinary kriging was used to generate a 3D 

image (Figure 5.9) of the K-field using GSLIB [Deutsch and Journel, 1998]. The kriging blocks 

were discretized into 25 x 25 x 700 units with 0.5 m spacing in both horizontal directions and 

0.0155 m spacing in the vertical direction. The search radius encompassed 50 m to encompass all 

of the wells with K measurements. The resulting K-field had a natural log geometric mean and   
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Figure 5.7 The K data is shown along with the K determined from σb through an empirical 

relation (equation 5.5). For collocated K, σb was extracted for the same depths from the 3D 

inversion image. 

 

 

Figure 5.8 The K-field as determined through relating the σb and K, based on equation 5.5. The 

geostatistical properties for this K-field are listed in Table 5.1. 
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natural log variance of -5.7 and 3.5 cm s-1, respectively (Table 5.1). The smoothing effect of 

kriging results in a variance lower than the original (natural log variance 5.9 cm s-1). The 

ordinary kriging image reflects the fast pathways in the middle of the aquifer and the slow, low K 

region near the Eutaw clay boundary at the bottom of the aquifer. Overall, the regions of high 

and low values of K are fairly continuous in the horizontal direction, due to the smoothing effect 

of ordinary kriging. 

 

Table 5.2 Parameters used for the variogram for ordinary kriging and sequential Gaussian 

simulation. 

Model 

Structure sill 

(cm s-1) 

Max 

range [m] 

Min 

range 

[m] 

Vertical 

Range [m] 

Nugget 

[cm2 s-2] 

Exponential 3 100000 100000 5 0.15 

Spherical 2.15 12.5 12.5 6 - 

 

Figure 5.9 K-field generated from kriging. The geostatistical properties for this K-field are listed 

in Table 5.1, and the parameters used to generate this image are listed in Table 5.2. 
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5.6.3 Hydraulic Conductivity Fields: Sequential Gaussian Simulation 

 Sequential Gaussian simulation (SGS) was used to generate 100 K-fields with GSLIB 

with the same variogram, discretization and search radius used for ordinary kriging. The selected 

SGS K-field had a natural log geometric mean and natural log variance of -5.8 and 6.4 cm s-1, 

respectively (Table 5.1). The SGS K-field has similar geometric mean compared to the kriging, 

but the resultant natural log variance is greater, as expected for the stochastic simulation. Solute 

transport is simulated with the advection-dispersion equation for the SGS K-field, as previous 

work has showed that ADE-based transport within SGS K-fields may reproduce observations at 

this site [Salamon et al., 2007]. An additional K-field (not shown) was generated based on the 

arithmetic average of the 100 SGS K-fields with ADE-based transport, which resembled the K-

fields from ordinary kriging. 

 

 

Figure 5.10 A sample K-field generated from SGS. The geostatistical properties for this K-field 

are listed in Table 5.1, and the parameters used to generate this image are listed in Table 5.2. 
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5.7 Numerical Modeling Results 

 Here, we present the simulated BTC results for the six different wells with MLS 

measurements to compare to observed experimental BTCs. Solute transport is simulated for three 

different K-fields. Transport is simulated with the ADE for SGS and ordinary kriging K-fields, 

and with SRMT for the same ordinary kriging K-field, along with the K-field from ρb.  

5.7.1 Numerical Modeling: Ordinary Kriging ADE-Based Results 

 The simulated BTCs are shown in Figure 5.11 for the K-field based on ordinary kriging 

with a comparison to the experimental observations, based on the ADE. This simulation serves 

as the control and fails to reproduce the observed σf BTC response. Neither simulation nor 

experimental observations show any σf response in wells 8a and 9a, as these wells are too far out 

of the plane of injection for tracer to be sampled. The map view extent of the solute plumes of a 

σf increase of at least 20 μS cm-1 for all simulations after 75 hours are shown in Figure 5.12.  

5.7.2 Numerical Modeling: Ordinary Kriging SRMT Results 

 The simulated BTCs are shown in Figure 5.13 for the K-field based on ordinary kriging 

with a comparison to the experimental observations, simulated assuming SRMT. The timing of 

the σf response is similar between the experimental observations and simulations of solute 

transport; however, the magnitude and depth of the BTC response do not match in all wells. 

Incorporating SRMT results in a faster arrival time compared to the ADE-based transport for the 

same K-field, and with a closer match of observations to simulations in magnitude, timing and 

depth compared to transport based on the ADE. 

The MLS sampling ports are only sensitive to a volume nearest the sampling port. In 

highly heterogeneous K-fields such as at this site, solutes may pass near sampling ports without 

being sampled. The map view of the extent of the plume (Figure 5.12) shows a greater spatial 

extent of solute than the ADE-based simulations with solutes extending in wells 8a and 9a 

(Figure 5.13). This difference between transport simulations and experimental observations 

could be due to the limited sampling volume of the measurement and a limitation of the sampling 

approach. However, σb measurements did not detect the presence of any nearby tracer, so there 

was likely little transport at these locations in the field experiment. Consequently, the lateral 

extent of the spreading of the plume in this simulation is likely overestimated, a conclusion that 

could not be made based on σf alone, without σb measurements. 
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Figure 5.11 The BTC from the numerical modeling with the ordinary kriging of the K-field, for 

transport based on the ADE, compared to the experimental observations. 
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Figure 5.12 The map view extent of tracer movement. Regions in gray correspond with any mass 

greater than 20 μS cm-1 change from background. 
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Figure 5.13 The BTC from the numerical modeling with the ordinary kriging of the K-field, for 

transport based on the SRMT model, compared to the experimental observations. 
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5.7.3 Numerical Modeling: K from 3D ρb Results 

 The simulated BTCs given the K-field based on the ρb are shown in Figure 5.14. This 

BTC predicts a σf response in well 8a that was not observed in the MLS sampling. The tracer 

plume likely did not pass near these wells in the field experiment as verified by no σb response, 

which has a larger sampling volume than MLS sampling alone. Breakthrough is observed for one 

depth in W-1, but the simulated BTC response is shallower (4.7 compared to 7.1 m) and of a 

greater magnitude than the field data. However, the timing of the response is similar between 

observed and simulated BTC responses. W-2 shows multiple peaks in BTC responses at 

shallower depths than observed BTC response, but the timing is similar to the experimental 

results. Overall, this BTC is similar to the BTC from transport simulated within the ordinary 

kriging K-field, and the map view of the lateral extent of the plumes is similar (Figure 5.12). 

These two K-fields have similar a geometric mean and variance (Table 5.1). However, the 

ordinary kriging K-field comprised of over 10,000 measurements from 19 wells, and the K-field 

from ρb only relied on information from four wells. 

5.7.4 Numerical Modeling: Sequential Gaussian Simulation Results  

 The simulated BTCs for one of the SGS realizations are shown in Figure 5.15 for the K-

field based on SGS for ADE-based transport, and BTCs for all 100 K-fields are shown for wells 

W1 and W2 in Figure 5.16. The 100 simulations have the majority of tracer in wells W-1 and W-

2 at 4.7-7.1 m, but with little response at 8.3, 9.5, or 11.9 m. However, there is an additional 

response at depth corresponding with breakthroughs at 10.7 m in many simulations that was not 

observed in the MLS field measurements. In both simulated and observed MLS BTCs, little 

solute breakthrough occurs in wells 8a or 9a—as opposed to the transport based on kriging and 

the K-σb relation—which is consistent with the experiment σf and σb BTCs, where little 

concentration breaks through. The doublet forced-gradient tracer test concentrates a majority of 

the transport in a narrow region between the injection and extraction wells, which is captured 

with the stochastic simulation. Although this simulation does capture a response in simulated 

well W-1, the response is delayed compared to that observed in the field, and the simulated BTC 

response is occurs in multiple wells while the observed tracer is only detected at 8.3 m.  
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Figure 5.14 The BTC from the numerical modeling with the K-field from the relation between K 

and ρb, compared to the experimental observations. 
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Figure 5.15 The BTC from the numerical modeling with the SGS K-field, compared to the 

experimental observations. 
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The delay in the simulated response compared to observations for wells W1 and W2 may 

be due to transport based on the ADE compared to SRMT simulations. In SRMT model-based 

simulations, the total porosity is partitioned into θm and θlm. Advection timescales are inversely 

proportional to θm, and a smaller θm will result in earlier tracer arrival for transport in SRMT 

systems compared to systems with a larger θm. Overall, the SGS K-field results in transport that 

does match some general features (such as no solute in wells 8a or 9a during the tracer test), but 

the overall transport of solutes in this simulation is still too smooth and homogenous compared 

to the observations, which display little breakthrough in wells W1 and W2. The experimental 

plume may be moving through smaller preferential flow paths, or at locations not monitored with 

the MLS sampling ports.  

 

 
Figure 5.16 The BTC from numerical modeling of the 100 SGS K-fields for wells W1 and W2, 

for the seven sampling depths. 
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5.7.5 Numerical Modeling: Ensemble Sequential Gaussian Simulation Results  

 In addition to the 100 realizations of the K-field, an additional K-field was generated 

based on the arithmetic mean of all of the realizations. The ensemble K-field is smoother 

compared to the individual realizations, and is similar to the K-field from ordinary kriging. 

Transport was simulated in this K-field without any mass transfer (Figure 5.17). Overall, this K-

field is similar to the ordinary kriging of the K-field, for transport based on the ADE. 

 

 

Figure 5.17 The BTC from the numerical modeling with the ensemble SGS K-field, compared to 

the experimental observations for wells W-1 and W-2.  

 

5.8 Discussion 

 We performed a tracer test at the MADE site, with high-resolution K measurements 

collected before tracer injection, and both σb and σf measurements collected prior to and during 

the tracer test. K measurements and different generations of K-fields indicate a highly 

heterogeneous distribution of K. σf BTCs are temporally and spatially variable. Nearby wells do 

not show similar BTC responses for the same depth, and within a well there may be a σf response 

at one MLS port but not at an adjacent port only centimeters away, likely due to the variability of 

the K-field and the point-scale sampling nature of MLS sampling ports. None of the simulated 

BTCs for any model K-field sufficiently match all aspects of solute transport at this site. The 

different model K-fields reproduce different portions of the BTCs. The transport within SGS K-

fields reproduce the narrow injected tracer plume but miss the magnitudes of BTCs. This is 

likely the result of numerous heterogeneous, preferential pathways for transport. The transport 

simulated under K-fields for SRMT systems (K from σb and K from ordinary kriging) reproduce 
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some of the magnitude and timing of some BTCs, but overall the plumes are wider than SGS-

based transport.  

Model BTCs from ordinary kriging and the K-field from σb indicated that some tracer 

may have passed near these wells 8a and 9a, which may have been missed with conventional 

point-scale σf samples. However, an increase in σb was not observed these wells from the field 

measurements, and we can conclude that tracer did not pass by these wells despite the 

simulations indicating mass at these locations. Without σb measurements through time, the 

differences between simulated and observed σf could have been attributed to missing the tracer 

plume at a heterogeneous site. 

The differences between the observed and simulated σf indicate that our simulated K-

fields and the SRMT model do not account for all unknown heterogeneities. Electrical 

measurements provide valuable information for verifying or dismissing aspects of solute 

transport models such as the presence or absence of tracer that would otherwise go undetected 

based on MLS sampling alone.  

The K-field generated from a relation between ρb and K was similar in statistical 

properties and for transport behavior compared to the K-field determined from ordinary kriging, 

and the resultant simulated transport is similar even though the ordinary kriging was a product of 

over 10,000 measurements from 19 wells with 1.5 cm vertical resolution, and the electrical 

measurements were only from four different wells with electrodes every 75 cm. If a relation 

between K and σb exists [Bowling et al., 2007], then K-fields estimated through electrical 

imaging may be an alternative to ordinary kriging of extensive K measurements.  

5.9 Conclusions  

 Quantifying the mechanisms driving anomalous solute transport at this site remain 

elusive in part to the high heterogeneity at this site. Predictions of solute transport are further 

hindered by the limited information extracted from water samples, especially when solute 

transport may be controlled by small preferential flow paths. 

 Here, we build upon previous work by incorporating static and time-lapse borehole 

electrical resistivity measurements, which we use to verify and dismiss different aspects of 

models of solute transport. Static electrical measurements can provide valuable insight into the 

K-field if a relation between ρb and K can be determined. At this site, solute transport was similar 

between K-fields generated through ordinary kriging and K-fields based on an empirical relation 
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from ρb. Over 10,900 K measurements were collected in 19 wells for the ordinary kriging 

process, but only four wells were used for the K-ρb relation. If wells are limited, then non-

invasive electrical measurements may be collected to create K-fields. 

 Time-lapse electrical measurements can verify or dismiss the presence or absence of 

solutes near wells that could have been attributed to poor spatial resolution of water sampling the 

tracer plume at this highly heterogeneous site. Conventional water sampling has a small support 

volume, so when comparing simulations to observations for water sampling in highly 

heterogeneous environments, a difference of a few centimeters could result in no detection of 

tracer. As a result, conventional well sampling including measurements of K and collecting water 

samples is not sufficient to verify models of solute transport, and is readily improved by 

incorporating the larger support volume of geophysical measurements. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 Correct predictions of solute transport are essential for efficient aquifer remediation, but 

have remained elusive. The fundamental advection-dispersion equation (ADE) for describing 

solute transport has failed at numerous laboratory and field experiments, necessitating the use of 

other models; however, correct parameterization of these more complex models has remained 

largely unexplored. One such model includes the dual-domain mass transfer (DDMT) model, 

which includes a mobile and less-mobile domain, and a rate of exchange between the two 

domains. However, little work has been done on relating these model parameters to physical 

characteristics of saturated porous media.  

 Geophysical tools have the potential to be useful in regards to characterizing physical 

properties of saturated porous media that may be related to DDMT parameters. Geophysical 

methods are non-invasive, relatively fast, and typically have a larger sampling volume than 

traditional water samples from wells. Consequently, geophysical methods may provide 

additional opportunities to quantify parameters controlling anomalous solute transport but the 

potential has remained largely unexplored.  

 Here, we use three different geophysical tools including direct-current (DC) resistivity, 

nuclear magnetic resonance (NMR), and complex conductivity (CC) and interpret within a 

DDMT system. We apply a multifaceted approach through numerical modeling, field tracer tests, 

and laboratory experiments. We use the zeolite clinoptilolite in our laboratory experiments. This 

zeolite has known mass transfer properties, and an intragranular pore structure that may serve as 

a less-mobile pore space to trap solutes, resulting in non-Fickian transport. In addition to these 

geophysical tools, we use standard material characterization tools to characterize the structure of 

the zeolites used. 

 These chapters are meant to stand alone, and are prepared to be submitted to academic 

journals. Here, we reiterate the main conclusions from each of chapters 2-5, and then draw 

conclusions from the work as a whole.  

 In chapter 2, we provide the first direct geoelectric evidence of mass transfer into and out 

less-mobile pore spaces in controlled laboratory experiments using the zeolite clinoptilolite as 

the porous medium. This work confirmed that the less-mobile pore space in the DDMT model is 

not just a fitting parameter, but has direct connections to the physical properties of the porous 
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medium, and that electrical geophysics can monitor the solute exchange into and out of this less-

mobile pore space. Solute exchange between the mobile and less-mobile pore space may drive 

non-Fickian transport. This work shows the potential for monitoring mass transfer that was not 

possible before because water samples preferentially sample the mobile domain since solutes are 

trapped in the less-mobile pore space. Electrical geophysical methods provide a fast, non-

invasive method to track solute transport. 

 In chapter 3, we explore the implications of assuming SRMT within a MRMT 

framework, and use two methods based on solutes and one method based on solutes and 

electrical resistivity to estimate SRMT parameters. These different methods provide different and 

incorrect estimates of SRMT parameters, and SRMT models fail to reproduce MRMT 

breakthrough curve (BTC) behavior. From this work, we conclude that selecting the correct 

model of solute transport (e.g., correct assumption of lognormal distribution of mass transfer 

exchange rate coefficients instead of assuming a single rate coefficient) is essential when 

estimating or model-calibrating parameters. When the wrong model of solute transport is 

selected, the resultant model parameters may have little relation to physical properties that the 

model parameters are supposed to represent.  

 In chapter 4, we focus specifically on characterizing the pore space using both material 

characterization and geophysical methods with the ultimate aim to relate measured physical 

properties of the medium to single-rate DDMT parameters, and we continue to use the porous 

zeolite clinoptilolite. If a connection exists between physical properties and single-rate DDMT 

model parameters, then characterizing these parameters would improve predictions of solute fate 

and transport. In this work, we use DC resistivity, NMR, and CC. We found that NMR in 

conjunction with DC resistivity can be used to infer the pore structure controlling the mobile and 

less-mobile pore space, but direct estimates of the volume of these pore spaces remains elusive. 

CC has limited value within a single-rate DDMT framework, but has potential for value in 

characterizing other parameters such as hydraulic conductivity.  

 In chapter 5, we explore solute transport at the heterogeneous Macrodispersion 

Experiment site. Electrical resistivity measurements were collected before and during the tracer 

test, and a site-specific relation between electrical and hydraulic conductivity is observed. 

Hydraulic conductivity measurements are collected with high vertical resolution, and hydraulic 

conductivity fields are generated through an electrical-hydraulic conductivity empirical relation, 
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sequential Gaussian simulation, and ordinary kriging. The hydraulic conductivity fields 

generated through ordinary kriging and electrical-hydraulic conductivity relation have similar 

statistical properties and result in similar simulated BTCs. If a site specific relation exists and 

well information is limited, then K-fields may be estimated using the relation between electrical-

hydraulic conductivity as an alternative to ordinary kriging. Raw, non-inverted electrical 

measurements can be used to verify or dismiss the presence of solutes near wells, which is 

essential when interpreting simulations of solute transport when water sampling is insufficient in 

highly heterogeneous sites. 

 In this work, we focus on hydrogeophysics; specifically, the intersection of solute 

transport and geophysical methods (primarily DC resistivity). We quantify the potential of 

different geophysical methods with regards to anomalous solute transport. We focus on the pore 

structure, and use time-lapse geophysics to track solute exchange into and out of less-mobile 

pore spaces, and use static geophysical measurements to infer on the volume, structure, and 

arrangement of the porous media. Time-lapse DC resistivity methods may be the most useful for 

tracking solute movement, while static DC resistivity and NMR have some potential for 

constraining the porous nature of the media.  

 Predictions of solute transport will never be perfect since the variability of an aquifer 

cannot be fully known; there will always be unresolved heterogeneities. However, we have 

shown here that geophysical tools can aid in tracking solutes, a proxy for contaminants. 

Additionally, geophysical tools can be useful in characterization of the pore structure of saturated 

porous media and provide additional information where standard water samples cannot. At some 

sites, a relation between electrical and hydraulic conductivity may exist, which may allow for an 

estimation of hydraulic conductivity fields if well measurements are limited, and this hydraulic 

conductivity field performs favorably to ordinary kriging, even with numerous hydraulic 

conductivity measurements. Furthermore, time-lapse electrical measurements can be used to 

support or dismiss aspects of different models of solute transport. Geophysical methods cannot 

replace direct water samples, but will continue to provide non-invasive to minimally invasive, 

fast, and low-cost data containing additional information with regards to anomalous solute 

transport.  
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APPENDIX A 

BACKGROUND ON ELECTRICAL GEOPHYSICS 

 Over the last few decades, the role of geophysical tools has become increasingly popular 

in hydrogeology, and the field of "hydrogeophysics" has been coined and is burgeoning. 

Geophysical methods and tools have been applied for a variety of engineering and environmental 

applications. This focus of this background lies on one of the more popular methods: direct-

current (DC) electrical resistivity imaging (ERI). Here, we focus on near-surface field 

applications and advances with this method over the last decade including unique and novel 

applications of ERI and the latest advances of inversions of resistivity data. 

 Early electrical resistivity units used a known external current source and measured the 

potential difference across one set of electrodes at a time. ERI requires four electrodes to collect 

a measurement, including two electrodes to drive a known current into the ground (treated as a 

resistor) and two electrodes to measure the resultant potential difference. An alternating power 

current waveform is used for injection to avoid polarization and for correcting for any self-

potential. Ohm's law is used to estimate the resistance, an extrinsic property. To collect another 

measurement, the current and/or potential electrodes had to be changed manually; consequently, 

data collection was a slow process. Advances in resistivity meter technology have enabled 

electrical resistivity units to collect multiple voltage measurements for a single pair of current 

electrodes simultaneously with great precision and accuracy. Measurements can be collected at a 

rate greater than 1 measurement every second. Resistivity meters can be programmed to measure 

dozens of electrode combinations simultaneously and automatically. High spatial and temporal 

resolution have heralded a new field of possibilities for time-lapse measurements. 

 The initial cost for the resistivity meter can be high; however, the stainless steel 

electrodes are relatively cheap, robust and can be easily made or can be purchased pre-assembled 

for surface profiles or borehole configurations. Once the resistivity meter is purchased, cost of 

continued measurements and maintenance is minimal. The robustness of the electrodes provides 

opportunities for long-term field studies with little maintenance cost. 

A.1 Direct-Current Resistivity Measurements 

 The utility of DC resistivity lies in the direct and indirect sensitivity of the measurement 

to many different parameters. Specifically, the resistivity is primarily a function of the pore-fluid 

conductivity, porosity and surface conductivity. The pore structure and arrangement may control 
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the contribution of the pore-fluid conductivity and porosity. The resistivity distribution may be 

used to estimate the hydraulic conductivity, geologic and hydraulic facies, distribution of paleo-

channels, biogenic activity, and many other features. Time-lapse images provide an evolving 

picture of the subsurface, and direct water sampling or cores from wells are used to ground-truth 

the resistivity images for interpretation. 

 The measured resistance, R [Ω], an extrinsic property, must be converted to the bulk 

apparent resistivity, ρb [Ω m], an intrinsic property, for useful interpretation. The position and 

spatial arrangement of the electrodes determines the geometric factor, K [m]. K is used to 

calculate the apparent resistivity from the resistance,  

𝜌𝑏 = 𝐾 ∙ 𝑅. (A.1) 

The apparent resistivity is estimated to be a bulk representative volume determined by the spatial 

arrangement of the electrodes. Varying the electrode spacing and location allows for greater 

vertical and lateral spatial coverage. The raw, bulk-averaged value of apparent resistivity can be 

used itself, but the dataset is often inverted to generate a spatially continuous distribution of the 

estimated resistivity distribution throughout the volume of interest. Data collection and inversion 

can be estimated from 1-D to 4-D images, with time as the fourth dimension. 

 The configuration of the four electrodes determines the depth and location of the apparent 

resistivity measurement in a 2D pseudosection. A few common basic configurations of the four 

electrodes are commonly used, with the most popular including Wenner, Schlumberger, and 

dipole-dipole arrays. These arrays have slightly varying sensitivities, weaknesses and strengths, 

and their initial design and use was driven by the ease of estimating the geometric factor to 

estimate the apparent resistivity before computers were common. The spacing of the electrodes 

and electrical resistivity of the subsurface determine the measurement volume. As the spacing 

between the electrodes increases, the electrodes are more sensitive to a larger support volume, 

and the apparent resistivity is assigned to a deeper measurement in pseudosection. By carefully 

choosing the configuration for all of the electrodes, a 2-D or 3-D volume can be obtained, or the 

electrodes can be centered on one location for a 1-D sounding with depth. Gradual increases in 

the electrode spacing around this point can provide a quick 1-D sounding that can be co-located 

with well measurements are collected such as hydraulic conductivity, porosity, gamma ray logs, 

etc.  
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 Many ERI applications in saturated porous media use "tracers" to trace hydraulic 

pathways. These tracers for ERI applications consist of some electrically conductive, ionic 

solution (e.g., NaCl in solution). These tracers are more electrically conductive than the 

surrounding groundwater, and can be used to image both preferential flow pathways and less-

mobile regions where the solutes may get stuck. Other times, ERI can be used without tracers 

and rely instead on natural contrasts in the electrical conductivity or resistivity. The different 

sampling volumes between water sampling and DC resistivity measurements play an important 

role here because water sampling provides high-resolution estimates of the tracer concentrations, 

while electrical measurements can be used to identify regions and trace pathways that may be 

missed by small, localized measurements. 

A.2 Applications of Electrical Resistivity Imaging 

 Hydrogeophysics encompasses many applications, and the following sections highlight 

the past, on-going and future work with DC resistivity methods. The large sampling volume of 

DC resistivity measurements allow for fast, non-invasive surface arrays or borehole 

measurements that would not be available through conventional well samples alone. Resistivity 

changes are sensitive to many different properties, allowing DC resistivity measurements to be 

applied in many different fields of study. A few applications are outlined below. 

A.2.1 Karst Systems 

 Groundwater from karstic environments is an essential source for potable water, but karst 

geometry is difficult to map due to the limited sampling volume of standard wells. Karst systems 

consist of regions where dissolution occurs primarily in limestone bedrock. Dissolution may 

result in fast conduits, which serve as preferential flow paths for delivering potable groundwater 

and possible contaminants. Conduits in karst systems may vary on the scale of many meters and 

drilling wells will only provide a 1-D image of karst conduits that may miss preferential 

pathways entirely. In karst systems new conduits can form quickly and control the bulk of the 

flow through preferential pathways. As a result, karst systems have been the target of numerous 

studies and the focus continues here for saturated media.  

 In karst systems, the goal of ERI is to identify preferential pathways and areas of 

dissolution. Identification of karst conduits is important for tracking potential contaminants and 

for estimating groundwater budgets. Particular attention is needed to map the spatial boundaries 
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of the karst system including the vertical and lateral limits in addition to other fractures and 

geologic boundaries [see Chalikakis et al., 2011].  

 ERI has been used to identify and locate karst conduits, often using salt as a tracer to 

increase the electrical contrast between the conduits and matrix, since the electrically conductive 

solution will preferentially enter the hydraulically conductive conduits [Šumanovac and Weisser, 

2001; Robert et al., 2012]. ERI may require hours to collect a full 2-D or 3-D profile, depending 

on the electrodes used and configuration. If the contrast between matrix and preferential conduits 

is large and the flow through these conduits is rapid, then careful consideration of the electrode 

sequence used may be necessarily to fully capture the resistivity contrast for salt injection tests.  

 ERI inversions collected over time can be shown as percent changes from a background 

image before injection of a conductive solution. The regions of large resistivity changes are 

attributed to locations of preferential conduits. Salt solution tracer tests may allow for estimates 

of the permeability of the conduits depending on the arrival times of the tracer. Karst conduits 

can vary in size, and one limitation includes small preferential pathways that may transport a 

bulk of material, but may be too small to accurately resolve using electrical methods and elude 

well sampling. 

 Currently, field-specific karst case studies have dominated this branch of 

hydrogeophysics. New advances include using both ERI and ground-penetrating radar for 

enhanced resolution, and new research focuses on exchange between surface water infiltrating 

into the subsurface matrix and karst conduit system during different levels of baseflow 

[Meyerhoff et al., 2012]. Many case studies exist using geophysical methods for karstic aquifer 

characterization including hydrostratigraphic units [Pérez-Bielsa et al., 2012] and recharge 

estimation [Angulo et al., 2011]. Other case studies have used ERI to detect sinkholes and 

cavities in karst environments that are no longer below the groundwater table, relying on air-

filled conduits to provide resistivity contrasts instead[Fehdi et al., 2011; Gómez-Ortiz and 

Martín-Crespo, 2012; Ismail and Anderson, 2012; Youssef et al., 2012]. Similarly, ERI has been 

used to analyze fracture fields [e.g., Nimmer et al., 2007], which are similar to karstic 

environments, but fractures may be smaller than karsts conduits and more difficult to detect 

using ERI. 
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A.2.2 Cold-Climate Hydrogeophysics 

 Cold-climate hydrogeophysics is a relatively new area of research that focuses on regions 

particularly sensitive to climate change, including permafrost degradation for both environmental 

and engineering motivations [Fortier et al., 2011]. Ice is more resistive than water, and ERI can 

be used to map the lateral and vertical extent of permafrost landforms [Hilbich et al., 2009]. 

Long-term studies spanning months to years have the potential to map seasonal trends including 

the onset of both melting and refreezing and identification of fracture zones that may act as 

conduits to transport melt water away from their source [Krautblatter et al., 2010]. Marine 

studies have even been used to map the extent of submarine permafrost [Overduin et al., 2012]. 

Quantifying the changes in resistivity to changes in permafrost behavior has yet to be fully 

developed because this is a relatively new application, but recent work has begun to interpret 

electrical measurements in a largely unexplored field [Schwindt and Kneisel, 2011]. 

A.2.3 Groundwater-Surface Water and Hyporheic Exchange 

 Groundwater and surface water exchange is a broad research area and can include 

exchange with streams, lakes and oceans. Consequently, we'll focus on different scales and water 

sources. If the electrical contrast between the ground and surface, ERI can be used to delineate 

potential zones of exchange without tracer tests, and tracers can be used to determine residence 

times for exchange. 

A.2.3.1 Coastal Groundwater-Surface Water Exchange 

 As fresh potable water demands increase near costal population centers, surface water 

resources may fail to provide sufficient water. This may drive groundwater needs, but increased 

pumping may draw adjacent seawater into the potable aquifers. ERI capitalizes on the high 

salinity and electrical conductivity of seawater relative to fresh groundwater to image different 

water reservoirs and identify extent of mixing. The amount of seawater intrusion may vary 

seasonally, change daily with tidal variations, and depend on pumping rates for nearby use.  

 ERI has been used in coastal aquifer settings for many case studies [Rao et al., 2011; 

Sathish et al., 2011]. ERI has been used to define the geometry of the aquifer, including 

delineation of zones of the most seawater intrusion [Al Farajat, 2009] and aquifer thickness 

[Mahesha et al., 2011]. Tidal variation may not always drive resistivity changes in coastal 

aquifers, but other cyclic, seasonal changes may be identified [de Franco et al., 2009]. Electrical 

methods have been applied to non-coastal aquifers that may experience the incoming flow of 
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other adjacent saline aquifers, even if the source of the saline water is not the intrusion of 

seawater [Kraiem et al., 2012].  

A.2.3.2 Non-Coastal Groundwater-Surface Water Exchange 

 Groundwater and surface water are intricately linked, although investigations that focus 

on one may neglect the role of the other due to difficulty of collecting appropriate water samples 

with a limited sampling volume. Electrical resistivity can be useful if the electrical contrast 

between the surface and groundwater is sufficiently large, and tracers can be used if the contrast 

is not sufficiently large. Some of the largest contrasts between groundwater and surface water 

occur near coastal environments. The contrast due to the high conductivity of the saline seawater 

is sufficient for static images. Time-lapse imaging can be used to identify changes due to tidal 

responses [Slater and Sandberg, 2000]. 

 Groundwater and lake water exchange is difficult to detect using wells alone, but can be 

imaged with electrical resistivity measurements. Hydraulic head gradients require multiple wells 

that may be costly and invasive, but for smaller lakes non-invasive surface ERI has been used to 

quickly image lake boundaries and regions where little or most of the possible groundwater-lake 

water exchange is occurring due to groundwater seepage [Befus et al., 2012]. 

  The contrast between surface and groundwater in non-coastal aquifers is usually less, but 

ERI methods may be applicable if a sufficient contrast is present. Bedrock and different geologic 

formations may have contrasting resistivity signals, and these different geologic facies may 

contribute seepage along riverbeds [Nyquist et al., 2008]. Flood events can drive stronger 

exchange and electrical contrasts [Coscia et al., 2011, 2012]. River water stage can affect 

groundwater resistivity variations [Wallin et al., 2013], and time-frequency analysis of the water 

table response to stream level changes can be used to identify low and high hydraulic 

conductivity regions controlled by geologic units [Johnson et al., 2012]. Signals can be amplified 

in riparian regions by injecting an ionic tracer solution near the stream where the contrast 

between ground and surface water is not sufficient, or to maximize the ERI response to provide a 

more quantitative analysis of the groundwater velocity [Doetsch et al., 2012]. 

A.2.3.3 Hyporheic Exchange 

 One particular application of groundwater-surface water exchange occurs in the 

hyporheic zone, which consists of the subsurface region below the stream where stream and 

groundwater mix and exchange. This zone has been referred to as the "river's liver," and is an 
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important reservoir for environmental ecosystems [Fischer et al., 2005]. The rate and amount of 

mixing of the stream and groundwater in the hyporheic zone are important parameters that can 

be hard to quantify since direct fluid measurements of this zone are limited to boreholes, which 

may be expensive and time-consuming to install. Point-scale measurements from boreholes 

cannot be used to reliably estimate the full lateral extent or volume of the hyporheic zone, 

especially since the volume of this zone may change spatially and temporally. 

 Both natural and human controlled changes in river stage can affect the hydraulic head 

gradients that govern the driving forces for stream water to mix in the hyporheic zone. In 

regulated rivers such as the Colorado River near Austin, Texas, the stream level is controlled 

upstream via dams that generate flood events, but the impacts of the hyporheic zone and nutrient 

cycling and exchange due to human controls is largely unknown. These wetting and drying 

cycles caused from the dam regulation eliminates the need for longer term studies based on 

dynamic stream conditions. ERI monitoring over flooding cycles include wetting and drying 

phases that manifest in changes in electrical resistivity, and monitoring the spatial and transient 

distribution of these changes provides insight to where and when the changes are occurring 

[Cardenas and Markowski, 2010].  

 When a conductive tracer is injected into a stream, some of the flow paths enter the 

hyporheic zone and are imaged by ERI. Solutes that enter hyporheic zone may be representative 

of other nutrients that may be captured through ecologic processes. Time-lapse 2-D images have 

been used to estimate the lateral and vertical extent of the hyporheic zone after a tracer test, 

based on percent changes greater than a specified threshold of the electrical resistivity images 

[Ward et al., 2010a, 2010b]. Using a specific threshold to estimate hyporheic zone volume will 

depend on the background resistivity values and the molarity of the ionic tracer used, so 

comparing hyporheic zone volumes across sites may be difficult, and seasonal changes in 

background resistivity values will collude repeated temporal measurements of the hyporheic 

zone volume at the same site over longer, seasonal periods.  

 The timing of the electrical conductivity changes can be used to estimate the hydraulic 

conductivity and location of the preferential pathways into the hyporheic zone as well as the 

residence times of the conductive tracer and other nutrients. Temporal moments of resistivity 

data gathered from time-lapse inversions can be used to estimate the volume and rate of 

exchange [Singha et al., 2008]. ERI snapshots can be selected every few weeks to months to 
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capture seasonal variability, such as the transition from a losing stream to a gaining stream and 

back again. ERI has been used to image geologic features that may affect hyporheic exchange 

[Toran et al., 2012] and capture the storage of solutes lingering in the less-mobile hyporheic 

zone [Toran et al., 2013]. Electrical resistivity has been shown to be a powerful tool in 

estimating the volume of the hyporheic zone, and tracer tests can be used in conjunction with 

ERI to estimate hyporheic zone flow paths and timescales. Hyporheic zone studies have only 

begun recently, and there is a great potential for future research. After some more advances in 

both qualitative and quantitative interpretation of both static and time-lapse ERI both with and 

without tracers, these methods may be as common as case studies in karst research. 

A.2.4 Aquifer Storage and Recovery 

 Municipalities managing aquifers in coastal and arid regions must monitor groundwater 

quality and quantity, and aquifer storage and recovery (ASR) may provide a supplementary 

solution. Pumping groundwater may result in permanent subsidence and the resulting loss of 

storage, so groundwater may be viewed as an emergency reserve and careful characterization and 

monitoring is necessary to preserve these resources [Reichard et al., 2010]. ASR involves the 

injection of excess clean freshwater into an aquifer to be later recovered when demands are 

greater or freshwater availability is lower, and can be used for municipal, industrial and 

agricultural purposes. In some regions (e.g., in saline aquifers), the water quality of the aquifer 

may be less desirable than that of the water being injected, and the two different water sources 

may have different electrical signals. ASR may alleviate some water restrictions by injecting 

excess surface water into the ground during low usage seasons to have more potential water to 

use when the demand is greater.  

 The injected water may displace native groundwater as it enters the aquifer. ERI has been 

used to monitor the quality of the injected freshwater into saline aquifers by using increased 

electrical conductivity as a proxy for an increase in salinity and decrease in water quality. Point-

scale measurements from water sampling measure a small volume immediately around the well, 

while the mixing may occur predominantly around the edge of the aquifers that would be missed 

through conventional sampling. Additional mixing may occur due to rate-limited mass transfer: 

injected potable water may displace the aquifer water in mobile zones, and saline water may be 

slowly released from immobile domains and immediately mix with the potable water throughout 

the aquifer [Culkin et al., 2008]. However, electrical methods are able to sample both the mobile 
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and less-mobile pores. This exchange between mobile and less-mobile domains has been 

captured with electrical methods for a pilot ASR site [Singha et al., 2007]. Long-term monitoring 

using ERI and other geophysical methods may provide a quick and automated method to monitor 

stored water quality [Minsley et al., 2011]. 

A.2.5 Parameter Estimation and Aquifer Characterization 

 Static ERI is important in aquifer characterization since it can be used to estimate 

hydraulic parameters and delineate hydrostratigraphic units. Parameter estimation is typically 

done by relating the resistivity to other parameters, such as porosity, to ultimately estimate 

hydraulic parameters such as permeability. Hydrostratigraphic units may be estimated through 

layered contrasts in the measured resistivity.  

 Archie's law [Archie, 1942] describes an early empirical petrophysical formulation that 

attempts to relate measured bulk and the fluid conductivities. Despite the initial empirical nature, 

the last few decades have produced theory to further explain this relation. The bulk and fluid 

conductivity are related through a "formation factor," which is a function of the porosity and a 

cementation factor. The cementation factor describes the degree of connectedness of the media 

[Glover, 2009]. Archie's law has been expanded for multiple conducting phases [Glover et al., 

2000; Glover, 2010] and for dual-domain models that have mobile and less-mobile pore space 

[Singha et al., 2007; Day-Lewis and Singha, 2008]. 

 Other petrophysical relations, including modifications of Archie's law, can be used to 

convert the electrical conductivity including pore-volume properties including water content 

[Day-Lewis et al., 2005; Hinnell et al., 2010] and porosity [Fowler and Moysey, 2011] or 

hydraulic conductivity from pore-surface properties based on surface area, grain size and clay 

content [Slater, 2007]. Coupled inversion of hydraulic and electrical conductivity along with 

petrophysical relations (such as Archie's law) can be used to simultaneously estimate the 

porosity, hydraulic conductivity [Johnson et al., 2009; Hinnell et al., 2010] and pressure heads 

[Inoue et al., 2000]. Temporal moments of electrical data combined with salt tracer monitoring 

can be used to estimate the hydraulic conductivity [Pollock and Cirpka, 2010].  

 The hydraulic conductivity in heterogeneous aquifers usually spans more orders of 

magnitude than the electrical conductivity, and the relation between electrical and hydraulic 

conductivity is site specific and may not apply to all media [Slater and Lesmes, 2002]. If the 

electrical conductivity alone is used to estimate the hydraulic conductivity distribution, the 
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estimates may miss both the low and high values. These values are extremely important in 

controlling solute transport, since solutes may either get stuck in regions where the permeability 

is low, or most of the solutes may travel along preferential flow paths in high permeability 

channels. Electrical methods may miss this entirely, but co-kriging can incorporate both 

hydraulic and electrical conductivity measurements, relying on ERI as supplementary data 

[Cassiani and Medina, 1997]. 

 The hydraulic conductivity can be estimated from borehole measurements with high 

vertical resolution, but lateral hydraulic conductivity measurements remain difficult to estimate. 

Geostatistical methods such as kriging and stochastic simulations are used to estimate the 

permeability field, and ERI can be used as complimentary soft data for reconstructing hydraulic 

conductivity fields [El Idrysy and De Smedt, 2007; Rahman et al., 2008]. Inversion images of 

electrical conductivity have been used to reconstruct hydraulic conductivity fields directly, 

relying on empirical relations between electrical and hydraulic conductivity. 

 At and near the Macrodispersion Experiment (MADE) site, where over 25 years of tracer 

tests have been conducted, electrical methods have been used to map the base of the Eutaw 

formation that serves as the clay aquitard at this site [Bowling et al., 2005] and to identify 

different sedimentary packages including braided and meandering fluvial stream deposits 

[Bowling et al., 2007]. Different sedimentary packages have been delineated at other sites, and 

ERI coupled with other geophysical methods such as ground-penetrating radar (GPR) [Looms et 

al., 2008a; Doetsch et al., 2010] or nuclear magnetic resonance (NMR) [Günther and Müller-

Petke, 2012] can provide greater confidence on estimates of the permeability field. 

 Time-lapse methods of ERI images are being developed to estimate hydraulic 

conductivity. Newer methods include ensemble Kalman filtering to enhance the estimates of the 

hydraulic conductivity field derived from ERI [Camporese et al., 2011] and numerical 

simulations of tracer transport and the joint inversion of both time-lapse fluid samples at wells 

and resistivity data to estimate hydraulic conductivity [Irving and Singha, 2010]. Time-lapse 

images have also been shown to capture changes in water content over time [Miller et al., 2008].  

A.2.6 Contaminant Transport 

 ERI has been a powerful, common tool for studying anomalous contaminant transport in 

the saturated and the vadose zone, and in soils and geologic media and in the field and laboratory 

settings. In contaminant transport studies, the goal is to map preferential flowpaths and track the 
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location of the contaminant through time. At many field sites, the advection-dispersion 

equation—the fundamental model of describing conservative solute transport—often fails to 

reproduce the concentration time history at many observations wells. The lack of information 

between wells limits our conceptual model of transport. Consequently, the velocity field, and 

thus the prediction of the fate and transport of solute particles, is wrong. For example, a 

preferential pathway may or may not pass within a few cm of the sampling port that would be 

missed through standard water sampling in boreholes. Electrical resistivity is a natural fit for 

monitoring contaminant transport, both in natural settings and in laboratory and field 

experiments, using a conductive ionic solution as a tracer to map pathways of potential 

contaminants, and for the contaminants themselves if the contaminants are sufficiently 

conductive.  

 Like in previous applications, ERI images capitalize in the electrical contrasts of the 

native groundwater and the injected conductive tracers to image potential regions of preferential 

pathways and regions where contaminants may get stuck. Proper identification of preferential 

pathways can be used to target remediation efforts, and the amount of time for remediation may 

be controlled by contaminants stuck in less-mobile regions. ERI can quickly identify these 

locations to assist with remediation applications, or be used to build and test different, more 

advanced models of contaminant transport [Kemna et al., 2002]. 2-D ERI may not be ideal for 

contaminant transport since transport processes are naturally 3-D [Slater et al., 2000], and 

surface arrays may be unable to significantly resolve tracer transport [Pollock and Cirpka, 2010]. 

Additionally, pixels and voxels representing resistivity data through inversions are non-unique 

since multiple electrical conductivity fields could produce the same electrical measurements 

[Slater et al., 2002]. 

 Surface arrays are common for field-scale measurements since the locations of the 

electrodes can be surveyed for high spatial resolution and the setup of the array is quick and 

easy. In field-scale solute tracer tests, surface ERI can capture the release of the tracer from the 

initial injection well that may otherwise be missed with conventional water sampling methods 

[LaBrecque et al., 1996]. Many field case studies have been performed using ERI to map 

preferential flowpaths and solute transport to hydraulic characterize the subsurface [Oldenborger 

et al., 2007; Monego et al., 2010] 
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 Surface arrays lose resolution at depth, but borehole ERI provide additional high-

resolution measurements throughout the length of the borehole, and can be installed with other 

constructed wells or installed with an electrode-specific well. Borehole measurements can be 

combined with other borehole geophysical methods, including GPR [Looms et al., 2008b] and 

time domain reflectometry probes [Koestel et al., 2008, 2009b]. Boreholes can reveal additional 

information, such as the separation of a solute plume into faster and slower volumes that may not 

be detected using fluid samples alone [Müller et al., 2010].  

 Not all ERI contaminant transport studies require the injection of a tracer solution. Slater 

and Sandberg [2000] capitalized on the natural gradient driven transport of a salt plume driven 

under varying recharge conditions near a structure storing and leaking road salt rather than 

injecting a tracer solution, while other studies have also capitalized on the presence of salt 

already at the field site [Hayley et al., 2009].  

 Temporal moments of the fluid and electrical conductivity can be used to estimate solute 

transport parameters, from both raw apparent resistivity values and inverted resistivity estimates. 

The temporal moments of both the bulk and fluid conductivity can be combined to estimate (1) 

mass, center of mass and variance of a plume [Singha and Gorelick, 2005; Looms et al., 2008b; 

Koestel et al., 2009a]; and (2) within a dual-domain mass transfer framework, the mobile and 

immobile porosity of a medium, and the residence time of the solutes in the immobile pore space 

[Day-Lewis and Singha, 2008]. Treating the electrical conductivity as a direct substitute for 

solute concentration without the correct petrophysical relation may result in errors, and higher 

order moments are more sensitive to data noise as measurement and systematic errors are 

magnified. Estimating the arrival time and temporal variance of a solute tracer breakthrough 

curve may be overestimated and underestimated, respectively due to rate-limited mass transfer 

[Singha et al., 2011] or the non-conservative transport of cations [Mastrocicco et al., 2011]. In 

addition to temporal moments, electrical methods have been used as supplementary data to 

model-calibrate a transport model [Briggs et al., 2013] 

 Attempts to estimate the dispersivity and amount of mixing from ERI have proven 

difficult because this parameter may be sensitive to the inversion parameters and overly smooth 

inversion images [Lekmine et al., 2012]. The dispersivity value controls the degree of spreading 

of a solute tracer plume and is estimating by measuring the edges of the arrival and departure of 

a breakthrough curve. By definition these values range from the background of the tracer 
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solution to the maximum of the tracer plume, and the dispersing front is usually small. Inversion 

parameters control the roughness of the plume, and optimizing for rougher or smoother gradients 

may mask the effects of dispersion, rendering estimates of this parameter difficult. ERI may take 

hours to collect. During this time the plume may spread, and temporal smearing can bias the 

estimate of dispersivity [Koestel et al., 2009a, 2009b]. 

A.2.7 Free Convection in Groundwater 

 Free convection of groundwater occurs through density contrasts. Free convection is 

controlled by salinity or temperature changes and the resultant density contrasts, driven by 

instability as dense fluid accumulates over a layer of less-dense fluids. However, free convection 

research in porous media is primarily limited to theoretical postulations and controlled laboratory 

evidence without ground truthing with any direct field observations. To monitor free convection, 

minimally invasive measurements need to be collected with sufficient spatial and temporal 

resolution because pumping and collection of water samples will change the flow fields. ERI is 

minimally invasive, and strong salinity-driven (and thus conductivity) density contrasts can be 

easily recorded through time. 

 Two separate studies were published nearly at the same time, both providing the first 

concurrent field evidence for free convection for field applications. One study was at a sabkha 

near Abu Dhabi [Van Dam et al., 2009] and the other was located at a barrier island at Padre 

Island, Texas [Stevens et al., 2009]. To date, these are the only two studies using ERI to monitor 

free convection. Both studies relied on evaporation to drive density contrasts in clean sands, and 

attributed the resistivity changes to variations of the conductivity of the pore fluid. To image free 

convection, 2-D surface arrays were collected at different snapshots in time. Inversion images 

show fingering and convection over time. Both studies supplemented the ERI data with water 

samples for salinity and density and estimate the Rayleigh number, which predicts free 

convection at their field sites. The chemistry and Rayleigh number data are not sufficient 

evidence for free convection, since these estimates have a small sample volume and provide little 

detail far away from the sampling wells. Free convection driven by temperature-dependent 

density contrasts will also manifest itself through a resistivity contrast, but this contrast will be 

smaller and more difficult to imaging using ERI. 
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A.2.8 Miscellaneous 

 The time-lapse studies listed above aim to remove the effects of a changing temperature 

on the electrical response to isolate the effects of a changing water content or pore fluid 

conductivity. However, at some sites the temporal changes in the water content or pore fluid 

conductivity may be secondary to the large, dynamic temperature effects on the ERI. The 

approach may be suited for wetlands and high-latitude peatlands that experience large daily 

temperature fluctuations, and these regions are highly susceptible to climate change [Musgrave 

and Binley, 2011]. New frontiers include using ERI to image bioremediation and ecological 

processes. 

A.3 Conclusions 

 Hydrogeophysicists have only begun to scratch the surface of the potential use of ERI 

and only discussed a few applications here. New developments are rapidly advancing in other 

fields including but not limited to monitoring bacterial growth, acid mine drainage, and 

engineering applications such as monitoring roadway salt infiltration, deicing agents used at 

airports, landfill and dams. 

 ERI provides a powerful tool to the hydrogeophysics community, across a wide range of 

disciplines. Interpretation of ERI inverted images needs to be done with caution, and inversion 

methods must not be treated as a magical black box. Inversion methods are ill-posed and require 

many assumptions. Different electrode configurations will have varying spatial resolution and 

sensitivities. Without thorough knowledge of this process and the associated limitations, false 

conclusions may be drawn. Artifacts in inversion images are fairly common and can easily 

masquerade as a change in conductivity. ERI methods are minimally and non-invasive, but still 

require some hard data to ground truth these perceived electrical contrasts. 

 The topics covered here are only a small portion of all the current and potential 

applications. Over the past few years we have seen the use of ERI applied to more complex 

problems, some of which have provided both laboratory- and field-scale confirmation of ideas 

previously only rooted in theory. The future of electrical methods remains optimistic. The initial 

cost for geophysical tools may be prohibitive, but the versatility of the tool drives demand and 

there is little cost after the initial purchase of the resistivity meter. The next advances in direct-

current electrical methods for near surface hydrological field and laboratory scale applications 

will likely involve complimenting ERI with geostatistical application, or the joint use with other 
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geophysical methods, including ground penetrating radar, shallow seismic surveys, spectral 

induced polarization and nuclear magnetic resonance. 
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APPENDIX B 

ADDITIONAL INFORMATION: CHAPTER 2 

 The following includes figures, and tables that were not originally included in Chapter 2, 

which is modified from a paper published in Water Resources Research (WRR). This appendix 

includes additional density data, the sequence used for resistivity measurements, X-ray 

diffraction data, and energy-dispersive X-ray spectroscopy measurements. The fine and coarse 

zeolite refer to zeolite A and zeolite B, respectively. 

 The skeletal density of the three samples using helium pycnometery are listed in Table B-

1. The implications from this table are largely unexplored, but are provided as additional data for 

future reference. 

 

Table B-1 The skeletal density for the zeolite A, zeolite B, and Accusand, determined through 

helium pycnometery. 
Sample Density (g cc-1) Standard deviation (g cc-1) 

Zeolite A 2.232 0.003 

Zeolite B 2.159 0.001 

Accusand 2.643 0.002 

 

 Table B-2 lists the sequence input file for the resistivity meter. This file was uploaded to 

the resistivity meter, and this table shows two consecutive tables together, which comprise the 

input file. In the first part of the file, the heading "#" refers to the electrode number, and X, Y, 

and Z refer to the electrode position, given here in meters. The electrode locations are only 

approximate. These locations are only used for converting the measured resistance into the 

apparent resistivity, based on the geometric factors for each measurement given the position and 

spatial arrangement of the electrodes. However, for these column experiments, the geometric 

factors were measured rather than calculated based on their positions. 

 The second part of the table lists the four electrodes used for each measurement. Here, 

the heading "#" refers to the number of the measurement. A and B refer to current electrodes; M 

and N refer to potential electrodes. 

  The actual sequence repeated these 40 measurements 40 times, for a total of 1600 

measurements per sequence. For the 10 channel instrument, there are essentially four different 

measurement periods to collect the 40 unique measurements, which takes less than a minute. 



154 
 

However, the subsequent resistance checks would take much longer, so the actual temporal 

resolution would be low. To work around this, I repeated the measurement multiple times in the 

same sequence to reduce ratio of time spent for resistance checks relative to time spent collecting 

measurements.  

 

Table B-2 The sequence for the resistivity meter. 

 

# X Y Z  

1 0 0.025 0.048  

2 0.025 0 0.048  

3 0 -0.025 0.048  

4 -0.025 0 0.048  

5 0 0.025 0.073  

6 0.025 0 0.073  

7 0 -0.025 0.073  

8 -0.025 0 0.073  

9 0 0.025 0.098  

10 0.025 0 0.098  

11 0 -0.025 0.098  

12 -0.025 0 0.098  

13 0 0.025 0.123  

14 0.025 0 0.123  

15 0 -0.025 0.123  

16 -0.025 0 0.123  

17 0 0.025 0.148  

18 0.025 0 0.148  

19 0 -0.025 0.148  

20 -0.025 0 0.148  

21 0 0.025 0.173  

22 0.025 0 0.173  

23 0 -0.025 0.173  

24 -0.025 0 0.173  

25 0 0.025 0.198  

26 0.025 0 0.198  

27 0 -0.025 0.198  

28 -0.025 0 0.198  

29 0 0 0  

30 0 0 0.2282  

# A B M N 

1 29 30 1 5 

2 29 30 5 9 

3 29 30 9 13 

4 29 30 13 17 

5 29 30 17 21 
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6 29 30 21 25 

7 29 30 25 2 

8 29 30 2 10 

9 29 30 10 18 

10 29 30 18 26 

11 29 30 2 6 

12 29 30 6 10 

13 29 30 10 14 

14 29 30 14 18 

15 29 30 18 22 

16 29 30 22 26 

17 29 30 26 3 

18 29 30 3 11 

19 29 30 11 19 

20 29 30 19 27 

21 29 30 3 7 

22 29 30 7 11 

23 29 30 11 15 

24 29 30 15 19 

25 29 30 19 23 

26 29 30 23 27 

27 29 30 27 4 

28 29 30 4 12 

29 29 30 12 20 

30 29 30 20 28 

31 29 30 4 8 

32 29 30 8 12 

33 29 30 12 16 

34 29 30 16 20 

35 29 30 20 24 

36 29 30 24 28 

37 29 30 28 1 

38 29 30 1 9 

39 29 30 9 17 

40 29 30 17 25 

 

 Tables B-3 and B-4 contain the energy-dispersive X-ray spectroscopy (EDS) results for 

zeolite A and B, respectively. The color in the table refers to the slight coloring of the two 

zeolites, as there are slight yellow and slightly darker zeolites. The high levels of carbon are 

likely not representative of the elemental composition of the zeolites; instead, the carbon is likely 

related to the carbon in the adhesive tape used to hold down the sample for analysis.  
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Table B-3 Energy-dispersive X-ray spectroscopy (EDS) results for zeolite A. The zeolites have 

grains of different colors, including dark spots on yellow grains. The title for each sub-table lists 

the color descriptor of the grain surface for the measurement. The values are normalized to the 

atomic weight of each element. 

 

Fine zeolite: dark/yellow 

Element Atomic % 

C 31.97 

Mn 4.05 

Si 24.08 

Al 4.38 

Mg 0.04 

Na 1.04 

K 1.51 

Ca 0.74 

O 32.18 

Fe 0 

Total 99.99 

   

Fine zeolite: yellow 

Element Atomic % 

C 47.51 

Fe 0.43 

Si 20.55 

Al 3.43 

Mg 0.32 

Na 0.86 

K 1.45 

Ca 0.65 

Mn 0.15 

O 24.65 

Total 100 
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Table B-4 Energy-dispersive X-ray spectroscopy (EDS) results for zeolite B. The zeolites have 

grains of different colors, including dark spots on yellow grains. The title for each sub-table lists 

the color descriptor of the grain surface for the measurement. The values are normalized to the 

atomic weight of each element. 

 

Coarse Zeolite yellow 

Element 
Atomic 

% 

Fe 1.25 

Si 44.72 

Al 7.23 

Mg 0.24 

Na 2.43 

K 2.56 

Ca 1.07 

O 40.49 

Total 99.99 

   

Coarse Zeolite dark/yellow 

Element 
Atomic 

% 

Ti 0.17 

Si 41.48 

Al 6.07 

Mg 0.14 

Na 2.21 

K 3.33 

Ca 0.24 

Fe 0.82 

O 45.54 

Total 100 

 

 In the Water Resources Research paper, only one σb from the potential pair nearest the 

outlet was used for data analysis. This measurement was repeated in a ring around the column, 

for four replicates for the same given z-locations of a potential pair. In each of the four rings, six 

additional pairs were collected, but not presented. Figure B-1 shows the BTC for one group of 

these rings, with the corresponding z-location of the measurement shown in the key. This figure 

shows the similar response for each of the potential pairs, but is delayed in time as the solutes 

move up and out of the column.  
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Figure B-1 The σf and σb BTC, for one of the columns of electrodes, with the corresponding 

height of the measurement, in cm. The key lists the z-location, in cm, of the σb measurements 

with reference to the bottom of the column. This measurement height is the average height of the 

two potential electrodes used. 

 

 Figure B-2 shows the laboratory setup with more detail compared to the figure published 

in Water Resources Research.  

 

 

Figure B-2. The setup for the column experiments. 

 

 Figures B-3, B-4, and B-5 show the X-ray diffraction (XRD) results collected at 

Pennsylvania State University. In addition to XRD for zeolite B used for this chapter, we present 

XRD data for zeolite A, and for the Accusand.  
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Figure B-3 X-ray diffraction results for zeolite A, collected at Pennsylvania State University. 

 

 

Figure B-4 X-ray diffraction results for zeolite B, collected at Pennsylvania State University. 



160 
 

 

Figure B-5 X-ray diffraction results for Accusand, collected at Pennsylvania State University.  
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APPENDIX C 

ADDITIONAL INFORMATION: CHAPTER 3 

 The following includes the resistivity meter sequence not originally included in Chapter 

3, which is modified from a paper to be submitted to Advances in Water Resources (AWR). 

 Table C-1 lists the sequence input file for the resistivity meter. This file was uploaded to 

the resistivity meter, and this table shows two consecutive tables together. In the first part of the 

file, the heading "#" refers to the electrode number, and X, Y, and Z refer to the electrode 

position, given here in meters. The electrode depths are only approximate. The geometric factors 

were measured rather than determined from electrode position. 

 The second part of the table lists the four electrodes used for each measurement. Here, 

the heading "#" refers to the number of the measurement. A and B refer to current electrodes; M 

and N refer to potential electrodes. 

 The actual sequence repeated these 28 measurements 10 times, for a total of 280 

measurements per sequence. The position of the electrodes in the sequence file may not be 

correct. These locations are only used for converting the measured resistance into the apparent 

resistivity, based on the geometric factors for each measurement given the position and spatial 

arrangement of the electrodes. However, for these column experiments, the geometric factors 

were measured rather than calculated based on their positions. 

 

  



162 
 

Table C-1 The sequence file for the resistivity measurements. 

# X Y Z     

1 0 0 0     

2 0 0 0.25     

3 0 0.025 0.0445     

4 0 0.025 0.0715     

5 0 0.025 0.0925     

6 0 0.025 0.1225     

7 0 0.025 0.1465     

8 0 0.025 0.17     

9 0 0.025 0.1955     

10 0 0.025 0.22     

# 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 2 9 10    

8 1 2 3 5    

9 1 2 5 7    

10 1 2 7 9    

11 1 2 4 6    

12 1 2 6 8    

13 1 2 8 10    

14 1 2 3 7    

15 1 2 3 8    

16 1 2 3 9    

17 1 2 3 10    

18 3 6 4 5    

19 4 7 5 6    

20 5 8 6 7    

21 6 9 7 8    

22 7 10 8 9    

23 3 8 5 6    

24 4 9 6 7    

25 5 10 7 8    

26 3 8 4 7    

27 4 9 5 8    

28 5 10 6 9  
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APPENDIX D 

ADDITIONAL INFORMATION: CHAPTER 4 

 The following includes BET measurements that were not originally included in Chapter 

4, which is modified from a paper submitted to Water Resources Research (WRR). Table 

D-1 lists surface area for the zeolites measured from BET. 

 

Table D-1 Surface area from BET. 

 BET 

 Surface Area (m2 g-1) 

Zeolite B: >3.35mm 17.7901 

Zeolite B: 2.00-3.35mm 15.5434 

Zeolite A: 1.00 to 2 mm 17.07643 

Zeolite A: 0.50 to 1 mm 16.9529 

Zeolite A: 0.25 to 0.5 mm 18.5685 
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APPENDIX E 

ADDITIONAL INFORMATION: CHAPTER 5 

 The following includes the resistivity meter sequence not originally included in Chapter 

5. Table E-1 lists the sequence used for the electrical resistivity measurements at this site. This 

file was uploaded to the resistivity meter, and this table shows two consecutive tables together. 

In the first part of the file, the heading "#" refers to the electrode number, and X, Y, and Z refer 

to the electrode position, given here in meters. The electrode depths are only approximate. The 

true electrode locations, and thus geometric factors, were used when estimating the apparent 

resistivity. 

 The second part of the table lists the four electrodes used for each measurement. Here, 

the heading "#" refers to the number of the measurement. A and B refer to current electrodes; M 

and N refer to potential electrodes. Electrodes 41 and 62 showed no signal response with the 

resistance check and were subsequently removed, which is why these electrodes are not listed in 

the sequence. If these electrodes were not removed prior to data acquisition, then extra time 

would be required as the resistivity meter attempts to collect a measurement, so removing these 

electrodes saved considerable time.  

 A total of 1,594 measurements were collected in the sequence. Note that in the field, the 

sequence was repeated nine times. This allowed for continuous data collection, without having to 

manually restart data acquisition. After the repeated sequence was complete, the measurements 

were downloaded in the field with a laptop computer, and the measurements resumed.   
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Table E-1 The sequence used for electrical measurements at the Macrodispersion Experiment 

site.  

# X Y Z            

1 4 0 1.5            

2 4 0 2.25            

3 4 0 3            

4 4 0 3.75            

5 4 0 4.5            

6 4 0 5.25            

7 4 0 6            

8 4 0 6.75            

9 4 0 7.5            

10 4 0 8.25            

11 4 0 9            

12 4 0 9.75            

13 4 0 10.5            

14 4 0 11.25            

15 4 0 12            

16 4 0 12.75            

17 4 4 1.5            

18 4 4 2.25            

19 4 4 3            

20 4 4 3.75            

21 4 4 4.5            

22 4 4 5.25            

23 4 4 6            

24 4 4 6.75            

25 4 4 7.5            

26 4 4 8.25            

27 4 4 9            

28 4 4 9.75            

29 4 4 10.5            

30 4 4 11.25            

31 4 4 12            

32 4 4 12.75            

33 0 2 1.5            

34 0 2 2.25            

35 0 2 3            

36 0 2 3.75            

37 0 2 4.5            

38 0 2 5.25            

39 0 2 6            

40 0 2 6.75            

42 0 2 8.25            

43 0 2 9            

44 0 2 9.75            

45 0 2 10.5            

46 0 2 11.25            

47 0 2 12            
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48 0 2 12.75            

49 6 2 1.5            

50 6 2 2.25            

51 6 2 3            

52 6 2 3.75            

53 6 2 4.5            

54 6 2 5.25            

55 6 2 6            

56 6 2 6.75            

57 6 2 7.5            

58 6 2 8.25            

59 6 2 9            

60 6 2 9.75            

61 6 2 10.5            

63 6 2 12            

64 6 2 12.75            

# A B M N # A B M N # A B M N 

1 1 2 3 4 532 5 21 12 28 1063 18 34 36 21 

2 1 2 4 5 533 5 21 28 13 1064 18 34 21 37 

3 1 2 5 6 534 5 21 13 29 1065 18 34 37 22 

4 1 2 6 7 535 5 21 29 14 1066 18 34 22 38 

5 1 2 7 8 536 5 21 14 30 1067 18 34 38 23 

6 1 2 8 9 537 5 21 30 15 1068 18 34 23 39 

7 1 2 9 10 538 5 21 15 31 1069 18 34 39 24 

8 1 2 10 11 539 5 21 31 16 1070 18 34 24 40 

9 1 2 11 12 540 5 21 16 32 1071 18 34 40 25 

10 1 2 12 13 541 6 22 7 23 1072 18 34 26 42 

11 1 2 13 14 542 6 22 23 8 1073 18 34 42 27 

12 1 2 14 15 543 6 22 8 24 1074 18 34 27 43 

13 1 2 15 16 544 6 22 24 9 1075 18 34 43 28 

14 2 3 4 5 545 6 22 9 25 1076 18 34 28 44 

15 2 3 5 6 546 6 22 25 10 1077 18 34 44 29 

16 2 3 6 7 547 6 22 10 26 1078 18 34 29 45 

17 2 3 7 8 548 6 22 26 11 1079 18 34 45 30 

18 2 3 8 9 549 6 22 11 27 1080 18 34 30 46 

19 2 3 9 10 550 6 22 27 12 1081 18 34 46 31 

20 2 3 10 11 551 6 22 12 28 1082 18 34 31 47 

21 2 3 11 12 552 6 22 28 13 1083 18 34 47 32 

22 2 3 12 13 553 6 22 13 29 1084 18 34 32 48 

23 2 3 13 14 554 6 22 29 14 1085 19 35 20 36 

24 2 3 14 15 555 6 22 14 30 1086 19 35 36 21 

25 2 3 15 16 556 6 22 30 15 1087 19 35 21 37 

26 3 4 5 6 557 6 22 15 31 1088 19 35 37 22 

27 3 4 6 7 558 6 22 31 16 1089 19 35 22 38 

28 3 4 7 8 559 6 22 16 32 1090 19 35 38 23 

29 3 4 8 9 560 7 23 8 24 1091 19 35 23 39 

30 3 4 9 10 561 7 23 24 9 1092 19 35 39 24 

31 3 4 10 11 562 7 23 9 25 1093 19 35 24 40 

32 3 4 11 12 563 7 23 25 10 1094 19 35 40 25 

33 3 4 12 13 564 7 23 10 26 1095 19 35 26 42 
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34 3 4 13 14 565 7 23 26 11 1096 19 35 42 27 

35 3 4 14 15 566 7 23 11 27 1097 19 35 27 43 

36 3 4 15 16 567 7 23 27 12 1098 19 35 43 28 

37 4 5 6 7 568 7 23 12 28 1099 19 35 28 44 

38 4 5 7 8 569 7 23 28 13 1100 19 35 44 29 

39 4 5 8 9 570 7 23 13 29 1101 19 35 29 45 

40 4 5 9 10 571 7 23 29 14 1102 19 35 45 30 

41 4 5 10 11 572 7 23 14 30 1103 19 35 30 46 

42 4 5 11 12 573 7 23 30 15 1104 19 35 46 31 

43 4 5 12 13 574 7 23 15 31 1105 19 35 31 47 

44 4 5 13 14 575 7 23 31 16 1106 19 35 47 32 

45 4 5 14 15 576 7 23 16 32 1107 19 35 32 48 

46 4 5 15 16 577 8 24 9 25 1108 20 36 21 37 

47 5 6 7 8 578 8 24 25 10 1109 20 36 37 22 

48 5 6 8 9 579 8 24 10 26 1110 20 36 22 38 

49 5 6 9 10 580 8 24 26 11 1111 20 36 38 23 

50 5 6 10 11 581 8 24 11 27 1112 20 36 23 39 

51 5 6 11 12 582 8 24 27 12 1113 20 36 39 24 

52 5 6 12 13 583 8 24 12 28 1114 20 36 24 40 

53 5 6 13 14 584 8 24 28 13 1115 20 36 40 25 

54 5 6 14 15 585 8 24 13 29 1116 20 36 26 42 

55 5 6 15 16 586 8 24 29 14 1117 20 36 42 27 

56 6 7 8 9 587 8 24 14 30 1118 20 36 27 43 

57 6 7 9 10 588 8 24 30 15 1119 20 36 43 28 

58 6 7 10 11 589 8 24 15 31 1120 20 36 28 44 

59 6 7 11 12 590 8 24 31 16 1121 20 36 44 29 

60 6 7 12 13 591 8 24 16 32 1122 20 36 29 45 

61 6 7 13 14 592 9 25 10 26 1123 20 36 45 30 

62 6 7 14 15 593 9 25 26 11 1124 20 36 30 46 

63 6 7 15 16 594 9 25 11 27 1125 20 36 46 31 

64 7 8 9 10 595 9 25 27 12 1126 20 36 31 47 

65 7 8 10 11 596 9 25 12 28 1127 20 36 47 32 

66 7 8 11 12 597 9 25 28 13 1128 20 36 32 48 

67 7 8 12 13 598 9 25 13 29 1129 21 37 22 38 

68 7 8 13 14 599 9 25 29 14 1130 21 37 38 23 

69 7 8 14 15 600 9 25 14 30 1131 21 37 23 39 

70 7 8 15 16 601 9 25 30 15 1132 21 37 39 24 

71 8 9 10 11 602 9 25 15 31 1133 21 37 24 40 

72 8 9 11 12 603 9 25 31 16 1134 21 37 40 25 

73 8 9 12 13 604 9 25 16 32 1135 21 37 26 42 

74 8 9 13 14 605 10 26 11 27 1136 21 37 42 27 

75 8 9 14 15 606 10 26 27 12 1137 21 37 27 43 

76 8 9 15 16 607 10 26 12 28 1138 21 37 43 28 

77 9 10 11 12 608 10 26 28 13 1139 21 37 28 44 

78 9 10 12 13 609 10 26 13 29 1140 21 37 44 29 

79 9 10 13 14 610 10 26 29 14 1141 21 37 29 45 

80 9 10 14 15 611 10 26 14 30 1142 21 37 45 30 

81 9 10 15 16 612 10 26 30 15 1143 21 37 30 46 

82 10 11 12 13 613 10 26 15 31 1144 21 37 46 31 

83 10 11 13 14 614 10 26 31 16 1145 21 37 31 47 
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84 10 11 14 15 615 10 26 16 32 1146 21 37 47 32 

85 10 11 15 16 616 11 27 12 28 1147 21 37 32 48 

86 11 12 13 14 617 11 27 28 13 1148 22 38 23 39 

87 11 12 14 15 618 11 27 13 29 1149 22 38 39 24 

88 11 12 15 16 619 11 27 29 14 1150 22 38 24 40 

89 12 13 14 15 620 11 27 14 30 1151 22 38 40 25 

90 12 13 15 16 621 11 27 30 15 1152 22 38 26 42 

91 13 14 15 16 622 11 27 15 31 1153 22 38 42 27 

92 1 3 5 7 623 11 27 31 16 1154 22 38 27 43 

93 1 3 7 9 624 11 27 16 32 1155 22 38 43 28 

94 1 3 9 11 625 12 28 13 29 1156 22 38 28 44 

95 1 3 11 13 626 12 28 29 14 1157 22 38 44 29 

96 1 3 13 15 627 12 28 14 30 1158 22 38 29 45 

97 2 4 6 8 628 12 28 30 15 1159 22 38 45 30 

98 2 4 10 12 629 12 28 15 31 1160 22 38 30 46 

99 2 4 12 14 630 12 28 31 16 1161 22 38 46 31 

100 2 4 14 16 631 12 28 16 32 1162 22 38 31 47 

101 3 5 7 9 632 13 29 14 30 1163 22 38 47 32 

102 3 5 9 11 633 13 29 30 15 1164 22 38 32 48 

103 3 5 11 13 634 13 29 15 31 1165 23 39 24 40 

104 3 5 13 15 635 13 29 31 16 1166 23 39 40 25 

105 4 6 8 10 636 13 29 16 32 1167 23 39 26 42 

106 4 6 10 12 637 14 30 15 31 1168 23 39 42 27 

107 4 6 12 14 638 14 30 31 16 1169 23 39 27 43 

108 4 6 14 16 639 14 30 16 32 1170 23 39 43 28 

109 5 7 9 11 640 15 31 16 32 1171 23 39 28 44 

110 5 7 11 13 641 1 33 2 34 1172 23 39 44 29 

111 5 7 13 15 642 1 33 34 3 1173 23 39 29 45 

112 6 8 10 12 643 1 33 3 35 1174 23 39 45 30 

113 6 8 12 14 644 1 33 35 4 1175 23 39 30 46 

114 6 8 14 16 645 1 33 4 36 1176 23 39 46 31 

115 7 9 11 13 646 1 33 36 5 1177 23 39 31 47 

116 7 9 13 15 647 1 33 5 37 1178 23 39 47 32 

117 8 10 12 14 648 1 33 37 6 1179 23 39 32 48 

118 8 10 14 16 649 1 33 6 38 1180 24 40 26 42 

119 9 11 13 15 650 1 33 38 7 1181 24 40 42 27 

120 10 12 14 16 651 1 33 7 39 1182 24 40 27 43 

121 17 18 19 20 652 1 33 39 8 1183 24 40 43 28 

122 17 18 20 21 653 1 33 8 40 1184 24 40 28 44 

123 17 18 21 22 654 1 33 40 9 1185 24 40 44 29 

124 17 18 22 23 655 1 33 10 42 1186 24 40 29 45 

125 17 18 23 24 656 1 33 42 11 1187 24 40 45 30 

126 17 18 24 25 657 1 33 11 43 1188 24 40 30 46 

127 17 18 25 26 658 1 33 43 12 1189 24 40 46 31 

128 17 18 26 27 659 1 33 12 44 1190 24 40 31 47 

129 17 18 27 28 660 1 33 44 13 1191 24 40 47 32 

130 17 18 28 29 661 1 33 13 45 1192 24 40 32 48 

131 17 18 29 30 662 1 33 45 14 1193 26 42 27 43 

132 17 18 30 31 663 1 33 14 46 1194 26 42 43 28 

133 17 18 31 32 664 1 33 46 15 1195 26 42 28 44 
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134 18 19 20 21 665 1 33 15 47 1196 26 42 44 29 

135 18 19 21 22 666 1 33 47 16 1197 26 42 29 45 

136 18 19 22 23 667 1 33 16 48 1198 26 42 45 30 

137 18 19 23 24 668 2 34 3 35 1199 26 42 30 46 

138 18 19 24 25 669 2 34 35 4 1200 26 42 46 31 

139 18 19 25 26 670 2 34 4 36 1201 26 42 31 47 

140 18 19 26 27 671 2 34 36 5 1202 26 42 47 32 

141 18 19 27 28 672 2 34 5 37 1203 26 42 32 48 

142 18 19 28 29 673 2 34 37 6 1204 27 43 28 44 

143 18 19 29 30 674 2 34 6 38 1205 27 43 44 29 

144 18 19 30 31 675 2 34 38 7 1206 27 43 29 45 

145 18 19 31 32 676 2 34 7 39 1207 27 43 45 30 

146 19 20 21 22 677 2 34 39 8 1208 27 43 30 46 

147 19 20 22 23 678 2 34 8 40 1209 27 43 46 31 

148 19 20 23 24 679 2 34 40 9 1210 27 43 31 47 

149 19 20 24 25 680 2 34 10 42 1211 27 43 47 32 

150 19 20 25 26 681 2 34 42 11 1212 27 43 32 48 

151 19 20 26 27 682 2 34 11 43 1213 28 44 29 45 

152 19 20 27 28 683 2 34 43 12 1214 28 44 45 30 

153 19 20 28 29 684 2 34 12 44 1215 28 44 30 46 

154 19 20 29 30 685 2 34 44 13 1216 28 44 46 31 

155 19 20 30 31 686 2 34 13 45 1217 28 44 31 47 

156 19 20 31 32 687 2 34 45 14 1218 28 44 47 32 

157 20 21 22 23 688 2 34 14 46 1219 28 44 32 48 

158 20 21 23 24 689 2 34 46 15 1220 29 45 30 46 

159 20 21 24 25 690 2 34 15 47 1221 29 45 46 31 

160 20 21 25 26 691 2 34 47 16 1222 29 45 31 47 

161 20 21 26 27 692 2 34 16 48 1223 29 45 47 32 

162 20 21 27 28 693 3 35 4 36 1224 29 45 32 48 

163 20 21 28 29 694 3 35 36 5 1225 30 46 31 47 

164 20 21 29 30 695 3 35 5 37 1226 30 46 47 32 

165 20 21 30 31 696 3 35 37 6 1227 30 46 32 48 

166 20 21 31 32 697 3 35 6 38 1228 31 47 32 48 

167 21 22 23 24 698 3 35 38 7 1229 17 49 18 50 

168 21 22 24 25 699 3 35 7 39 1230 17 49 50 19 

169 21 22 25 26 700 3 35 39 8 1231 17 49 19 51 

170 21 22 26 27 701 3 35 8 40 1232 17 49 51 20 

171 21 22 27 28 702 3 35 40 9 1233 17 49 20 52 

172 21 22 28 29 703 3 35 10 42 1234 17 49 52 21 

173 21 22 29 30 704 3 35 42 11 1235 17 49 21 53 

174 21 22 30 31 705 3 35 11 43 1236 17 49 53 22 

175 21 22 31 32 706 3 35 43 12 1237 17 49 22 54 

176 22 23 24 25 707 3 35 12 44 1238 17 49 54 23 

177 22 23 25 26 708 3 35 44 13 1239 17 49 23 55 

178 22 23 26 27 709 3 35 13 45 1240 17 49 55 24 

179 22 23 27 28 710 3 35 45 14 1241 17 49 24 56 

180 22 23 28 29 711 3 35 14 46 1242 17 49 56 25 

181 22 23 29 30 712 3 35 46 15 1243 17 49 25 57 

182 22 23 30 31 713 3 35 15 47 1244 17 49 57 26 

183 22 23 31 32 714 3 35 47 16 1245 17 49 26 58 



170 
 

184 23 24 25 26 715 3 35 16 48 1246 17 49 58 27 

185 23 24 26 27 716 4 36 5 37 1247 17 49 27 59 

186 23 24 27 28 717 4 36 37 6 1248 17 49 59 28 

187 23 24 28 29 718 4 36 6 38 1249 17 49 28 60 

188 23 24 29 30 719 4 36 38 7 1250 17 49 60 29 

189 23 24 30 31 720 4 36 7 39 1251 17 49 29 61 

190 23 24 31 32 721 4 36 39 8 1252 17 49 61 30 

191 24 25 26 27 722 4 36 8 40 1253 17 49 31 63 

192 24 25 27 28 723 4 36 40 9 1254 17 49 63 32 

193 24 25 28 29 724 4 36 10 42 1255 17 49 32 64 

194 24 25 29 30 725 4 36 42 11 1256 18 50 19 51 

195 24 25 30 31 726 4 36 11 43 1257 18 50 51 20 

196 24 25 31 32 727 4 36 43 12 1258 18 50 20 52 

197 25 26 27 28 728 4 36 12 44 1259 18 50 52 21 

198 25 26 28 29 729 4 36 44 13 1260 18 50 21 53 

199 25 26 29 30 730 4 36 13 45 1261 18 50 53 22 

200 25 26 30 31 731 4 36 45 14 1262 18 50 22 54 

201 25 26 31 32 732 4 36 14 46 1263 18 50 54 23 

202 26 27 28 29 733 4 36 46 15 1264 18 50 23 55 

203 26 27 29 30 734 4 36 15 47 1265 18 50 55 24 

204 26 27 30 31 735 4 36 47 16 1266 18 50 24 56 

205 26 27 31 32 736 4 36 16 48 1267 18 50 56 25 

206 27 28 29 30 737 5 37 6 38 1268 18 50 25 57 

207 27 28 30 31 738 5 37 38 7 1269 18 50 57 26 

208 27 28 31 32 739 5 37 7 39 1270 18 50 26 58 

209 28 29 30 31 740 5 37 39 8 1271 18 50 58 27 

210 28 29 31 32 741 5 37 8 40 1272 18 50 27 59 

211 29 30 31 32 742 5 37 40 9 1273 18 50 59 28 

212 17 19 21 23 743 5 37 10 42 1274 18 50 28 60 

213 17 19 23 25 744 5 37 42 11 1275 18 50 60 29 

214 17 19 25 27 745 5 37 11 43 1276 18 50 29 61 

215 17 19 27 29 746 5 37 43 12 1277 18 50 61 30 

216 17 19 29 31 747 5 37 12 44 1278 18 50 31 63 

217 18 20 22 24 748 5 37 44 13 1279 18 50 63 32 

218 18 20 26 28 749 5 37 13 45 1280 18 50 32 64 

219 18 20 28 30 750 5 37 45 14 1281 19 51 20 52 

220 18 20 30 32 751 5 37 14 46 1282 19 51 52 21 

221 19 21 23 25 752 5 37 46 15 1283 19 51 21 53 

222 19 21 25 27 753 5 37 15 47 1284 19 51 53 22 

223 19 21 27 29 754 5 37 47 16 1285 19 51 22 54 

224 19 21 29 31 755 5 37 16 48 1286 19 51 54 23 

225 20 22 24 26 756 6 38 7 39 1287 19 51 23 55 

226 20 22 26 28 757 6 38 39 8 1288 19 51 55 24 

227 20 22 28 30 758 6 38 8 40 1289 19 51 24 56 

228 20 22 30 32 759 6 38 40 9 1290 19 51 56 25 

229 21 23 25 27 760 6 38 10 42 1291 19 51 25 57 

230 21 23 27 29 761 6 38 42 11 1292 19 51 57 26 

231 21 23 29 31 762 6 38 11 43 1293 19 51 26 58 

232 22 24 26 28 763 6 38 43 12 1294 19 51 58 27 

233 22 24 28 30 764 6 38 12 44 1295 19 51 27 59 



171 
 

234 22 24 30 32 765 6 38 44 13 1296 19 51 59 28 

235 23 25 27 29 766 6 38 13 45 1297 19 51 28 60 

236 23 25 29 31 767 6 38 45 14 1298 19 51 60 29 

237 24 26 28 30 768 6 38 14 46 1299 19 51 29 61 

238 24 26 30 32 769 6 38 46 15 1300 19 51 61 30 

239 25 27 29 31 770 6 38 15 47 1301 19 51 31 63 

240 26 28 30 32 771 6 38 47 16 1302 19 51 63 32 

241 33 34 35 36 772 6 38 16 48 1303 19 51 32 64 

242 33 34 36 37 773 7 39 8 40 1304 20 52 21 53 

243 33 34 37 38 774 7 39 40 9 1305 20 52 53 22 

244 33 34 38 39 775 7 39 10 42 1306 20 52 22 54 

245 33 34 39 40 776 7 39 42 11 1307 20 52 54 23 

246 33 34 42 43 777 7 39 11 43 1308 20 52 23 55 

247 33 34 43 44 778 7 39 43 12 1309 20 52 55 24 

248 33 34 44 45 779 7 39 12 44 1310 20 52 24 56 

249 33 34 45 46 780 7 39 44 13 1311 20 52 56 25 

250 33 34 46 47 781 7 39 13 45 1312 20 52 25 57 

251 33 34 47 48 782 7 39 45 14 1313 20 52 57 26 

252 34 35 36 37 783 7 39 14 46 1314 20 52 26 58 

253 34 35 37 38 784 7 39 46 15 1315 20 52 58 27 

254 34 35 38 39 785 7 39 15 47 1316 20 52 27 59 

255 34 35 39 40 786 7 39 47 16 1317 20 52 59 28 

256 34 35 42 43 787 7 39 16 48 1318 20 52 28 60 

257 34 35 43 44 788 8 40 10 42 1319 20 52 60 29 

258 34 35 44 45 789 8 40 42 11 1320 20 52 29 61 

259 34 35 45 46 790 8 40 11 43 1321 20 52 61 30 

260 34 35 46 47 791 8 40 43 12 1322 20 52 31 63 

261 34 35 47 48 792 8 40 12 44 1323 20 52 63 32 

262 35 36 37 38 793 8 40 44 13 1324 20 52 32 64 

263 35 36 38 39 794 8 40 13 45 1325 21 53 22 54 

264 35 36 39 40 795 8 40 45 14 1326 21 53 54 23 

265 35 36 42 43 796 8 40 14 46 1327 21 53 23 55 

266 35 36 43 44 797 8 40 46 15 1328 21 53 55 24 

267 35 36 44 45 798 8 40 15 47 1329 21 53 24 56 

268 35 36 45 46 799 8 40 47 16 1330 21 53 56 25 

269 35 36 46 47 800 8 40 16 48 1331 21 53 25 57 

270 35 36 47 48 801 10 42 11 43 1332 21 53 57 26 

271 36 37 38 39 802 10 42 43 12 1333 21 53 26 58 

272 36 37 39 40 803 10 42 12 44 1334 21 53 58 27 

273 36 37 42 43 804 10 42 44 13 1335 21 53 27 59 

274 36 37 43 44 805 10 42 13 45 1336 21 53 59 28 

275 36 37 44 45 806 10 42 45 14 1337 21 53 28 60 

276 36 37 45 46 807 10 42 14 46 1338 21 53 60 29 

277 36 37 46 47 808 10 42 46 15 1339 21 53 29 61 

278 36 37 47 48 809 10 42 15 47 1340 21 53 61 30 

279 37 38 39 40 810 10 42 47 16 1341 21 53 31 63 

280 37 38 42 43 811 10 42 16 48 1342 21 53 63 32 

281 37 38 43 44 812 11 43 12 44 1343 21 53 32 64 

282 37 38 44 45 813 11 43 44 13 1344 22 54 23 55 

283 37 38 45 46 814 11 43 13 45 1345 22 54 55 24 
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284 37 38 46 47 815 11 43 45 14 1346 22 54 24 56 

285 37 38 47 48 816 11 43 14 46 1347 22 54 56 25 

286 38 39 42 43 817 11 43 46 15 1348 22 54 25 57 

287 38 39 43 44 818 11 43 15 47 1349 22 54 57 26 

288 38 39 44 45 819 11 43 47 16 1350 22 54 26 58 

289 38 39 45 46 820 11 43 16 48 1351 22 54 58 27 

290 38 39 46 47 821 12 44 13 45 1352 22 54 27 59 

291 38 39 47 48 822 12 44 45 14 1353 22 54 59 28 

292 39 40 42 43 823 12 44 14 46 1354 22 54 28 60 

293 39 40 43 44 824 12 44 46 15 1355 22 54 60 29 

294 39 40 44 45 825 12 44 15 47 1356 22 54 29 61 

295 39 40 45 46 826 12 44 47 16 1357 22 54 61 30 

296 39 40 46 47 827 12 44 16 48 1358 22 54 31 63 

297 39 40 47 48 828 13 45 14 46 1359 22 54 63 32 

298 42 43 44 45 829 13 45 46 15 1360 22 54 32 64 

299 42 43 45 46 830 13 45 15 47 1361 23 55 24 56 

300 42 43 46 47 831 13 45 47 16 1362 23 55 56 25 

301 42 43 47 48 832 13 45 16 48 1363 23 55 25 57 

302 43 44 45 46 833 14 46 15 47 1364 23 55 57 26 

303 43 44 46 47 834 14 46 47 16 1365 23 55 26 58 

304 43 44 47 48 835 14 46 16 48 1366 23 55 58 27 

305 44 45 46 47 836 15 47 16 48 1367 23 55 27 59 

306 44 45 47 48 837 1 49 2 50 1368 23 55 59 28 

307 45 46 47 48 838 1 49 50 3 1369 23 55 28 60 

308 33 35 37 39 839 1 49 3 51 1370 23 55 60 29 

309 33 35 43 45 840 1 49 51 4 1371 23 55 29 61 

310 33 35 45 47 841 1 49 4 52 1372 23 55 61 30 

311 34 36 38 40 842 1 49 52 5 1373 23 55 31 63 

312 34 36 42 44 843 1 49 5 53 1374 23 55 63 32 

313 34 36 44 46 844 1 49 53 6 1375 23 55 32 64 

314 34 36 46 48 845 1 49 6 54 1376 24 56 25 57 

315 35 37 43 45 846 1 49 54 7 1377 24 56 57 26 

316 35 37 45 47 847 1 49 7 55 1378 24 56 26 58 

317 36 38 40 42 848 1 49 55 8 1379 24 56 58 27 

318 36 38 42 44 849 1 49 8 56 1380 24 56 27 59 

319 36 38 44 46 850 1 49 56 9 1381 24 56 59 28 

320 36 38 46 48 851 1 49 9 57 1382 24 56 28 60 

321 37 39 43 45 852 1 49 57 10 1383 24 56 60 29 

322 37 39 45 47 853 1 49 10 58 1384 24 56 29 61 

323 38 40 42 44 854 1 49 58 11 1385 24 56 61 30 

324 38 40 44 46 855 1 49 11 59 1386 24 56 31 63 

325 38 40 46 48 856 1 49 59 12 1387 24 56 63 32 

326 40 42 44 46 857 1 49 12 60 1388 24 56 32 64 

327 40 42 46 48 858 1 49 60 13 1389 25 57 26 58 

328 42 44 46 48 859 1 49 13 61 1390 25 57 58 27 

329 49 50 51 52 860 1 49 61 14 1391 25 57 27 59 

330 49 50 52 53 861 1 49 15 63 1392 25 57 59 28 

331 49 50 53 54 862 1 49 63 16 1393 25 57 28 60 

332 49 50 54 55 863 1 49 16 64 1394 25 57 60 29 

333 49 50 55 56 864 2 50 3 51 1395 25 57 29 61 
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334 49 50 56 57 865 2 50 51 4 1396 25 57 61 30 

335 49 50 57 58 866 2 50 4 52 1397 25 57 31 63 

336 49 50 58 59 867 2 50 52 5 1398 25 57 63 32 

337 49 50 59 60 868 2 50 5 53 1399 25 57 32 64 

338 49 50 60 61 869 2 50 53 6 1400 26 58 27 59 

339 49 50 63 64 870 2 50 6 54 1401 26 58 59 28 

340 50 51 52 53 871 2 50 54 7 1402 26 58 28 60 

341 50 51 53 54 872 2 50 7 55 1403 26 58 60 29 

342 50 51 54 55 873 2 50 55 8 1404 26 58 29 61 

343 50 51 55 56 874 2 50 8 56 1405 26 58 61 30 

344 50 51 56 57 875 2 50 56 9 1406 26 58 31 63 

345 50 51 57 58 876 2 50 9 57 1407 26 58 63 32 

346 50 51 58 59 877 2 50 57 10 1408 26 58 32 64 

347 50 51 59 60 878 2 50 10 58 1409 27 59 28 60 

348 50 51 60 61 879 2 50 58 11 1410 27 59 60 29 

349 50 51 63 64 880 2 50 11 59 1411 27 59 29 61 

350 51 52 53 54 881 2 50 59 12 1412 27 59 61 30 

351 51 52 54 55 882 2 50 12 60 1413 27 59 31 63 

352 51 52 55 56 883 2 50 60 13 1414 27 59 63 32 

353 51 52 56 57 884 2 50 13 61 1415 27 59 32 64 

354 51 52 57 58 885 2 50 61 14 1416 28 60 29 61 

355 51 52 58 59 886 2 50 15 63 1417 28 60 61 30 

356 51 52 59 60 887 2 50 63 16 1418 28 60 31 63 

357 51 52 60 61 888 2 50 16 64 1419 28 60 63 32 

358 51 52 63 64 889 3 51 4 52 1420 28 60 32 64 

359 52 53 54 55 890 3 51 52 5 1421 29 61 31 63 

360 52 53 55 56 891 3 51 5 53 1422 29 61 63 32 

361 52 53 56 57 892 3 51 53 6 1423 29 61 32 64 

362 52 53 57 58 893 3 51 6 54 1424 31 63 32 64 

363 52 53 58 59 894 3 51 54 7 1425 33 49 34 50 

364 52 53 59 60 895 3 51 7 55 1426 33 49 50 35 

365 52 53 60 61 896 3 51 55 8 1427 33 49 35 51 

366 52 53 63 64 897 3 51 8 56 1428 33 49 51 36 

367 53 54 55 56 898 3 51 56 9 1429 33 49 36 52 

368 53 54 56 57 899 3 51 9 57 1430 33 49 52 37 

369 53 54 57 58 900 3 51 57 10 1431 33 49 37 53 

370 53 54 58 59 901 3 51 10 58 1432 33 49 53 38 

371 53 54 59 60 902 3 51 58 11 1433 33 49 38 54 

372 53 54 60 61 903 3 51 11 59 1434 33 49 54 39 

373 53 54 63 64 904 3 51 59 12 1435 33 49 39 55 

374 54 55 56 57 905 3 51 12 60 1436 33 49 55 40 

375 54 55 57 58 906 3 51 60 13 1437 33 49 40 56 

376 54 55 58 59 907 3 51 13 61 1438 33 49 57 42 

377 54 55 59 60 908 3 51 61 14 1439 33 49 42 58 

378 54 55 60 61 909 3 51 15 63 1440 33 49 58 43 

379 54 55 63 64 910 3 51 63 16 1441 33 49 43 59 

380 55 56 57 58 911 3 51 16 64 1442 33 49 59 44 

381 55 56 58 59 912 4 52 5 53 1443 33 49 44 60 

382 55 56 59 60 913 4 52 53 6 1444 33 49 60 45 

383 55 56 60 61 914 4 52 6 54 1445 33 49 45 61 
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384 55 56 63 64 915 4 52 54 7 1446 33 49 61 46 

385 56 57 58 59 916 4 52 7 55 1447 33 49 47 63 

386 56 57 59 60 917 4 52 55 8 1448 33 49 63 48 

387 56 57 60 61 918 4 52 8 56 1449 33 49 48 64 

388 56 57 63 64 919 4 52 56 9 1450 34 50 35 51 

389 57 58 59 60 920 4 52 9 57 1451 34 50 51 36 

390 57 58 60 61 921 4 52 57 10 1452 34 50 36 52 

391 57 58 63 64 922 4 52 10 58 1453 34 50 52 37 

392 58 59 60 61 923 4 52 58 11 1454 34 50 37 53 

393 58 59 63 64 924 4 52 11 59 1455 34 50 53 38 

394 59 60 63 64 925 4 52 59 12 1456 34 50 38 54 

395 60 61 63 64 926 4 52 12 60 1457 34 50 54 39 

396 49 51 53 55 927 4 52 60 13 1458 34 50 39 55 

397 49 51 55 57 928 4 52 13 61 1459 34 50 55 40 

398 49 51 57 59 929 4 52 61 14 1460 34 50 40 56 

399 49 51 59 61 930 4 52 15 63 1461 34 50 57 42 

400 49 51 61 63 931 4 52 63 16 1462 34 50 42 58 

401 50 52 54 56 932 4 52 16 64 1463 34 50 58 43 

402 50 52 58 60 933 5 53 6 54 1464 34 50 43 59 

403 51 53 55 57 934 5 53 54 7 1465 34 50 59 44 

404 51 53 57 59 935 5 53 7 55 1466 34 50 44 60 

405 51 53 59 61 936 5 53 55 8 1467 34 50 60 45 

406 51 53 61 63 937 5 53 8 56 1468 34 50 45 61 

407 52 54 56 58 938 5 53 56 9 1469 34 50 61 46 

408 52 54 58 60 939 5 53 9 57 1470 34 50 47 63 

409 53 55 57 59 940 5 53 57 10 1471 34 50 63 48 

410 53 55 59 61 941 5 53 10 58 1472 34 50 48 64 

411 53 55 61 63 942 5 53 58 11 1473 35 51 36 52 

412 54 56 58 60 943 5 53 11 59 1474 35 51 52 37 

413 55 57 59 61 944 5 53 59 12 1475 35 51 37 53 

414 55 57 61 63 945 5 53 12 60 1476 35 51 53 38 

415 57 59 61 63 946 5 53 60 13 1477 35 51 38 54 

416 1 17 2 18 947 5 53 13 61 1478 35 51 54 39 

417 1 17 18 3 948 5 53 61 14 1479 35 51 39 55 

418 1 17 3 19 949 5 53 15 63 1480 35 51 55 40 

419 1 17 19 4 950 5 53 63 16 1481 35 51 40 56 

420 1 17 4 20 951 5 53 16 64 1482 35 51 57 42 

421 1 17 20 5 952 6 54 7 55 1483 35 51 42 58 

422 1 17 5 21 953 6 54 55 8 1484 35 51 58 43 

423 1 17 21 6 954 6 54 8 56 1485 35 51 43 59 

424 1 17 6 22 955 6 54 56 9 1486 35 51 59 44 

425 1 17 22 7 956 6 54 9 57 1487 35 51 44 60 

426 1 17 7 23 957 6 54 57 10 1488 35 51 60 45 

427 1 17 23 8 958 6 54 10 58 1489 35 51 45 61 

428 1 17 8 24 959 6 54 58 11 1490 35 51 61 46 

429 1 17 24 9 960 6 54 11 59 1491 35 51 47 63 

430 1 17 9 25 961 6 54 59 12 1492 35 51 63 48 

431 1 17 25 10 962 6 54 12 60 1493 35 51 48 64 

432 1 17 10 26 963 6 54 60 13 1494 36 52 37 53 

433 1 17 26 11 964 6 54 13 61 1495 36 52 53 38 
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434 1 17 11 27 965 6 54 61 14 1496 36 52 38 54 

435 1 17 27 12 966 6 54 15 63 1497 36 52 54 39 

436 1 17 12 28 967 6 54 63 16 1498 36 52 39 55 

437 1 17 28 13 968 6 54 16 64 1499 36 52 55 40 

438 1 17 13 29 969 7 55 8 56 1500 36 52 40 56 

439 1 17 29 14 970 7 55 56 9 1501 36 52 57 42 

440 1 17 14 30 971 7 55 9 57 1502 36 52 42 58 

441 1 17 30 15 972 7 55 57 10 1503 36 52 58 43 

442 1 17 15 31 973 7 55 10 58 1504 36 52 43 59 

443 1 17 31 16 974 7 55 58 11 1505 36 52 59 44 

444 1 17 16 32 975 7 55 11 59 1506 36 52 44 60 

445 2 18 3 19 976 7 55 59 12 1507 36 52 60 45 

446 2 18 19 4 977 7 55 12 60 1508 36 52 45 61 

447 2 18 4 20 978 7 55 60 13 1509 36 52 61 46 

448 2 18 20 5 979 7 55 13 61 1510 36 52 47 63 

449 2 18 5 21 980 7 55 61 14 1511 36 52 63 48 

450 2 18 21 6 981 7 55 15 63 1512 36 52 48 64 

451 2 18 6 22 982 7 55 63 16 1513 37 53 38 54 

452 2 18 22 7 983 7 55 16 64 1514 37 53 54 39 

453 2 18 7 23 984 8 56 9 57 1515 37 53 39 55 

454 2 18 23 8 985 8 56 57 10 1516 37 53 55 40 

455 2 18 8 24 986 8 56 10 58 1517 37 53 40 56 

456 2 18 24 9 987 8 56 58 11 1518 37 53 57 42 

457 2 18 9 25 988 8 56 11 59 1519 37 53 42 58 

458 2 18 25 10 989 8 56 59 12 1520 37 53 58 43 

459 2 18 10 26 990 8 56 12 60 1521 37 53 43 59 

460 2 18 26 11 991 8 56 60 13 1522 37 53 59 44 

461 2 18 11 27 992 8 56 13 61 1523 37 53 44 60 

462 2 18 27 12 993 8 56 61 14 1524 37 53 60 45 

463 2 18 12 28 994 8 56 15 63 1525 37 53 45 61 

464 2 18 28 13 995 8 56 63 16 1526 37 53 61 46 

465 2 18 13 29 996 8 56 16 64 1527 37 53 47 63 

466 2 18 29 14 997 9 57 10 58 1528 37 53 63 48 

467 2 18 14 30 998 9 57 58 11 1529 37 53 48 64 

468 2 18 30 15 999 9 57 11 59 1530 38 54 39 55 

469 2 18 15 31 1000 9 57 59 12 1531 38 54 55 40 

470 2 18 31 16 1001 9 57 12 60 1532 38 54 40 56 

471 2 18 16 32 1002 9 57 60 13 1533 38 54 57 42 

472 3 19 4 20 1003 9 57 13 61 1534 38 54 42 58 

473 3 19 20 5 1004 9 57 61 14 1535 38 54 58 43 

474 3 19 5 21 1005 9 57 15 63 1536 38 54 43 59 

475 3 19 21 6 1006 9 57 63 16 1537 38 54 59 44 

476 3 19 6 22 1007 9 57 16 64 1538 38 54 44 60 

477 3 19 22 7 1008 10 58 11 59 1539 38 54 60 45 

478 3 19 7 23 1009 10 58 59 12 1540 38 54 45 61 

479 3 19 23 8 1010 10 58 12 60 1541 38 54 61 46 

480 3 19 8 24 1011 10 58 60 13 1542 38 54 47 63 

481 3 19 24 9 1012 10 58 13 61 1543 38 54 63 48 

482 3 19 9 25 1013 10 58 61 14 1544 38 54 48 64 

483 3 19 25 10 1014 10 58 15 63 1545 39 55 40 56 
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484 3 19 10 26 1015 10 58 63 16 1546 39 55 57 42 

485 3 19 26 11 1016 10 58 16 64 1547 39 55 42 58 

486 3 19 11 27 1017 11 59 12 60 1548 39 55 58 43 

487 3 19 27 12 1018 11 59 60 13 1549 39 55 43 59 

488 3 19 12 28 1019 11 59 13 61 1550 39 55 59 44 

489 3 19 28 13 1020 11 59 61 14 1551 39 55 44 60 

490 3 19 13 29 1021 11 59 15 63 1552 39 55 60 45 

491 3 19 29 14 1022 11 59 63 16 1553 39 55 45 61 

492 3 19 14 30 1023 11 59 16 64 1554 39 55 61 46 

493 3 19 30 15 1024 12 60 13 61 1555 39 55 47 63 

494 3 19 15 31 1025 12 60 61 14 1556 39 55 63 48 

495 3 19 31 16 1026 12 60 15 63 1557 39 55 48 64 

496 3 19 16 32 1027 12 60 63 16 1558 40 56 57 42 

497 4 20 5 21 1028 12 60 16 64 1559 40 56 42 58 

498 4 20 21 6 1029 13 61 15 63 1560 40 56 58 43 

499 4 20 6 22 1030 13 61 63 16 1561 40 56 43 59 

500 4 20 22 7 1031 13 61 16 64 1562 40 56 59 44 

501 4 20 7 23 1032 15 63 16 64 1563 40 56 44 60 

502 4 20 23 8 1033 17 33 18 34 1564 40 56 60 45 

503 4 20 8 24 1034 17 33 34 19 1565 40 56 45 61 

504 4 20 24 9 1035 17 33 19 35 1566 40 56 61 46 

505 4 20 9 25 1036 17 33 35 20 1567 40 56 47 63 

506 4 20 25 10 1037 17 33 20 36 1568 40 56 63 48 

507 4 20 10 26 1038 17 33 36 21 1569 40 56 48 64 

508 4 20 26 11 1039 17 33 21 37 1570 42 58 43 59 

509 4 20 11 27 1040 17 33 37 22 1571 42 58 59 44 

510 4 20 27 12 1041 17 33 22 38 1572 42 58 44 60 

511 4 20 12 28 1042 17 33 38 23 1573 42 58 60 45 

512 4 20 28 13 1043 17 33 23 39 1574 42 58 45 61 

513 4 20 13 29 1044 17 33 39 24 1575 42 58 61 46 

514 4 20 29 14 1045 17 33 24 40 1576 42 58 47 63 

515 4 20 14 30 1046 17 33 40 25 1577 42 58 63 48 

516 4 20 30 15 1047 17 33 26 42 1578 42 58 48 64 

517 4 20 15 31 1048 17 33 42 27 1579 43 59 44 60 

518 4 20 31 16 1049 17 33 27 43 1580 43 59 60 45 

519 4 20 16 32 1050 17 33 43 28 1581 43 59 45 61 

520 5 21 6 22 1051 17 33 28 44 1582 43 59 61 46 

521 5 21 22 7 1052 17 33 44 29 1583 43 59 47 63 

522 5 21 7 23 1053 17 33 29 45 1584 43 59 63 48 

523 5 21 23 8 1054 17 33 45 30 1585 43 59 48 64 

524 5 21 8 24 1055 17 33 30 46 1586 44 60 45 61 

525 5 21 24 9 1056 17 33 46 31 1587 44 60 61 46 

526 5 21 9 25 1057 17 33 31 47 1588 44 60 47 63 

527 5 21 25 10 1058 17 33 47 32 1589 44 60 63 48 

528 5 21 10 26 1059 17 33 32 48 1590 44 60 48 64 

529 5 21 26 11 1060 18 34 19 35 1591 45 61 47 63 

530 5 21 11 27 1061 18 34 35 20 1592 45 61 63 48 

531 5 21 27 12 1062 18 34 20 36 1593 45 61 48 64 

          1594 47 63 48 64 
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APPENDIX F 

COLUMN BUILDING INSTRUCTIONS 

The following appendix includes a list of materials and instructions for constructing a 

column similar to those used in Chapters 2 and 3. 

 I used different potential and current electrodes. For the potential electrodes, I 

used PTFE-coated flat-head sheet metal Phillips head screws, number 6 size and 0.75 inches in 

length (McMaster-Carr, #99430A215). These screws did not rust when being used as potential 

electrodes if the time was minimized when the screws were in contact with water. These screws 

may rust when used to drive electrical current, however. Other common screws tend to rust and 

corrode much faster; test by leaving the screws in a solution with them same chemistry as your 

experiment and for the same duration. I used brass wire mesh for the current electrodes. These 

will degrade over time, so monitor these. I do not prefer single-strand wire (McMaster-Carr, 

6808K844) because it is difficult to bend and connect to the electrodes. 

 For the column, I used two-inch clear schedule-40 polyvinyl chloride (PVC). I used 

schedule-20 end caps that were flat on both ends (Genova Products, 70152). Typical schedule-40 

PVC end caps will have a rounded bottom, resulting in some dead-end space. To minimize this, I 

used flat end caps.  

Steps: 

Step 1: Cut the PVC pipe to the desired dimensions. I typically aimed for 25-cm long columns. I 

used a hacksaw. After the cut, smooth the edges.  

Step 2: Add the potential electrodes. First, drill a pilot hole using a small drill bit, for a hole 

about 2 mm. Next, drill the potential screws in slowly. I typically did this by hand because the 

drill may go too fast, and the end result is leaks at the screws. If you do this step carefully and 

slowly, the screws will hold the water by themselves. Repeat this for every potential electrode. 

Step 3: The end caps have multiple components, including a filter to keep materials out, a brass 

wire mesh to drive current, and two holes to connect to the current electrode and to connect with 

tubing for flow. First, drill the hole for flow. I used a brass male fitting (McMaster-Carr, 

5454K65) to connect 1/8 inch tubing to the column in the center of the end cap. Next, create the 

threads for the hole. Generally, I would do this by hand, as going too fast may result in poorly 

created threads. Once the threads are in place, install the fitting. Repeat for both end caps. 
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Step 4: A filter must be put in place to prevent sediment from escaping the column. I used coffee 

filters. Note that carbon materials may act as a nutrient source if the column has any biological 

activity, and biological growth at the end caps may change the flow structure of your experiment. 

This was not an issue for my column experiments. Cut the filter and place in the end cap.  

Step 5: Next, the current electrode must be in place to drive current. I used a brass wire mesh cut 

(McMaster-Carr, 9223T136) to the dimensions of the end cap. Once cut, I placed the wire mesh 

on top of the filter paper, and then sealed the edges with a silicone adhesive or epoxy. If this step 

is skipped, flow may preferential move around the edges of the end cap; an even flow across the 

entire end cap is desired. The filter paper also serves to prevent electrical contact between the 

brass fitting and brass wire mesh. Allow time for the sealant to set. 

Step 6: A mechanism is needed to connect the electrical current from the resistivity meter to the 

brass wire mesh current electrodes inside the end cap. For this, I turn to using one of the potential 

screws. Starting with another small pilot hole, drill a small hole on the inside of the end cap, 

through the wire mesh and filter paper. Next, I manually screw in the screw so a small portion 

sticks out on the other side. This is so that the screw can be in connection with the current 

electrode, the brass wire mesh. Verify that connection has been made with the other side with a 

voltmeter.  

Step 7: Glue one end cap to the bottom of the PVC column. I only glue one end because the 

column must be filled without any material to measure the geometric factors, then emptied, and 

then re-filled with the medium. Use regular PVC primer and cement to clean and glue the end 

cap to the PVC column. Apply glue on both the end cap and the bottom of the column, and press 

together while turning to create a strong seal. Wipe away any excess PVC glue. 

Step 8: Attach the other end cap to the other end of the column using thread seal tape, wrapped 

around the top of the column a few times. Then, place the end cap onto the column, and twist for 

a good seal. For low flow rates (approximately 1 mL min-1), there should no leaks. The end cap 

can be glued on after the geometric factors have been measured and the column has been packed, 

since there will not be another need to take the top of the end cap off again. However, I 

continued to use the thread seal tape instead.  

 These 8 steps should be a guide, and not a rule, to building columns. My experiments 

were relatively straightforward with grains around 1 mm in size, so there was little potential for 

materials passing through the filter paper. Smaller particles including clay and silt may 



179 
 

experience swelling and clogging. This column construction guide will not fit all applications, 

and modifications may be necessary. 
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APPENDIX G 

GUIDE FOR ORION METER 

 The following are instructions on how to automatically record time-lapse σf with the 

Orion meter, along with figures highlighting a few of the steps for reference. We used flow-

through fluid conductivity electrodes manufactured by Microelectrodes, Inc. The electrodes were 

built with a connection specifically for the Orion 3-star meter, but separate steps listed here 

outline the process to have the meter communicate with the computer for automatic time-lapse 

data collection. The computer program HyperTerminal is used to communicate with the Orion 

meter. This program is standard on older windows machines and can be found on-line for free. 

Note: Use caution when collecting data automatically, as power outages and computer failures 

can occur. Fortunately, the file saved is continually overwritten, so any failure will still result in 

the most recent measurements. Additionally, after a few days, the data begins to be slightly 

corrupt when writing. Although nothing major has happened, some of the spacing in the output 

file may be off, resulting in difficulties when processing the data. This can be overcome by 

periodically re-starting the data collection process for minimal loss in temporal resolution. After 

data collection, I opened the data in Excel, and exported the time and σf into a .txt file, where I 

later processed the data in MATLAB. 
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Step 1: Connect the fluid conductivity probe to the Orion meter and the serial/USB port to 

computer, and turn the Orion on.  

Step 2: A few things need to be changed in the Orion to connect to the PC. First, change serial 

baud rate to "9600" in the "r232" menu, as shown in Figure G-1. 

 

 

Figure G-1 The screen for the Orion meter corresponding with step 2. 

 

Step 3: Change the "outf" setting on the Orion meter to "comp," as shown in Figure G-2. 

 

 

Figure G-2 The screen for the Orion meter corresponding with step 3.  
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Step 4: Change the read type to “time” in the Orion meter in the "read" menu. Also, change the 

time interval to the specified output interval. The smallest time interval 5 seconds, listed 

as 0.05 on the Orion menu, as shown in Figure G-3. Now, the Orion is programmed to be 

able to connect with the computer.  

 

 

Figure G-3 The screen for the Orion meter corresponding with step 5. 

 

Step 5: Next, connect the Orion meter to the computer via the serial/usb port, with the meter on 

turned on. 

Step 6: Now, open the HyperTerminal program. The program may prompt with country and 

dialing information, but anything can be entered and will not affect the data downloading 

process. Likewise, any input can be selected for the name and icon prompt (Figure G-4). 
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Figure G-4 The HyperTerminal window with a prompt for a name and icon, corresponding with 

step 6. 

 

Step 7: Now with the program running, select the corresponding com port (COM4 in this 

example, shown in Figure G-5) in the "Connect using:" pull-down menu. The com port 

will vary depending on other connections to the computer, so use trial and error to select 

the appropriate one. 

 

 

Figure G-5 The HyperTerminal window with a prompt for the connection option, corresponding 

with step 7. 
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Step 8: In the "Port Settings" menu, the bits per second option must be changed to 9600. The 

default for the other values (shown here in Figure G-6) are fine. The output should start 

automatically, shown in Figure G-7. 

 

 

Figure G-6 The HyperTerminal window with a prompt for the "Bits per second:" option, 

corresponding with step 8. 

 

 

 

Figure G-7 The HyperTerminal window collecting data automatically.  
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Step 9: To save the file, go to "Transfer", then "Capture Text," as shown in Figure G-8. Proceed 

by entering the name of the file, and where you want it to be saved, and then selecting "Start" to 

begin to capture the data. Now, the data will be automatically collected at the time intervals 

specified, and saved after each measurement. After some period of time, it will appear in the 

window that the old data is no longer visible, but everything will still be collected and saved. 

 

 

 

Figure G-8 The HyperTerminal window and the saving option displayed.  
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APPENDIX H 

PERMISSIONS 

 This work has been approved by all coauthors. 

Chapter 2 was originally published in Water Resources Research. This published work 

has been approved for inclusion in this work under license 3427771245162 by the license 

content publisher (John Wiley and Sons) and the licensed content publication (Water Resources 

Research), as of 14 July 2014.  


