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ABSTRACT 

 

A monitoring methodology is developed for investigating seepage and internal erosion in earthen 

dams with time-lapse measurements of self-potential anomalies associated with conservative salt 

and non-conservative heat tracer migration in the subsurface.  The method allows for 1) 

detecting seepage zones in earthen dams and determining the preferential flow paths through 

seepage zones in a non-invasive manner from the ground surface, 2) monitoring the transient 

evolution of seepage path geometry, flow velocity, and permeability in real-time if high 

frequency measurements can be made, and 3) long-term non-invasive monitoring with wired or 

wireless sensors  The method is first theoretically developed and tested in a laboratory using a 

conservative tracer, and then demonstrated at a 12 m high, 100 m long leaking earthen dam with 

complex, unknown seepage paths.  The method is shown to be capable of rapidly detecting 

seepage zones discovered during a reconnaissance survey, and delineates the predominant 

seepage directions through the dam from the time-lapse self-potential anomalies.  The time-lapse 

monitoring approach ensures improved spatial resolution, increased measurement frequencies, 

and improved data analysis capabilities relative to traditional approaches to seepage detection, 

and a cost-reduction for the application of this methodology is anticipated to follow 

advancements in wireless sensing and monitoring technologies.   This method is designed to be a 

more cost-effective means of interrogating earthen dams and levees to answer questions such as: 

Is the dam safe? What are the geometries of the seepage zones inside of the dam, and over what 

spatial scale does anomalous seepage occur?  What are preferential paths through the seepage 

zones?  Is internal erosion actively occurring?  At what rates are the geometries, permeabilities 

and flow rates of preferential seepage paths evolving?    
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1. Introduction 

 The primary goal of this thesis is to contribute to, and advance the current knowledge 

base for engineering applications of time-lapse geophysical monitoring of ground water seepage 

using the self-potential method in conjunction with conservative (brine) and non-conservative 

(heat) tracers.  I have pursued this goal through laboratory experimentation in a hydraulically 

controlled sand tank, and extension of the laboratory methods to field experiments at two earthen 

dams.  A secondary goal of this thesis is to evaluate the current  regulatory framework for dam 

safety in the state of Colorado, and the associated effects on the state's long-term water supply 

forecasts, to offer alternative management strategies that both enhance dam safety and expand 

water availability (see Chapter Two). 

 The first laboratory experiment (see Chapter Three) describes a theoretical development 

and an application of a conservative tracer injection, and subsequent self-potential monitoring at 

the surface, to map ground water flow through a preferential flow channel in a heterogeneous 

medium and accurately quantify the flow velocity in real-time. This experiment has been 

successfully tested at the first field site described in Chapter Four.   

 The second laboratory experiment (see Chapter Five) describes a similar application with  

a non-conservative tracer, and the results reported herein are a work in progress and will be a 

primary focus of my prolonged research.  I was unable to secure permission to inject a 

conservative tracer at the second field site (see Chapter Six) due to water quality concerns; 

however, the site offered an interesting geophysical study of the subsurface hydrogeology at the 

site.  Furthermore, the dam is devoid of anomalous seepage through its core and foundation after 
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nearly one hundred years of continued operation, so I decided to investigate what, if anything, 

has  contributed to this long-term success.  This site is an NSF-I.G.E.R.T. SmartGeo field 

research site as well, and for these reasons this work  has been included as a chapter of this 

thesis.  This site, due to the hydrogeology described in Chapter Six, is an ideal site for future 

field experiments of  the non-conservative tracer monitoring laboratory experiment describe in 

Chapter Five.  There is an access road on the crest and at the toe of the dam, and there is a 

piezometer and an observation well on the crest and at the toe, respectively, where injections of 

hot water can be made.  

 

1.2. Description of the NSF-IGERT SmartGeo Research Goals 

 The mission of the NSF-IGERT SmartGeo program at the Colorado School of Mines 

(http://smartgeo.mines.edu/) is to perform interdisciplinary research that expands the current 

state of engineering knowledge  pertaining to "intelligent" geo-systems and their capabilities.    

Intelligent geo-systems will autonomously sense their environment and transient environmental 

changes, and adapt to improve their intended performance.  A primary function of the adaptation 

process is that the system will become more intelligent and better capable of recognizing and 

reporting deteriorating performance conditions.   

 IGERT research focuses heavily upon time-lapse geophysical monitoring and modeling 

of complex geological systems and physical processes that include but are not limited to: 1) the 

real-time assessment of the poroelastic properties of the near surface at large-scale construction 

sites, 2) the real-time assessment of the operating condition and functionality of subsurface 

tunneling equipment, 3) the real-time assessment of bioremediation measures for contaminated 

http://smartgeo.mines.edu/)
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soils and aquifers, and 4) the real-time hydraulic characterization of seepage, and detection of the 

initiation of internal erosion in earthen dams and levees.  

 The Science, Technology and Engineering Policy minor of the NSF-IGERT fellows is a 

unique requirement that distinguishes the SmartGeo research goals from those of many other 

graduate engineering programs.  NSF-IGERT fellows are required to pursue this minor and to 

perform and publish policy-related research that is ancillary to technical engineering research. 

 As an NSF-I.G.E.R.T. research fellow, I have contributed the research presented in this 

thesis pursuant to the research goals of the Intelligent Earth Dams and Levees team of the 

SmartGeo program.  These goals entail capitalizing upon the available and emerging geophysical 

sensing technologies, and modeling and visualization platforms, to provide a real-time decision 

support tool for improved dam management through non-invasive monitoring.  Seepage and 

internal erosion are the primary processes of interest and will be targeted during monitoring.  My 

individual contributions to these research goals are described in the chapters herein, and employ 

passive time-lapse self-potential monitoring of brine and thermal tracer migration through 

preferential flow paths, combined with electrical resistivity tomography, to localize the paths and 

provide reliable estimates of hydraulic variables in real-time.  I developed these methods in a 

laboratory, and then apply the brine tracer monitoring experiment at a field site.  The underlying 

presumption of this research is that the ability to localize preferential flow paths and determine 

permeability (from velocity) in real-time will ultimately be extended to allow engineers to detect 

the initiation point of internal erosion in earthen dams, and will provide the ability to monitor the 

temporal evolution of seepage path geometries and the internal erosion process with surface 

geophysical measurements.   
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 The policy research that I have performed in lieu of SmartGeo requirements argues and 

demonstrates the existence of a water-supply policy paradox in the state of Colorado that is 

predominantly an indirect result of the fundamental tenets of Prior Appropriation. This research 

provides and justifies alternative water management strategies that, if implemented, would 

enhance dam safety and expand Colorado's long-term water supply, thereby minimizing 

forecasted shortages.  It is one subcomponent of a broader concept that I am developing to offer 

a state-wide water-management alternative to adjust the wasteful "use it or lose it" precept of the 

Prior Appropriation Doctrine into one that favors “save it and sell it."  My intention is that the 

adjustments will incentive a market-driven approach to reduce the cost and expand the 

availability of  water resources, and that will directly incentivize rehabilitation of the state's 

existing dam infrastructure.   

 

1.3. Research Motivation and Significance 

 My motivation for this dissertation arises from two contemplations regarding dams in the 

United States.  The first is the socioeconomic impact that dams have upon the citizens who are 

essentially inundated by them, and who depend upon them for a safe, reliable supply of fresh 

water and an improved quality of life.  My second motivation is the apparent knowledge 

deficiency that pervades the scientific and engineering communities regarding the seepage 

catalyst, and the initiation point and temporal evolution of internal erosion in porous media.  This 

lack of understanding contributes immensely to the socioeconomic impacts by limiting the scope 

of the monitoring, maintenance, rehabilitation, and safety assurance measures that are employed 

by dam owners and regulators, and which also limits the operational lifespan of individual dams.  

This contributes to the policy paradox described in Chapter Two.   
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 When I began working on this thesis in 2009 there were approximately 85,000 dams in 

the United States and their mean age was 51 years (American Society of Civil Engineers, 2009).  

The distribution of the largest 10% of those dams throughout the contiguous United States is 

shown in Figure 1.1 to provide an indication of the magnitude of the socio-economic impacts 

that dams have upon the public.  Recent studies have shown that many of these dams are rapidly 

deteriorating to a condition that is considered safety deficient (American Society of Civil 

Engineers, 2007; American Society of Civil Engineers, 2009).  Figure 1.2 shows the trend in the 

numbers of safety deficient dams in the United States between 2001 and 2007 (American Society 

of Civil Engineers, 2007).  The total number of deficient dams increased linearly during this 

time, and high hazard-potential deficient dams comprised approximately 25% to 33% of all 

deficient dams in the U.S during this time.  In 1999 the Federal Emergency Management Agency 

estimated that 72,250 (85%) of the 2009 U.S. dams would exceed their intended life span by the 

year 2020 - a statistic that will likely contribute to future deficiency trends (Federal Emergency 

Management Agency, 1999).   

 Given the shear quantities of dams in the U.S., their mean age, their locations relative to 

the population, and the ever-increasing need for additional reliable water supplies, the 

significance of this thesis lies in the fact that  it expands upon the available engineering tools and 

methodologies for  inspecting, monitoring and repairing dams.  Improvements in these 

engineering methods and abilities will help to maximize the usefulness and operational life spans 

of existing and future dams, and minimize the costs associated with their maintenance, repair and 

long-term service. 
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1.4. Organization of the Thesis 

 This thesis is organized into seven chapters.  Each chapter, excluding the introduction, 

Conclusions, and Chapter Five, has either been published in a relevant peer-reviewed journal, 

submitted to a peer-reviewed journal for publication, or published in the proceedings of a 

relevant technical conference.  The targeted peer-reviewed journals or conference proceedings 

associated with each chapter are indicated in the following paragraphs, and my contributions to 

each chapter as the first author are disclosed.   The bibliographic references pertaining to each 

chapter are included at the end of each chapter, rather than as a comprehensive list at the end of 

the thesis.  All symbols appearing in this thesis are defined in terms of their physical meaning 

and physical units immediately following their first appearance in the text.  A list of symbols is 

therefore not included in the front matter.  A comprehensive review of the relevant literature and 

underlying physical theories pertaining to the geophysical methods that are applied is 

accomplished at the beginning of each chapter.  A brief overview of the applicability of those 

methods in the context of the underlying impetus of internal erosion is included in the preceding 

section of this chapter, along with a more comprehensive literature review pertaining to current 

state of knowledge of the internal erosion phenomenon.   

 Chapter two of this thesis presents the policy-related research that I performed to satisfy 

NSF-IGERT policy minor requirements.  This chapter has been published in the Proceedings of 

the Association of State Dam Safety Officials’ (ASDSO) 2012 Conference on Dam Safety, and 

was presented at the 2012 ASDSO Conference on Dam Safety held in Denver, Colorado.  As the 

first author, my contributions to this chapter included: 1) networking with the Colorado Division 

of Water Resources Division I office to access raw data and conduct interviews with key 

personnel, 2) research, compilation, processing and analyses of all qualitative and quantitative 
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data sets presented in this chapter, 3) generation of conclusions and production of the 

manuscript, and 4) presentation of findings at the ASDSO 2012 Conference on Dam Safety in 

Denver, Colorado.   

 Chapter Three presents a theoretical development and laboratory demonstration of a 

time-lapse self-potential monitoring experiment.  The method developed during this experiment 

can remotely detect and localize preferential flow paths in a heterogeneous porous material with 

passive surface measurements of self-potential when anomalies are triggered in time-lapse by the 

presence of a conductive tracer in the subsurface channels.  This methodology can also provide 

an accurate estimate of the flow velocity by monitoring the migration of the surface self-potential 

anomalies that are associated with the migration of the tracer.  This chapter was published in 

Water Resources Research.  As the first author my contributions to this chapter included:  1) the 

experimental design, setup and data acquisition, 2) signal processing, noise analysis, 

interpretation and display of the recorded data, 3) collaborative assistance with the numerical 

modeling and the development of the theory underlying this method, 4) collaborative assistance 

on the production of manuscript and generation of relevant figures and conclusions, and 5) 

presentation of the results in a poster format at the Colorado School of Mines' 2012 Conference 

on Earth and Energy Research. 

 Chapter four presents a field application of the monitoring experiment that is performed 

in Chapter Three.  A geophysical reconnaissance survey was performed at a 30 m high, 140 m 

long dam to identify potential seepage zones inside of the dam.  An experimental monitoring 

survey was designed from the reconnaissance results and performed to confirm suspected 

seepage zones, and to more accurately determine the preferential flow paths within these zones.  

The brine tracer was injected into a suspected seepage zone and the dominant preferential flow 
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paths through the dam were determined by performing repeated measurements of self-potential 

on the downstream slope of the dam.  This paper has been submitted for publication in Ground 

Water.  My contributions to this research s the first author included: 1) generation of the research 

proposal, and networking and communications with dam owners to secure access to the field site, 

2) design and execution of the reconnaissance and monitoring surveys, 3) acquisition, 

processing, display and interpretation of high quality self-potential datasets, 4) 2D forward and 

inverse numerical modeling of the self-potential data acquired at the field site, 5) 3D modeling of 

NaCl advection and dispersion in the dam and the resulting electric response at the surface, 6) 

generation of conclusions and  production of the manuscript, and, 7) presentation of the results in 

poster format at the 2013 Symposium on the Application of Environmental and Engineering 

Geophysics in Denver, Colorado.   

 Chapter Five presents a second laboratory experiment that extends the laboratory 

experiment described in Chapter Three to include a non-conservative thermal tracer.  The work 

presented in this thesis pertains to the initial laboratory experiment and is a work in progress.  

My current and future work on this chapter includes the development of a comprehensive theory 

and 3D numerical modeling of the experiment at the laboratory and field scales.  My long-term 

goal for this research is to implement this experiment in the field.  This paper is in preparation 

for submission to Water Resources Research.  The experimental setup was nearly identical to the 

experiment performed in chapter three.  Time-lapse self-potential anomalies were triggered with 

an injection of hot water and measured remotely at the surface of the sand tank to localize a 

preferential flow channel and the estimate the flow velocity.  As the first author of the current 

work in this manuscript, my contributions included: 1) the conceptual design and implementation 

of the experiment, 2) acquisition, processing, interpretation and display of high quality hydraulic 
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and geophysical datasets, 3) generation of conclusions and production of the current manuscript 

presented in this thesis. 

 Chapter Six presents the results of field research at a 3m high, 1400 m long dam.  I 

intended for this dam to be the original field site for testing the laboratory experiment presented 

in Chapter Three, although ultimately the dam owner was unwilling to allow a salt tracer 

injection due to water quality concerns.  Furthermore, the dam did not appear to be seeping 

anomalously through the cross-section or foundation to provide any contrast from the “normal” 

flow regime.  However, there was an anomalous zone of ground water discharge approximately 

150 m downstream of the dam which the local residents implied was correlated to the reservoir 

storage level.  Because the dam was a SmartGeo research site, and the research that was 

performed produced some high quality geophysical data  with some interesting self-potential and 

electrical resistivity anomalies, I decided to include the research in this thesis.  The primary 

research goal at this site was to investigate the hydraulic connection between the reservoir and 

the downstream seepage zone, to predict whether this zone may ultimately lead to anomalous 

seepage at the dam.  A secondary goal of this research was to discover potential hydrogeologic 

factors, if any, that have contributed to the long-term successful performance of this dam.  This 

chapter presents a hydrogeophysical investigation of the dam that combines granulometric and 

hydraulic borehole data with 2D seismic refraction tomography, 2D electrical resistivity 

tomography, and self-potential. It has been submitted for publication in Ground Water.  My 

contributions to this paper as the first author included: 1) drafting of the research proposal and 

networking with dam owners to secure access to the site, 2) design and implementation of geo-

electric field surveys, 3) acquisition, processing, interpretation, and display of the geo-electric 

field data, 4) 2D forward and  inverse numerical modeling of self-potential data collected at the 
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site, 5) the acquisition of seismic refraction tomography data, and 6) generation of conclusions 

and production of the manuscript.   

 

1.5. Relevant Background 

 This section provides a brief overview of the relevant geotechnical and geophysical 

background pertaining to the research goals of this thesis.  The background includes a discussion 

of the current state of engineering knowledge regarding the initiation, timing, and developmental 

stages of the internal erosion process, as well as a brief overview of the applicability of geo-

electric methods to these types of geotechnical problems.  Extensive discussions of the 

underlying theory of the geo-electric methods are included in the introductions of the 

forthcoming chapters of this thesis. 

 

1.5.1. Current Understanding of Internal Erosion 

  Anomalous seepage can internally erode the core and/or the foundation of earthen dams 

and is a primary cause of failure.  Internal erosion is estimated to be the cause of 46% of all 

documented dam failures, ranking second only to embankment overtopping - responsible for 

48% of all documented failures (Foster et al, 2000, 2002).  Freeze and Cherry (1979) have 

identified three additional primary reasons for catastrophic failures of earth dams.  These 

include: 1) movement within the rock foundations or flanking abutments along geological planes 

of weakness; 2) the development of large uplift pressures along the base or toe of the dam, and 3) 

slope failures on the upstream or downstream face that may result from overtopping, rapid 

drawdown of the reservoir, or sinkholes.  More recent research has also included arching of the 

core due to structural settlement, structural cracks and micro-fissures, and hydraulic fracturing 
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that may occur within these structural features or along other planes of weakness, as potential 

failure modes and catalysts for internal erosion.   

  Internal erosion that leads to dam failure is described as a four stage process, illustrated  

in Figure 1.3 (Fell et al, 2003, 2007; Wan and Fell, 2002, 2004, 2008; Mattsson et al., 2008).  

The first stage is the initiation stage, when particles are initially detached from the soil matrix 

and transported by seepage flow.  Research has shown that the onset and temporal evolution of 

this stage depends upon critical hydraulic conditions (Bendahmane et al, 2008).  The second 

stage is the continuation stage, when detachment and transport continue after initiation.  During 

this stage the grain size distributions of the soils and the engineered filters control whether 

erosion will either continue into the progression phase or halt as a result of self-healing (Fell et 

al, 2005; Fell et al, 2007).  The third stage is the progression stage.  During this stage a 

continuous flow channel may form and may be either a high permeability soil exoskeleton or a 

subsurface void in the shell, core, or foundation of the dam.  This is typically the stage at which 

anomalous seepage is detected at the surface (Torres, 2008).  The surface indicators of this stage 

include elevated pore water pressures in piezometers and observation wells, sand boils that 

appear at the surface, or by sink holes that manifest on the dam crest or side-slopes depending 

upon the size of the eroded cavities.  The final stage is breach and failure.  Water is released 

from the impounded reservoir in an uncontrolled fashion, either through continuous pipes in the 

shell or foundation of the dam, or through collapsed sinkholes on the crest and upstream slope 

that result in head-cut erosion of the slope 

  Three erosive processes - suffusion, piping and concentrated leaks - contribute to internal 

erosion inside of a dam (Fell et al, 2003).  They can occur solitarily, simultaneously or 

sequentially (e.g. see Fell et al, 2003; Bendahmane et al, 2008; Torres, 2008; Wan and Fell, 
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2008).  Each can originate at internally localized sources within the shell, core, foundation, or fill 

zones, at the filter-core boundary of poorly designed drainage filters, or along the contacts of 

earthen and concrete infrastructure.  Each process contributes to the temporal stages described by 

Fell et al (2003).   

 Suffusion  refers to the advective transport of the fines fraction (generally the clay, silt 

and/or very fine sands of the composite soil) through the void spaces created by the coarser 

fraction (fine sands to gravel), after the fines have been detached from the cohesive soil mass by 

seepage forces (see Figure 1.3).  Suffusion is the slowest internal erosion process, and occurs 

during the gradual migration of fines under low hydraulic gradients (Fell et al 2003).  Wan and 

Fell (2008) reported three criteria that must be satisfied for suffusion to occur.  First, the size of 

the fines fraction must be smaller than the coarse fraction void spaces.  Second, the quantity of 

fines in the composite soil must be less than enough to fill the void spaces of the coarse fraction.  

Third, the seepage velocity must be great enough to produce a seepage force with enough 

magnitude to detach the particles.  Wan and Fell (2008) also showed that suffusion may be 

somewhat predictable from the grain size distribution of the composite soil.  The results of their 

study indicate that soils with a steeply sloped granulometric distribution near the coarse fraction 

(generally defined by the d85 value), and a flat slope for the fine faction (represented by the d15 

value), were more prone to suffusion in laboratory studies.  They observed that soils showing 

suffusion were broadly graded with concave upward grain size distribution curves.  Other 

researchers have shown that suffusion occurs primarily in clay rich soils under low hydraulic 

gradients, with the suffusion erosion rate increasing with increased hydraulic gradient, and 

decreasing with increased clay content and elevated confinement stresses (Bendahmane et al 

2008).  The soil fractions that are considered to be the most prone to suffusion are coarse silts 



13 
 

and fine sands (Bendahmane et al 2008), and soils of glacial origin have also been shown to be 

particularly susceptible (Mattsson et al, 2008).  Suffusion prone soils are always internally 

unstable because the end the process results in an in-tact, coarse grained exoskeleton with 

increased permeability and a diminished effective stress field (Torres, 2008).  This reduces the 

overall strength of the soil and results in elevated pore water pressures.  The high permeability 

zones are sources of concentrated leaks, and diminished effective stress may result in structural 

settlement that can lead to overtopping.  A reduction in soil strength also increases the likelihood 

of piping under elevated hydraulic gradients.   

 Piping is an internal erosion process that occurs following the detachment of colloids 

from a soil matrix in a retrograde fashion from downstream to upstream.  A geometrically 

evolving pipe forms during the advective transport of detached colloids through the void spaces 

that are created  during the process.  Piping is synonymous with the backwards erosion 

terminology (Figure 1.3).  A void space forms at the downstream initiation point and 

geometrically evolves over time into a continuous tunnel in an upstream direction.  The initiation 

point is typically a seepage discharge zone on the downstream slope of the dam or the 

downstream topography.  Piping has been shown to occur predominantly inside of the shell and 

the foundation, and can progress either from the embankment into the foundation, or from the 

foundation into the embankment (Foster et al, 2000; Fell et al, 2003; Mattson et al, 2008).  An 

elevated, critical hydraulic gradient is necessary at a seepage discharge  location for piping to 

occur (Torres, 2008).  Piping will result whenever the reservoir elevation surpasses a critical 

head and produces a hydraulic gradient at the initiation point that is greater than or equal to  the 

critical hydraulic gradient.  The piping process may therefore occur episodically, progressing 

either slowly or rapidly, and terminating upon removal of the critical hydraulic conditions.  
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Piping may also occur due to increased seepage velocities through concentrated leaks, and 

sequentially or simultaneously with suffusion as the fines fraction is removed from the soil 

matrix.  A number of researchers have studied the critical parameters influencing the piping 

process in detail (Ojha et al, 2001; Fell et al, 2003; Ojha et al, 2003; Bonelli et al, 2006; Bonelli 

and Marot, 2008; Bendahmane et al, 2008; Mattsson et al, 2008), and have shown that suffusion 

and concentrated leaks are both primary factors that contribute to piping.  Mattsson et al (2008) 

provide a didactic summary of much of the current scientific literature that is relevant to the 

piping phenomenon. 

 Concentrated leaks are zones of anomalous seepage above and beyond what is permitted 

through the core by design (Figure 1.3).  They may form in structurally weak zones of the core or 

the shell either from suffusion, piping, settlement cracking due to vertical or horizontal 

displacement, or due to hydraulic fracturing.  Settlement cracks and hydraulic fractures produce 

internal erosion much faster than suffusion and typically piping, and they may develop in a rapid 

to very rapid fashion upon the first filling of the reservoir, and anytime the reservoir level 

reaches or surpasses the crack entrance level.  Detailed discussions of settlement cracking and 

hydraulic fracturing may be found in Kulhawy and Gurtowsky (1976), Jaworski et al (1981), 

Widjaja et al (1984),  Sherard (1986), Lo and Kaniaru (1990), Kim et al (2004), Fell et al (2005), 

and Mattsson et al (2008).  Mattsson et al (2008) summarize pertinent literature relevant to 

internal cracking due to transverse and longitudinal differential settlement, cracks formed 

between contacts of concrete and earthen infrastructure, and hydraulic fracturing.  They note 

three cases giving rise to differential settlement cracks.  The first is arching of the core, which 

occurs as the weight of the core is transferred into the surrounding shell during settlement. 

Arching can lead to transverse and or longitudinal cracking in the core which may then provide a 
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catalyst for concentrated leaks and the development of weakened zones that are more prone to 

hydraulic fracturing and piping.  The second is elevated pore water pressures which act to reduce 

the effective stress field within the core.  This provides a catalyst for core fractures to develop 

along planes of weakness.  The third is the transfer of the settlement load into adjacent or 

embedded concrete infrastructure during differential settlement.  This may also alter the stress 

field surrounding the infrastructure and/or within the core, and may lead to settlement cracking 

and concentrated leaks.  Concentrated leaks and hydraulic fracturing are exclusive to structurally 

deficient or poorly designed dams.  Sherard (1986) expressed an experienced opinion that small 

concentrated leaks resulting from hydraulic fracturing commonly occur in well designed dams, 

even those that are not subjected to large settlements. 

  Knowledge of the timing and evolution of internal erosion is critical for detecting the 

phenomenon early in the initiation and continuation stages.  Fell et al (2003) provide a 

qualitative approach for the approximate estimation of the time of progression of internal 

erosion.  Their method depends upon the location of initiation of internal erosion (i.e. in the 

foundation, shell, or core), which can be estimated, and the engineering properties of the soils 

comprising the initiation zone and surroundings, which are generally known.  Methods of 

obtaining more quantitative rates of erosion with in-situ erosion tests have also been developed.  

Wan and Fell (2004) summarize several tests available to evaluate erosion rates of soils, 

including the pinhole erosion test, jet erosion test, slot erosion test, and the hole erosion test.  The 

pinhole erosion test (Wan and Fell, 2004) identifies dispersive soils that are highly prone to 

internal erosion due to their dispersion tendency - a measure of the propensity for a given soil to 

spontaneously deflocculate upon saturation. The jet erosion test (Hanson, 1991) measures 

spillway erosion rates and simulates backward head-cut migration with water jets that impinge 
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upon a sample, and preceding point measurements of erosion depth within the sample.  The slot 

erosion and the hole erosion tests (Wan and Fell, 2002) quantify the rate of piping erosion in 

soils with impinging jets in horizontal slots or vertical sample pits, respectively.  All of these 

methods, with the exception of dispersion tests, are designed to yield the erosion rate index (ERI) 

- a logarithmic function of the coefficient of soil erosion that provides a measure of the erosion 

rate and the critical hydraulic shear stress required to initiate soil erosion.  Wan and Fell (2004) 

determined the variability of the erosion rate index to fall within a broad range between 0-6, 

indicating that the soils studied differed in erosion rates by greater than six orders of magnitude.  

By employing these tests on various samples, Wan and Fell (2004) showed that coarse grained 

non-cohesive soils have lower critical shear stresses and erode more rapidly than fine grained 

cohesive soils. 

   

1.5.2. Applicability of Geophysical Methods 

 A variety of geophysical methods have been used to investigate subsurface 

hydrogeology, including ground penetrating radar (Carlsten et al., 1995; Sandberg et al, 2002; 

Linde et al, 2006), electro-magnetic induction methods (Buselli et al, 1998; Barrett et al, 2002; 

Auken et al, 2003; Danielson et al 2003; Land et al, 2004; Minsley et al 2011), seismic methods 

(primarily refraction and reflection) (Birch, 1976; Steeples 1979; Birkelo et al, 1987; Xue, 2004; 

Rosid, 2005; Sorenson 2007; Grelle and Guadagno, 2009; Vandemeulebrouck et al, 2010; 

Minsley et al, 2011), and potential fields methods (Cull and Massie, 2002; Pozza et al, 2004; 

Wattanasen and Elming, 2008; Christiansen et al, 2011).  However, there are only a few that are 

directly applicable to the detection and monitoring of internal erosion.  The methods that are 

most commonly used to study internal erosion are temperature (Benderitter and Tabbagh, 1982; 
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Johansson, 2005; Johansson 2007; Jardani and Revil, 2009a) and geo-electric methods that 

include self-potential and electrical resistivity tomography (Ogilvy et al., 1969; Corwin, 1985, 

1997; Butler and Llopis 1989, 1990; Bevc and Morrison, 1991; Al-Saigh et al. 1994; Panthulu 

and Shirke, 2001; Kemna et al., 2002; Revil et al., 2002; Johansson 2005, 2007; Rozycki et al., 

2006; Cho and Yeom, 2007; Jardani et al., 2006, 2007a,b, 2008, 2009a,b; Crespy et al., 2008; 

Ball et al, 2009; Boleve et. al. 2009; Malama et al., 2009a,b; Rozycki, 2009;  Minsley et al, 2011, 

and additional references included in chapters herein).  The temperature of ground water is 

typically monitored in piezometers and observation wells but more recently the use of 

temperature is being developed for internal measurements with fiber optic cables that can be 

emplaced during the construction of a dam.  Self-potential and electrical resistivity tomography 

are much less invasive methods than temperature, and can be employed at the surface as 

compared to in boreholes or inside of the dam core. They are most often performed in tandem 

due to the sensitivity of self-potential to the flow of subsurface fluids, and the sensitivity of 

electrical resistivity tomography to the subsurface conductivity structure.  The electrical 

resistivity distribution is highly sensitive to the presence of ground water and other pore fluids 

and contaminants, and must be known to quantitatively model and interpret self-potential 

anomalies. 

Self-potential signals that are observed at the surface arise from a variety of current 

sources in the subsurface.  Temperature gradients produce thermo-electric sources as heat is 

conducted and convected throughout the subsurface.  Ionic concentration gradients and redox 

gradients produce temperature-dependent, electro-chemical potentials and currents as mobile 

ions diffuse through pore fluids and subsurface redox reactions occur.  The flow of pore fluids 

through the mobile pore space produces electro-kinetic streaming currents, and is the dominant 
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source mechanism sought in hydro-geophysical surveys that incorporate the self-potential 

method.  The underlying theory of the origin of streaming currents is fairly well understood (e.g. 

see Revil 1999a,b,c; Revil, 2002; Revil 2003).  The pore surface minerals in contact with the 

pore fluid are electrically charged as shown in Figure 1.4 (Revil and Jardani, 2010).  The charge 

polarity of the pore walls is predominantly negative, and is counterbalanced by an excess of 

positive electrical charge that accumulates in the mobile, diffuse layer of the pore fluid near the 

pore walls.  When the pore fluid velocity is nonzero the accumulated cations are dragged through 

the pore space and the separation of charges along the flow path produces the streaming current. 

The streaming current is opposed by an Ohmic conduction current that propagates back through 

the conductive medium.  The superposition of these two charge fluxes produces a total current 

density (e.g. see Minsley, 2007).  These electrical disturbances inside of the pore space manifest 

at the surface as a potential field that can be measured with non-polarizing electrodes and a 

highly sensitive, high internal impedance multi-channel voltmeter.  The separation of excess 

electrical charges from pore walls shows a characteristic dipolar signature due to the polarity of 

the layering in the electric double layer (shown in Figure 1.4).  The transported ions accumulate 

in the direction of decreased hydraulic gradient, corresponding to the direction of flow.  In 

theory, this results in a dipole signature with positive polarity corresponding to seepage effluent 

where source currents converge, and negative polarity at influent zones and along the flow path 

where source currents are diverging.   

Electrical resistivity tomography provides the 2D or 3D conductivity (the inverse of 

resistivity) structure of the subsurface, which is required to quantitatively model and interpret 

self-potential anomalies. The physical principles of the method are illustrated in Figure 1.5.  A 

very low frequency alternating current is injected into the ground with a current source electrode, 
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and is retrieved with a current sink electrode.  The paths traversed by the current flow lines in the 

subsurface are altered and distorted based upon the subsurface conductivity distribution, and 

result in a potential field that can be measured at the ground surface (see Figure 1.5a, from Seidel 

and Lange, 2007).  If the system behaves linearly the potential difference that is measured is 

related to the bulk resistance of the subsurface medium through Ohm’s law, and is inversely 

proportional to the electric conductivity.   

An electrical resistivity tomography survey is performed as described below.  A profile 

consisting of a set number of electrode stations is established at the surface and a multiplexer is 

used to measure the potential difference that results by injecting current and measuring the 

response with different four-electrode array combinations along the profile (Figure 5b and 5c). 

Each four-electrode array combination both injects and measures, and includes a current source 

electrode (C1), a current sink electrode (C2), and a positive and negative potential electrode (P1 

and P2, respectively) (Figure 5c).  The four-electrode combinations are determined with a 

multiplexer by varying the constant separation distance between each individual electrode of the 

array by an integer factor after a sweep is performed along the profile using all possible arrays 

with the current separation distance (Loke and Barker, 1996).  For example, for a profile with ten 

electrodes separated by 1 m each, the first sweep would use electrodes (1,2,3,4), (2,3,4,5), 

(3,4,5,6)....,(7,8,9,10).  The separation distance for the next profile sweep is then increased to      

2 m and the measurements are performed using electrode arrays (1,3,5,7), (2,4,6,8), (3,5,7,9), 

(4,6,8,10).  The separation distance is increased again and the measurement is made with the 

array (1, 4, 7, and 10).  A pseudo-section is created in this manner by plotting the apparent 

resistivity at the center of each four-electrode array at a depth equal to L/2, where L is the total 

length of the four electrode combination (Figure 5b).  As the electrode separation distance is 
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progressively increased information is obtained at progressively greater depths.  The profile can 

be extended in either direction by a set number of electrodes to provide a greater lateral coverage 

area in the subsurface beneath the profile (Figure 5b).  The pseudo-section is inverted to estimate 

the true resistivity/conductivity distribution (see Loke and Barker, 1996). 
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1.7 Figures 

 
 

Figure 1.1. Distribution of the largest 10% of all dams in the United States (from the Army 

Corps of Engineers' National Inventory of Dams database, last published 03/2006).  Red, purple 

and green markers indicate the locations of high, significant and low hazard-potential dams, 

respectively.  This dataset included 8,100 dams, of which 4,250 are high hazard potential. Dam 

markers are underlain by the U.S. Census Bureau’s estimated population by zip code in 2001, 

with darker regions indicating greater population density.   
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Figure 1.2.  From American Society of Civil Engineers (2009).  Summary of dams considered 

safety "deficient" in the United States from 2001 - 2007 (data compiled by the Association of 

State Dam Safety Officials).    Circles represent the total deficient dams (R
2
 = 0.9567) and 

squares represent high-hazard potential deficient dams (R
2
 = 0.9267).  On average, high hazard 

deficient dams have accounted for 38% of the total deficient dams over this time.   
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Figure 1.3.  Illustration of internal erosion stages and scenarios. From Fell and Fry, (2003). 
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Figure 1.4.  From Revil and Jardani (2010).  Electrical double layer at the pore wall-pore fluid 

interface.  Electrical disturbances in the electrical double layer result in a measureable potential 

field at the surface that can be interpreted with respect to ground water flow patterns when the 

subsurface conductivity distribution is known.  
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Figure 1.5.  Illustration of the electrical resistivity tomography method.  a) From Seidel and 

Lang (2007).  Current, I, is injected by a current source electrode (C1) and retrieved by a current 

sink electrode (C2).  Current flow paths are distorted based on geologic heterogeneity, resulting 

in a potential field that is measureable at the surface.  A potential difference, ΔV, is measured at 

the surface between potential electrodes P1 and P2, and a pseudo-section of apparent resistivity 

is plotted from the known injection current, the geometric factor of the electrode array, and the 

measured potential difference. b)  A profile of 64 electrodes is laid out and a multiplexer is used 

to measure the potential difference resulting from different four-electrode combinations along 

the profile.  Combinations are determined by varying the separation, a, by an integer factor after 

each complete acquisition along the profile.  A pseudo-section is created by plotting the apparent 

resistivity at the center of each four-electrode array at a depth equal to 3a/2.  The pseudo-section 

is inverted to estimate the true resistivity distribution.  c) Illustration of depth sounding by 

progressively increasing electrode separation between each measurement.   
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2.0 Abstract 

Reflecting a classic policy paradox (Stone, 2001), Colorado’s dam safety policies 

threaten the availability of the state’s long-term water supply. Recent studies indicate that 

Colorado water users will face water shortages in excess of 1.1 million acre-feet per year by 

2050, representing a mixture of municipal, agricultural and environmental demands, and 

compounded by an increasing population and uncertainty due to predicted climate-change 

stresses.  Increasing the availability of water without compromising the state's non-renewable 

ground water will require an expansion of Colorado's surface storage capacity to collect runoff 

during periods of high rainfall or snow melt. Paradoxically, at the same time that Colorado needs 

to expand its surface storage capacity, state regulators are protecting the public from dam failures 
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by restricting the storage capacity of many dams.  This occurs when a dam is deemed unsafe and 

regulators require operators to lower the water level to assure public safety from a potential dam 

failure. This does not always enhance public safety from dam failures, and the net long-term 

effect is a reduction of Colorado’s total storage capacity, which is counterproductive to long term 

water supply goals.  This paper explores and quantifies this contradiction in meeting the public 

goals of dam safety and water storage, pointing to the need for incentives to rehabilitate the 

storage capacity of Colorado’s dams, and illustrating the potential for a market-driven storage 

leasing approach that would potentially reduce predicted water shortages by up to 33% while 

enhancing public safety.  

 

2.1  Introduction 

Colorado’s dam safety policies threaten the availability of the state’s long-term water 

supply. Recent studies indicate that Colorado water users will face water shortages that are 

expected to exceed 1.1 million acre-feet per year by 2050 (Rowan et al., 2010).  These 

anticipated shortages represent a mixture of municipal, agricultural and environmental demands 

and are compounded by an increasing population and uncertainty due to predicted climate-

change stresses (Rowan et al 2010).  Paradoxically, at the same time that Colorado needs to 

expand surface storage capacity, state regulators are protecting the public from dam failures by 

restricting the storage capacity of many dams. This may not always enhance public safety from 

dam failures, and the net long-term effect is a reduction of Colorado’s total storage capacity, and 

therefore the total stored volume, which is counterproductive to Colorado's long term water 

supply goals.   
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This chapter explores and quantifies this contradiction in meeting the public goals of dam 

safety and water storage, and points to the need for incentives to rehabilitate the storage capacity 

of Colorado’s dams.  We illustrate the potential for a market-driven storage leasing approach to 

enhance public safety and the state’s available water supply.  In section 2.1 we explore the dam 

safety side of this paradox through trends in the hazard potential ratings and the restriction 

status’ of Colorado’s dams, and the impacts that dams have on Colorado citizens due to their 

relative locations.  We present the most recent data published by the Colorado Division of Water 

Resources’ (CODWR) Dam Safety Branch.  In section 2.2 we illustrate the political and 

technical underpinnings of a dam safety-water supply policy paradox in Colorado, and its 

impacts upon the forecasted water supply for the state.  In section 2.3 we highlight and discuss 

economic and social advantages of a policy alternative to the illustrated paradox.  We conclude 

our arguments and findings in section 2.4 and offer visions for future research.   

 

2.2. Dam Safety 

 This section discusses the safety status of Colorado's dams in terms of their mean ages, 

hazard classifications, and physical locations relative to the state's high population density areas. 

The sequential failure potential for dams on Colorado's major waterways are highlighted and 

discussed.  The relevant authorities that are promulgated to state regulators in the Colorado 

Revised Statures and methods of dam safety assurance are discussed, and the historical trends in 

the hazard classes and restriction statuses of Colorado's dams are illustrated.   
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2.2.1.  Age and Hazard Classification 

 .  Dams are becoming a national concern because they deteriorate as they age and they 

can become public safety hazards if they are not rehabilitated or regulated.  The apogee of U.S. 

dam building occurred between 1950 and 1970 (Doyle 2003).  The mean age of America's dam 

infrastructure is therefore approximately 51 years (American Society of Civil Engineers 2009).  

A majority of these dams have either exceeded their intended life span, or will exceed their 

intended life span in the foreseeable future.  The Federal Emergency Management Agency 

(FEMA 1999a) has estimated that 85% of all U.S. dams will exceed their intended life span by 

the year 2020  However, this is a burden that is predominantly left to state governments who are 

responsible for regulating 95% of all dams registered in the NID (Lane 2008).   

The Dam Safety branch of the Colorado Division of Water Resources (CODWR) 

oversees approximately 2,900 dams throughout Colorado.  1,937 of those dams are classified as 

jurisdictional (Haynes 2010).  Section 37-87-105 C.R.S. defines jurisdictional dams as being 

greater than ten feet high when measured from the toe to the spillway, and/or impounding a 

reservoir with twenty acres or more in surface area, or one hundred acre-feet or more in reservoir 

capacity at the high water line.  The CODWR further classifies Colorado’s jurisdictional dams 

according to the FEMA (2004) hazard classification system as high, significant, low, or no-

hazard potential.  Table 2.1 summarizes the total number of jurisdictional dams in the state of 

Colorado by their hazard potential category.  The majority of Colorado’s jurisdictional dams are 

low and significant hazard potential dams, and their numbers have remained relatively constant 

since 1989.  However, a steady linearly increasing trend is apparent with respect to Colorado’s 

high hazard potential dams, and might reflect some reclassifications of low hazard potential 

dams,  which show a net decrease that is comparable to the net increase in restricted high hazard 
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potential dams.  Figure 2.1 shows the annual numbers of high hazard and significant hazard 

potential dams in Colorado.  The total number of high hazard potential dams has increased by 

approximately 40% since 1989, and this trend is likely to continue and perhaps accelerate as 

downstream development occurs and the state’s population grows.  The pronounced increase in 

high hazard potential dams equates to an increased public and economic risk, especially if these 

dams become restricted.  A linear regression of the high hazard trend predicts that Colorado 

citizens may be surrounded by 467 high hazard potential dams by 2030, and 573 high hazard 

potential dams by 2050.  These would account for approximately 24% and 30%, respectively, of 

the 1,937 jurisdictional dams that the CODWR currently regulates.  In contrast to high hazard 

potential dams, the total number of significant hazard potential dams is shown to have remained 

relatively constant since 1989, and on average there have been 318 significant hazard potential 

dams annually.  However, the number of significant hazard potential dams has also increased 

overall since the minimum in 2001, albeit at a less pronounced rate than the high hazard trend.  

The CODWR restricts some reservoirs from their maximum storage due to safety 

concerns regarding the dam.  These include but are not limited to 1) concerns regarding the 

structural integrity of the dam, 2) design methods for structural components such as spillways 

and outlet works that may be inferior to current methods, 3) concerns regarding slope stability or 

internal instability problems that can arise from anomalous seepage and sinkholes, and 4) an 

overall poor, dilapidated condition of the dam in some cases.  Table 2.2 summarizes the number 

of restricted dams in Colorado by hazard potential, and is illustrated in Figure 2.2.  The total 

quantity of restricted dams has decreased by 7% since 2000 primarily due to the 35% overall 

reduction of the significant hazard category.  Low hazard potential dams comprise the majority 

of restricted dams in the state, and have shown an overall increase of 3%.  Restricted high hazard 
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potential dams have decreased by 10% overall, but have shown an increase of 31% since the 

minimum shown in 2007.  

Many of Colorado’s jurisdictional dams store large volumes of water in areas of high 

population density along the Front Range.   The Front Range is home to 80% of the state’s 

population, and this population is predicted to increase 100% by 2050 (Colorado Division of 

Emergency Management 2010).  These dams will therefore negatively impact a majority of 

Colorado citizens if they are restricted for safety reasons and not repaired.  Figure 2.3 shows the 

distribution of Colorado’s largest jurisdictional dams in relation to the state population by zip 

code (U.S. Census Bureau 2001), and represents 20% of all dams regulated by the CODWR.  In 

Figure 2.3, each dam marker is proportional in diameter to the maximum storage capacity of the 

reservoir behind the dam (in units of acre-feet), and indicates the hazard class of the dam by its 

color.  Significant hazard potential (purple) and low hazard potential (green) dam markers 

represent a storage capacity range that is equivalent to the range shown for high hazard potential 

(red) dam markers.  Each plotted dam is either greater than 50ft high as measured form the 

spillway invert elevation to the downstream toe, capable of a normal storage capacity that equals 

or exceeds 5,000 acre-feet, or capable of a maximum potential storage capacity that equals or 

exceeds 25,000 acre-feet.   Restricted dams are not shown in Figure 2.3.  Dams located along the 

Front Range are primarily high hazard potential dams that impound reservoirs with capacities 

ranging between 10,000 acre-feet and 1,000,000 acre-feet.   

 

2.2.2. Sequential Failure Potential 

Some dams in high population zones along the Front Range are susceptible to breach 

following the sequential, “domino-style” failure of upstream dams.  The safety status of a dam 
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may therefore be degraded by the safety status of upstream dams.  For example, the South Platte 

River appears highly susceptible to such an event upstream of the densely populated Denver 

metro area.  Figure 2.4  is an enlarged view of the South Platte River basin showing dams along 

the South Platte River by their restriction status and hazard potential rating.  Restricted dams are 

illustrated by white stars overlying the respective hazard classification marker. Figure 2.5 calls 

attention to the potential consequences of a sequential dam failure along the South Platte River 

beginning at Reservoir A, in Figure 2.4 (location A).  Figure 2.5 shows the cumulative volume of 

water stored in reservoirs A through F in comparison to the maximum storage capacities of the 

individual reservoirs.  These data, summarized in Table 2.3, do not reflect an engineering 

analysis of breach, flood routing, or attenuation for any dams or reaches of the channel 

considered.  They are intended to provide qualitative insights about the consequences of a 

sequential dam failure along this reach of the South Platte River.  A failure event beginning at 

Reservoir A can result in the release of a large volume of water into the South Platte River 

channel over a reach length of approximately 97 miles, if downstream dams also fail.  The 

cumulative volume of water that would travel through the channel during such an event may 

exceed the maximum capacity of each illustrated reservoir by several multiples or more.  The 

resulting flood wave that would enter downtown Denver would undoubtedly be notable, and 

would likely inundate many acres of valuable farmlands on the eastern Colorado plains as well.  

For comparison, the Colorado Division of Emergency Management (2010) predicted that a 100 

year flood event released along the South Platte River into downtown Denver would impact an 

estimated 250,000 people living in the low-lying floodplains, as well as 65,000 homes and 

15,000 commercial and industrial businesses.  The scale of potential public impact of a 

sequential dam failure event on the South Platte River may exceed those described in historical 
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accounts of the Castlewood Canyon Dam failure that occurred in Colorado in 1933 (Randall et al 

1997).  The Castlewood Canyon Dam breach released a 5,300 ac-ft reservoir and caused one of 

the “worst floods in history” forty-five miles downstream in Denver (Randall et al 1997).  

Although the flood wave traveled less than half of the distance than the reach considered in 

Figures 2.4 and 2.5, the total volume that was released in 1933 was a fraction of the cumulative 

volume that is currently stored in reservoirs A through F.   

In summary, dams and reservoirs are a vital infrastructure to Colorado, and they have a 

tremendous impact upon public safety because of their increasing ages, hazard potentials, nearly 

constant restriction trends (i.e. restriction without repair), and their locations relative to other 

dams and Colorado communities.  The socio-economic impacts are compounded by the state’s 

increasing population, because the availability of water varies unpredictably annually, and 

because water represents a public safety hazard when it is scarce as well as when it is abundant.  

When abundant, we rely upon safe dams and reservoirs to capture, store, and control water, and 

when water is scarce, we depend upon the drought augmentation measures of increasing the 

storage capacity in reservoirs.  Functional storage capacity is necessary in either scenario, and 

therefore the state’s policy-induced restriction trends incite doubt regarding the long term 

effectiveness of a method that is aimed at enhancing public safety by reducing the public water 

supply.  

 

2.3 Colorado’s Dam Safety - Water Supply Paradox 

 The contradictory nature of dam safety practices and Colorado's water supply goals are 

presented in this section, and discussed in the context of predicted water shortages within the 

state.  A market-driven policy alternative to improve dam safety results and simultaneously 

provide incentives to maximize the state's total water supply is presented and discussed.   
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2.3.1 Tensions between dam safety policies and water supply goals 

 The dam safety policies promulgated in the revised statutes of the Colorado Constitution 

reduce the state’s total available storage capacity and limit the available water supply
1
.  The Dam 

Safety Branch of the CODWR ensures public safety from dam failures by restricting the storage 

capacity of unsafe reservoirs.  However, policies that incentivize dam owners to repair their 

restricted dams do not exist, nor are there any that authorize the Colorado State Engineers Office 

to enforce repair.  The CODWR confirmed in February, 2011 that "out of 176 storage-restricted 

jurisdictional dams in the state, only three or four had owners that were attempting to increase 

their reservoir storage capacity by performing the necessary repairs.  The owners are not required 

to make repairs after their dam is restricted, and may choose to continue to operate their dams 

while adhering to the reservoir restrictions (CODWR, personal communication 02/16/2011)."  

Restricted reservoirs may also be abandoned by the owners.  The CODWR restriction records list 

several reservoirs that are restricted due to abandonment (Haynes, 2010).  Restrictions due to 

abandonment limit Colorado’s total water supply by greater than 3,000 acre-feet per year, and 

                                                           
1
 Sections 37-87-107, 37-87-108, 37-87-110 and 37-87-114 C.R.S authorize the State and 

Division Engineers to discharge the dam safety duties of their offices (Colorado Office of 

Legislative Legal Services, 2012).  37-87-107 C.R.S. authorizes the State Engineer to perform 

dam safety inspections to determine the safe storage capacity of reservoirs.  37-87-108 C.R.S. 

authorizes the Division Engineers to withdraw water from reservoirs that are not in compliance 

with their determined safe storage capacities.  37-87-110 C.R.S authorizes the State Engineer to 

use necessary force to adhere to duties outlined in 37-87-108 C.R.S.  37-87-114 C.R.S. provides 

incentive for dam owners to comply with the State Engineer's determination of the safe storage 

capacity in the form of a $500 minimum per day fine if the safe storage levels are surpassed. 
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account for approximately 18% to 25% of the annual restricted volume of water from low hazard 

potential dams in the state.   

A large volume of water is lost annually to the state when all restricted dams are 

considered.  Ironically, this is occurring at the same time state officials are forecasting sizeable 

water shortages.  Table 2.4 summarizes the restricted volume lost in Colorado annually by the 

hazard potential rating of restricted dams, and is shown in Figure 2.6.  On average, the total 

annual restricted volume represents 12% of the predicted 2050 shortage, over the time period 

shown.  Low hazard potential dams comprise the majority of restricted dams in the state but 

account for only 11% of the mean annual restriction. The majority of restricted storage is lost 

from the high hazard potential constituent, which comprises fewer dams but on average accounts 

for greater than 100,000 acre-feet per year (78%) of the total restricted storage volume.  

Although restricted dams in general have shown some reduction in quantity, the total restricted 

storage volume has remained relatively constant, and on average has exceeded 127,000 acre-feet 

annually.  This constant trend is an indication that reservoirs and dams with significant restricted 

storage capacity are not being repaired. 

The contradiction between dam safety and water supply has a negative impact on 

Colorado’s citizens for several reasons.  First, restricting storage behind hazardous dams without 

repairing them may not entirely resolve the public safety hazards that these dams impose, 

because the safety status of a dam is influenced by the safety status of an upstream dam, as 

illustrated by Figures 2.4 and 2.5.  Restricted dams may still be susceptible to breach if an 

uncontrolled filling of the reservoir occurs (e.g. due to extreme precipitation events).  Indeed, 

many reservoirs are restricted because their spillways are inadequate and their abilities to pass 

flood waves are questionable.  Second, if additional storage capacity is available but ineffectual, 
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and the water supply is adequate to fill the storage space on an annual basis, then the volume that 

is restricted annually is entirely lost.  By this argument, if the mean annual restricted volume of 

127,000 acre-feet persists, Colorado will lose approximately 2.41 million acre-feet of water by 

2030 and 4.95 million acre-feet by 2050, assuming the supply is adequate to fill the restricted 

storage capacity.  Third, the storage capacity that is restricted is a valuable commodity to 

Colorado water suppliers and water users alike (see section 2.4.1 for a quantification in $/ac-ft), 

and the value will inevitably rise as the impacts of predicted shortages are felt.  If the state’s 

water supply is overly abundant (e.g. Finley (2012) reports that Colorado may be entitled to an 

additional 900,000 acre-feet of Colorado River water that is un-appropriated by the 1922 

Interstate Compact) additional storage capacity will be needed to retain the water.   

 

2.3.2. Predicted Water Shortages 

The availability of water in Colorado is anticipated to decrease (Rowan et al, 2010).  In 

2004 the Statewide Water Supply Initiative study conducted by the Colorado Water 

Conservation Board predicted the state water needs to 2030 and concluded that "non-renewable 

ground water may not be reliable for meeting competing public, agricultural and environmental 

water demands, particularly along the Front Range (CODWR 2004)."  This confirms that 

Colorado has a need for additional storage capacity in surface water reservoirs.  Rowan et al 

(2010) extended the CODWR (2004) projected needs to the year 2050 and accounted for the 

anticipated two-fold increase in the state population.  Their predicted water deficits are shown in 

Figure 2.7, and were estimated by liberally assuming that 100% of all identified water 

development projects and planning processes (IPP’s) in the state (shown by the green region of 

Figure 2.7) would be successful, despite the uncertain outcomes of many of these projects due to 
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permitting difficulties and stakeholder oppositions that have yet to be negotiated.  Rowan et al 

(2010) predicted a water deficit by 2050 ranging between a minimum of -320,000 acre-feet for 

“low” water demands, and a maximum of -1,100,000 acre-feet for “high” water demands, 

depending on the states cumulative municipal and industrial water needs.  Their predicted 

shortage represents approximately the equivalent of one to four annual water supply volumes 

consumed by the City of Denver, which requires approximately 245,000 acre-feet per year to 

meet municipal and industrial needs (Rowan et al 2010).  Note that the mean annual restricted 

volume represent approximately 52% of the annual water consumption of the City of Denver.  

The magnitude of the anticipated water shortage is shown by the purple region in Figure 2.7 and 

is dependent upon the success of IPP’s and conservation plans that are represented by the green 

region.  The deficit will be larger and will occur more rapidly if less than 100% of all IPP’s are 

successful.  Rowan et al (2010) conclude that “the status quo approach to water supply will not 

lead to a desirable future for Colorado.” This grim water supply forecast for the state points to 

the need for policy alternatives that maximize use of the available storage capacity to maximize 

the future water supply.  Increasing the total water supply may otherwise be lengthy and costly if 

it is accomplished by unnecessarily constructing new reservoirs.  

 

2.4. A Policy Alternative to Maximize Water Supply and Dam Safety 

 Colorado's water-supply paradox is a classic example of a commons problem - a problem 

that occurs when there is a divergence between private and public interests (Stone, 2001).  For 

example, a dam owner is unlikely to repair a restricted dam if the repairs constitute a financial 

burden and the owner can legally remain profitable by operating a restricted reservoir.  The 

fundamental issue at hand is that restricted reservoir owners are incentivized to exercise their 
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water storage rights in a manner that degrades the public's safety and water supply, after their 

reservoirs become restricted.   The so-called incentives are implicit within the state's dam-safety 

regulations in the Colorado Revised Statutes (Colorado Office of Legislative Legal Services, 

2012), and promote the divergence between public and private interests. As discussed in Section 

2.3, there currently are no regulatory incentives provided to owners of restricted dams to induce 

actions that are in agreement with public interests.   

 Perhaps the most prevalent obstacle with respect to promoting convergence of public and 

private interests is that all of the rules governing surface water and tributary ground water rights 

in Colorado are mandated in the state's Constitution by the Prior Appropriation Doctrine - a legal 

framework for water allocation that is deeply engrained in the water policies of the western 

United States.  This system of regulation encompasses an immense network of vested 

stakeholders throughout the western U.S.  Attempts that directly target the fundamental tenets 

and rules of this system to resolve the paradox are likely to produce a far-reaching ripple effect 

of stakeholder opposition that will ultimately force those solutions to fail.  For example, 

redefining the practices that constitute the beneficial use of a water storage right to exclude 

restricted storage space may at first seem promising as a means to incentivize reservoir owners to 

maximize their storage capacity, but would likely fail due to the vast indirect impacts it would 

have upon other stakeholders.  It is unlikely that the legal framework of the Prior Appropriation 

Doctrine will ever be altered in any capacity great enough to resolve Colorado's water-supply 

paradox. 

 On the other hand, simple policy adjustments that reward stakeholders for the specific 

actions that they induce may be an effective means to align stakeholder interests with less 

conflict and opposition.  When a social problem such as this paradox is rooted in a complex legal 
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framework such as the Prior Appropriation Doctrine, negative political inducements (penalties) 

applied by one narrow set of actors (e.g. dam safety regulators) to another (e.g. private dam 

owners) are unlikely to yield a long-term policy solution (Stone, 2001).  Instead, positive 

inducements (rewards) are more ideal policy instruments for this type of problem, and are most 

effective when they are distributed across a broader group of stakeholders (e.g. all water rights 

owners as compared to only restricted dam owners).  For example, if a water and storage-leasing 

market were available so that owners of surplus water or unused storage capacity could 

profitably sell their excess to those in need, the supplier (e.g. a farmer on the eastern plains with 

a senior irrigation water right) can be financially rewarded for maximizing their capacity, and 

conserving and selling their surplus, and the buyer (e.g. a water district or community water 

board) can be financially rewarded when they can obtain water or storage capacity at a reduced 

cost relative to new water development projects that potentially cost tens to hundreds of millions 

of dollars.  Similarly, market stakeholders that are in need of additional water or storage capacity 

(e.g. municipal water suppliers, private dam owners, junior water rights owners) could purchase 

those commodities from other stakeholders that are willing to negotiate, at a cost that is 

potentially significantly less than developing new water resources outright.   

A strategy of rehabilitating restricted reservoirs in a market-driven framework can also be 

adopted to quickly gain the additional storage capacity that is needed to meet the state’s future 

water needs.  This approach is advantageous compared to ground water development projects 

and constructing new reservoirs.  Developing ground water supplies at rates that are sufficient to 

reduce the anticipated deficit is an unlikely solution because many of Colorado’s major rivers, 

tributaries and aquifers are already over-appropriated.  Constructing new reservoirs is not a 

desirable primary solution because new projects are typically lengthy and costly.  Permitting 
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procedures for new reservoir construction projects typically require at least a decade (Finley 

2011) and stakeholders’ oppositions will need to be negotiated.   Money is scarce for new 

reservoir construction, and many of the best sites for dams and reservoirs are already occupied.  

New dams will require maintenance and repairs like any other, lest they be restricted and left to 

contribute to future decay statistics, public hazards and water shortages throughout the state.  

These factors will undeniably contribute to immense litigation and engineering costs as well as 

extend the durations of new reservoir development projects.   

 

2.4.1. Economic Considerations 

 Rehabilitating existing reservoirs is indeed more economical with respect to new 

reservoir construction projects. For example, Glade and Galeton Reservoirs, proposed as a 

component of Denver Water's Northern Integrated Supply Project (NISP), are projected to cost 

$490 million and will expand the state’s surface storage capacity by 200,000 acre-feet (Whaley 

2011).  Extrapolation of the red and green curves in Figure 2.8 suggests that a single reservoir 

with a comparable capacity can be rehabilitated for less than half of the projected cost of the 

Glade and Galeton Reservoirs.  Figure 2.8 compares project costs (in hundreds of millions of 

2012 dollars) to the project size (represented by the total storage capacity of the reservoir, in 

acre-feet), for new reservoir construction projects (black curve), repair projects for dams and 

reservoirs (red curve), and reservoir expansion projects (blue curve) in Colorado.  The combined 

regression of dam repair and reservoir expansion data (green curve) is included to compare costs 

for new construction projects with costs for existing facilities.  The data are summarized in Table 

2.5 and include the reported costs for completed projects as well as for projects that were 

attempted without success.  They were compiled through a review of articles in The Denver Post 
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archives and other local newspaper archives reporting on current and historical water 

development projects in Colorado.  There are discernible differences in project costs between 

each of the categories represented in Figure 2.8, and these differences suggest that reservoir 

expansion projects and dam rehabilitation projects are significantly less expensive projects than 

new reservoir construction projects.  The costs associated with expansion projects are greater 

than those for rehabilitation projects, which is the least costly category illustrated.  This may 

even be true when costs are cumulated over time for multiple rehabilitations that may be required 

to maintain a dam for many decades.   Overall, Figure 2.8 implies that rehabilitating restricted 

reservoirs is a more economically desirable method of expanding the water storage capacity in 

Colorado than constructing new reservoirs. 

Data in Table 2.5 also show a decrease in the unit value of storage (in dollars per acre-

foot) as the size of the reservoir increases, as shown in Figure 2.9.  Figure 2.9 confirms that 

storage capacity may be obtained at the greatest economic value by repairing dams and 

reservoirs (Figure 2.9, red curve).  The mean cost per acre-foot of storage corresponding to dam 

repair projects is $1,380 per acre-foot.  The mean costs for storage capacity obtained from 

reservoir expansion projects (Figure 2.9, blue curve) and new construction projects (Figure 2.9, 

black curve) are $2,483 and $3,891 per acre-foot, respectively.  These costs associated with these 

categories are approximately two times and three times, respectively, of the costs associated with 

repairing dams.  Furthermore, the larger reservoirs appear to yield storage capacity at a more 

economical value than smaller reservoirs.  This is implied by the log-linear relationships shown 

between unit storage costs and reservoir capacity, representing dam rehabilitation projects (R
2
 = 

0.7298) and new dam construction projects (R
2
 = 0.9512).   A similar relationship is not apparent 

for reservoir expansion projects (R
2
 = 0.1999).  Figure 2.9 suggests that rehabilitated dams 
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impounding reservoirs greater than 10,000 acre-feet in volume typically yield storage capacity 

for less than $1,000 per acre-foot.  The limited quantity of data points representing reservoirs 

with capacities less than 10,000 acre-feet suggest that unit cost for storage exceeds $1,000 per 

acre-foot for similar sized projects.  The available data therefore indicate that it may be more 

economically desirable for water users interested in developing storage capacity to consider 

rehabilitating and expanding Colorado’s existing reservoirs first, prior to constructing new 

reservoirs, because the unit price for storage capacity is shown to be the least costly.   

 

2.4.2. Stakeholder Opposition 

In contrast to policies in favor of new reservoir development, we anticipate dramatically 

reduced stakeholder oppositions to those that increase water supply by rehabilitating restricted 

reservoirs.  Fundamentally, stakeholder oppositions regarding existing reservoirs have already 

been negotiated, and this will minimize any further efforts that are necessary to align stakeholder 

interests.     

We consider three broad categories of potential stakeholders that include water suppliers; 

including water authorities and cooperatives that are likely to be investors in storage-restricted 

facilities, facilities owners; including federal, state and private reservoir owners that may share 

similar interests with water users, and water users; including public citizens who have public 

safety as well as environmental interests at heart.  Water suppliers may support this approach if 

they can obtain storage for their water rights in less time and at a reduced cost.  Facilities owners 

may be in favor if they are able to profitably lease their restricted storage space to water 

suppliers in exchange for the necessary upgrades to their dams and reservoirs.  Water suppliers 
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and facilities owners alike are more likely to be in favor of this approach if they can maintain 

ownership of their water rights while carrying out their water leasing transactions.   

The majority of Colorado’s citizens will support this solution for at least three 

foreseeable reasons.  First, it will reduce their costs for water usage.  If water suppliers can 

inexpensively acquire storage capacity for their water rights the savings can be passed to the 

water users through reduced service fees for infrastructure development and water delivery.  

Second, an overall improvement in public welfare can be attained by rehabilitating restricted 

dams and providing economic incentives for capable parties to improve their dam maintenance 

regimes.  Third, we predict a positive environmental impact for the entire state of Colorado if 

new development is postponed in favor of rehabilitating restricted reservoirs.  Positive 

environmental impacts will equate to a better quality of life for Colorado’s citizens.  Pristine 

canyons and wilderness will be preserved if the demand for new dams and reservoirs is satisfied 

by rehabilitating existing reservoirs.  Denver metro communities will be less dependent upon 

ground water, trans-basin diversions, and dewatering of valuable farmlands on the eastern plains 

if the surface storage capacity is expanded through restricted reservoirs along the Front Range 

and eastern plains.  This will alleviate the demand for the non-renewable ground water in the 

Denver Basin aquifers, alleviate environmental stress on the Colorado River and its tributaries, 

and valuable farmland on the eastern plains can be conserved rather than dewatered.   

Despite foreseeable advantages, questions regarding stakeholder cooperation will 

inevitably arise prior to implementing a storage-leasing solution to expand water supply.  Are 

multiple leases for multiple parties compatible?  Are leases for summer water users compatible 

with leases for winter water users?  What are the liability concerns associated with lessees?  

Whose water gets spilled first and whose water gets carried over from one water year to the 
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next?  Whose water evapotranspires and whose returns to ground water? Are multiple entities or 

co-operatives the ideal executors of leases due to increased government immunities from 

damages?  These, and likely other questions, will need to be considered; however, the prospect 

of having more inexpensive water available to meet municipal, industrial and agricultural 

demands overall will promote better cooperation between vested stakeholders (Rowan et al 

2010).   

 

2.5. Conclusions 

We present the political and technical underpinnings of an elegant, market-driven 

solution that would apply the private resource of willing customers to help solve both a public 

safety concern and a growing water supply crisis in the state of Colorado.  A regulatory paradox 

currently exists in Colorado, and requires regulators to assure public safety from dam failures by 

restricting the storage capacity in the reservoir.  This practice diminishes the states long-term 

water supply at a time when experts are forecasting significant future water shortages throughout 

the state.  The current means of dam safety assurance is therefore contradictory to Colorado’s 

long-term goals of water supply expansion.  Without political mechanisms to incentivize or 

enforce owner rehabilitation, state leaders will likely be faced with a growing public safety 

hazard imposed by aged, high and significant hazard potential dams, in addition to a burgeoning 

volume of unusable, restricted water storage space.   

 The contradictory nature of Colorado’s dam safety and water supply policies lends itself 

to a convenient policy alternative for increasing the available water supply.  By incentivizing the 

rehabilitation of restricted dams through a market-driven storage leasing approach, state leaders 

can increase Colorado’s total storage capacity by more than 100,000 acre-feet per year, within a 
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matter of a few years and at a significantly reduced cost.  This would enhance public safety from 

dam failures, reduce the need for new reservoirs, reduce environmental stress on Colorado’s 

rivers and aquifers, and resolve approximately 33% of the projected supply shortage for low 

water needs.   Our research herein has shown this solution to be a more economical first 

approach than constructing new storage facilities outright, and expanding the existing storage 

facilities within the state.   

 We propose a market-based water and storage-leasing approach as the foundation of a 

practical and sustainable solution to Colorado's water supply paradox.   We believe such an 

approach to be favorable over additional regulations that impose legal obligations and penalties 

upon the stakeholders in this paradox.  Successfully implementing this solution may require 

increased legal and regulatory flexibility to facilitate market-driven storage leases and water 

exchanges, and connect needy and willing customers to the rehabilitated water supplies they 

have invested in.  The package of legal and regulatory adjustments needed to implement this 

solution is the subject of in-progress research and analysis.  However, it appears that the 

facilitation tools required can be crafted without insult to Colorado’s existing water-law 

framework and systems, and the "use it or lose it" precept of Prior Appropriation can be replaced 

in Colorado with a "save it and sell it" alternative. 
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2.8 Tables 

Table 2.1.  Summary of jurisdictional dams in Colorado by hazard potential rating.  Source: 

Colorado Division of Water Resources Dam Safety Branch. 

Year 
High 

Hazard 

Significant 

Hazard 
Low Hazard 

No Public 

Hazard 
Total Dams 

1989 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

1998 

1999 

2000 

2002 

2003 

2004 

2005 

2006 

2007 

2008 

2009 

2010 

256 

259 

269 

269 

275 

275 

286 

292 

286 

303 

304 

318 

327 

332 

341 

345 

345 

348 

352 

359 

318 

324 

322 

318 

323 

324 

321 

305 

321 

308 

305 

310 

314 

314 

312 

332 

332 

333 

317 

316 

1,164 

1,190 

1,096 

1,074 

1,037 

1,025 

1,021 

1,022 

1,022 

1,020 

1,024 

1,021 

1,024 

1,019 

1,014 

1,024 

1,024 

1,030 

998 

1,040 

12 

76 

137 

152 

181 

185 

189 

189 

189 

204 

200 

212 

214 

214 

219 

227 

227 

225 

226 

222 

1,750 

1,849 

1,824 

1,813 

1,816 

1,809 

1,817 

1,808 

1,818 

1,835 

1,833 

1,861 

1,879 

1,879 

1,886 

1,928 

1,928 

1,936 

1,893 

1,937 

  



55 
 

Table 2.2  Summary of restricted dams in Colorado by hazard potential rating.  Source: 

Colorado Division of Water Resources Dam Safety Branch. 

Year 

High 

Hazard 

Restricted 

Significant 

Hazard 

Restricted 

Low Hazard   

Restricted  

No Public 

Hazard 

Restricted 

Total 

Restricted 

Dams 

2000 

2002 

2003 

2004 

2005 

2006 

2007 

2008 

2009 

2010 

29 

25 

24 

25 

26 

21 

18 

21 

20 

26 

43 

45 

41 

35 

36 

32 

32 

34 

33 

28 

111 

115 

118 

116 

116 

115 

114 

107 

110 

114 

6 

8 

9 

10 

11 

10 

7 

6 

17 

8 

189 

193 

192 

186 

189 

178 

171 

168 

180 

176 
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Table 2.3. Summary of domino failure potential for reservoirs along the South Platte River 

upstream of Denver, Colorado. Data do not account for flood routing or attenuation along the 

reach considered.  Geospatial data supplied by the U.S. National Atlas were last published online 

03/2006 and last accessed 04/2012. 

Reservoir 

Downstream 

Distance       

(mi) 

Max       

Capacity         

(ac-ft) 

Cumulative 

Stored Volume 

(ac-ft) 

Cumulative 

Stored / Max 

Capacity 

A 

B 

C 

D 

E 

F 

0 

18 

30 

61 

85 

97 

108,500 

83,800 

128,000 

87,200 

20,000 

355,000 

108,500 

192,300 

320,300 

407,500 

427,500 

782,500 

1.0 

2.3 

2.5 

4.7 

21.4 

2.2 
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Table 2.4.  Summary of restricted storage volume in Colorado by hazard potential rating. 

Source: Colorado Division of Water Resources Annual Dam Safety Reports. 

Year 

High 

Hazard 

Restricted 

(ac-ft) 

Significant 

Hazard 

Restricted 

(ac-ft) 

Low Hazard   

Restricted 

(ac-ft) 

No Public 

Hazard 

Restricted 

(ac-ft) 

Total 

Restricted 

Volume    

(ac-ft) 

1999 

2000 

2002 

2003 

2004 

2005 

2006 

2007 

2008 

2009 

2010 

102,960 

102,111 

100,191 

105,528 

105,153 

103,083 

95,197 

92,285 

96,928 

94,897 

96,146 

15,953 

15,735 

15,514 

29,359 

15,193 

14,564 

7,897 

7,644 

7,093 

8,259 

7,014 

12,143 

13,303 

13,956 

16,491 

16,671 

16,292 

13,988 

14,863 

13,170 

12,290 

13,742 

345 

308 

425 

371 

550 

553 

428 

422 

359 

398 

398 

131,401 

131,457 

130,086 

151,749 

137,567 

134,492 

117,510 

115,214 

117,550 

115,844 

117,300 
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Table 2.5.  Summary of economic data for new dam construction projects (N) versus dam repair 

projects for restricted reservoirs (R) and expansion projects of existing reservoirs (E).  Source: 

The Denver Post.   

Project 
Project 

Type 

Current Value 

of Project         

($) 

Reservoir 

Capacity     

(ac-ft) 

Storage 

Cost          

($/ac-ft) 

Two Forks Reservoir 

Glade and Galeton Reservoirs 

Chatfield Reservoir 

Chimney Hollow Reservoir 

Arapahoe County Flow Project 

Rueter Hess Reservoir 

Penley Reservoir 

Homestake II Project 

Williams Fork Dam Repair 

Cheesman Dam Repair 

Pueblo Reservoir Dam Repair 

Horsetooth Reservoir Dam Repair 

Cucharas Reservoir Dam Repair 

Orlando Reservoir Dam Repair 

North lake Reservoir Repair 

Cañon City C-4 Dam Repair 

Chatfield Reservoir Expansion 

Halligan Reservoir Expansion 

Seaman Reservoir Expansion 

Elkhead Reservoir Expansion 

Rio Grande Reservoir Expansion 

Pueblo Reservoir Expansion  

Gross Reservoir Expansion 

N 

N 

N 

N 

N 

N 

N 

N 

R 

R 

R 

R 

R 

R 

R 

R 

E 

E 

E 

E 

E 

E 

E 

$1,727,023,718 

$490,000,000 

$264,275,069 

$237,000,000 

$14,000,000 

$230,000,000 

$105,000,000 

$171,724,260 

$17,000,000 

$18,300,000 

$38,013,577 

$98,310,976 

$28,385,886 

$1,203,360 

$410,000 

$801,475 

$100,000,000 

$19,600,000 

$90,000,000 

$33,748,020 

$31,564,066 

$133,831,996 

$140,000,000 

1,100,000 

210,000 

27,400 

90,000 

1,400 

72,000 

22,500 

21,000 

101,600 

75,000 

40,000 

139,135 

35,395 

3,119 

80 

213 

20,600 

12,000 

48,000 

12,500 

10,000 

70,000 

72,189 

$909 

$2,333 

$3,102 

$2,633 

$10,000 

$3,194 

$4,667 

$4,286 

$167 

$244 

$725 

$539 

$762 

$378 

$5,125 

$3,099 

$4,854 

$1,633 

$1,875 

$2,480 

$3,000 

$1,600 

$1,939 
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2.9 Figures 

 

Figure 2.1.  Hazard reclassification trends for jurisdictional dams in Colorado. Source: Colorado 

Division of Water Resources Dam Safety Branch. 
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Figure 2.2.  Summary of dams restricted annually in Colorado by hazard potential rating.  

Source:  Colorado Division of Water Resources Dam Safety Branch.. 
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Figure 2.3.  Distribution of high hazard potential (red), significant hazard potential (purple) and 

low hazard potential (green) dams in Colorado relative to population.  Geospatial data supplied 

by the U.S. National Atlas were last published online 03/2006 and last accessed 04/2012.  
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Figure 2.4.  Illustration of the domino failure potential along the South Platte River upstream of 

Denver, Colorado, beginning at Reservoir A.  Geospatial data supplied by the U.S. National 

Atlas were last published online 03/2006 and last accessed 04/2012. 

  



63 
 

 

Figure 2.5.  Illustration of the domino style failure potential of dams labeled in Figure 2.4 along 

the South Platte River upstream of Denver, Colorado.  Data do not reflect an engineering 

analysis of flood routing and attenuation along the reach considered and therefore are only 

intended to be qualitative.  Geospatial data supplied by the U.S. National Atlas were last 

published online 03/2006 and last accessed 04/2012. 
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Figure 2.6. Summary of reservoir volume restricted annually in Colorado by hazard potential 

rating.  Source: Colorado Division of Water Resources Annual Dam Safety Reports. 
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Figure 2.7   Summary of Colorado's predicted water shortages based on low, medium and high 

municipal and industrial water needs.  Modified from Rowan et al. (2010). 
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Figure 2.8.  Economic comparison of reported costs for new dam construction projects (black), 

reservoir expansion projects for existing reservoirs (blue), and dam repair projects for existing 

dams (red).  The combined regression of expansion and repair projects (green curve) is included 

to distinguish existing facilities from new facilities.  Source:  The Denver Post archives. 
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Figure 2.9.  Cost per unit of water storage capacity versus the total size of development project 

for new dam construction projects (black), rehabilitation projects for restricted dams (red), and 

expansions projects for existing reservoirs (blue).  Source: The Denver Post archives. 
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3.0 Abstract 

We propose and test a method for accurately mapping preferential fluid flow paths 

through porous materials in real-time, using time-lapse fluctuations of the self-potential at the 

ground surface that are associated with the advective transport of a salt tracer through a steady-

state flow field.  In the laboratory, a network of non-polarizing electrodes and a highly sensitive 

voltmeter are used to monitor the temporal changes of the electric field at the surface of a sand 

tank, as a NaCl tracer is transported through a high permeability flow path in a fine sand unit.  
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Temporal fluctuations of the electric potential at the surface are used to spatially localize the 

pulse of saline water through the channel over time, and to determine the flow velocity.  A finite 

element model is used to reproduce the time-lapse electrical potential distribution over the 

channel, although some discrepancies are observed on the banks.  Finally, a Markov-chain 

Monte Carlo (McMC) sampler is applied in a synthetic case study to determine the permeability 

and the porosity of a preferential fluid flow pathway in the synthetic case study geometry.  The 

developed method can be applied in real time and can be used to map high permeability flow 

pathways in earthen embankments that may be spatially localized. 

 

3.1. Introduction 

 The self-potential method is a non-intrusive geophysical method that relies upon passive 

measurements of the electrical potential distribution at a set of measurement stations.  Electric 

potentials are measured at the ground surface with non-polarizing electrodes and recorded with a 

voltmeter that has sensitivity greater than 0.1 mV and input impedance greater than 10 Mohm 

(De Witte, 1948; Ogilvy et al., 1969).  The differences between the measured voltages and the 

voltage at a reference electrode are interpreted with respect to the source mechanisms producing 

the anomalies that are observed.  Typically, self-potential anomalies associated with steady-state 

flow through earth dams amount to several tens of mV (32 mV in the earth dam investigated by 

Panthulu et al., 2001, 80 mV in the embankment dam analyzed by Bolève et al., 2009, 80 mV in 

Rozycki, 2009), but anomalies with amplitudes of several hundreds of millivolts have also been 

measured (300 mV in the earth dam investigated by Rozycki et al., 2006, 400 mV for the case 

study reported by Asfahani et al., 2010, over 200 mV at Dana Lakeby Moore et al., 2011, and 

170 mV at the Hidden dam by Minsley et al., 2011).  Because of the sensitivity of self-potential 
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measurements to the flow of subsurface fluids, self-potential mapping has been applied for 

decades to qualitatively detect preferential fluid flow pathways in embankments and earth dams 

(Ogilvy et al., 1969; Gex, 1980; Sill and Killpack, 1982; Merkler et al.. 1989; Wilt and Corwin, 

1989; Wilt and Butler, 1990; Al-Saigh et al., 1994; Sheffer and Howie, 2001; Sheffer and Howie 

2003).   The self-potential method has more recently emerged as a powerful quantitative tool for 

determining flow properties in ground water flow problems (Titov et al., 2000; Rozycki et al., 

2006; Sheffer and Oldenburg, 2007; Rozycki, 2009; Bolève et al., 2009, Jardani and Revil, 2009; 

Malama et al., 2009a;Malama et al., 2009b).   

Due to the rich history of application to ground water problems, the theory underlying the 

origin of self-potential signals during steady-state flow conditions is fairly well understood (see 

Revil et al., 2011 for a unified model) and can be easily coupled to the flow of the ground water 

to predict the self-potential response for a given flow path geometry with known material and 

pore fluid properties, known boundary conditions, and known forcing terms. However, despite 

the number of published works in this domain, we feel that the engineering potential of this 

method has not yet been fully explored.  The previous applications of this method to the 

identification of preferential flow paths predominantly rely upon a single map, and this approach 

presents some limitations. For example, if the subsurface is characterized by a heterogeneous 

resistivity distribution the self-potential map may be characterized by spatial fluctuations with 

different wavelengths (see Sheffer, 2007,and Bolève, 2009 for some field examples), and  may 

therefore be difficult to identify even when specific filters are applied to the raw data (in the 

Fourier or Wavelet based-methods for instance).   

Some works have been done in identifying flow paths by monitoring the change of the 

self-potential signals through time (Sheffer, 2002; Bolève, 2009; Revil and Jardani, 2010; 
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Martínez-Pagán et al., 2010; Bolève et al., 2011), and our work below follows these ideas.  In 

this chapter we propose a new method to detect and image preferential fluid flow pathways that 

is based on the injection of NaCl salt upstream of a heterogeneous porous material and 

subsequently monitoring the resultant self-potential response in time-lapse at the ground surface.  

A complete theory is developed for the proposed method in Section 3.2.  This theory is tested by 

a sandbox experiment in Section 3.3 and 3.4.  A numerical model of the sandbox experiment is 

presented in Section 3.5.  In Section 3.6 we discuss the application a numerical test of our 

approach to a 2D synthetic dam model.  In Section 3.5 we also discuss the advantages of the self-

potential monitoring approach over the more classical time-lapse Direct Current (DC) resistivity 

tomography approach, as well as limitations that must be considered prior to long-term 

deployments of monitoring arrays in a field setting. 

 

3.2. Background Theory 

We first recall the transport equations for the migration of a salt tracer in a water-

saturated porous material, neglecting the effect of salt concentration upon dynamic viscosity and 

mass density of the pore water.  In this experiment we are dealing with relatively weak salt 

salinities, in contrast to Revil and Jardani (2010) and Martínez-Pagán et al. (2010), who used a 

brine at saturation with respect to the salt.  We therefore neglect the buoyancy force in our 

derivation below.  The field equations for the fluid pressure and the salt concentration are 

obtained by combining two constitutive equations; Darcy’s law for the Darcy velocity u (in m    

s
-1

), and a generalized Fick’s law for the mass flux of the salt, dj  (in kg m
-2

 s
-1

), together with 

two continuity equations; one for the mass of the pore water, and one for the mass of the salt.  

The constitutive equations are given by,  
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In these equations, v is the mean velocity of the pore water in the pore space (m s
-1

), k (in m
2
) is 

the permeability tensor, D (in m
2
 s

-1
) is the effective hydrodynamic dispersion tensor,   is the 

porosity (in m
3
 m

-3
), p (in Pa) is the pore fluid pressure, 

f  (in Pa s) is the dynamic viscosity of 

the pore fluid, ρf (in kg m
-3

) is the fluid density, ρs (in kg m
-3

) is the solute bulk density, g (in m   

s
-2

) is the acceleration of gravity, SQ  (in s
-1

) is a source term for the injection or abstraction of 

water, Cf  (dimensionless) is the solute mass fraction, and 
0

fC  is the solute mass fraction in the 

source term.  

To represent the hydrodynamic dispersion tensor, we use the Fickian dispersion model 

for its simplicity, although other available dispersion models could be used as well.  With this 

model the effective hydrodynamic dispersion tensor entering Eq. (3.2) is given by,  

f L T
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where Df  (in m
2
 s

-1
) is the molecular diffusion coefficient of the salt  (for a NaCl solution, Df  is 

typically comprised between 1.60x10
-9

 m
2
 s

-1
 at infinite dilution to 1.44x10

-9
 m

2
 s

-1
 at high 

salinities at 25°C), v  v , I is the unit tensor, a b  represents the tensor product between 

vectors a and b, L  and T  (in m) represent the longitudinal and transverse dispersivity, 

respectively, and the product of the formation factor F by the porosity φ in the denominator of 

the first term on the right hand side of Eq.(3.5) represents the tortuosity of the pore space 

(Pfannkuch, 1972; Johnson and Sen, 1988). 

The disturbance of the electrical field due to flow that is measured by the self-potential 

method is related to the existence of a source current density in the conductive porous medium.  

The total electrical current density j is given by an extended Ohm's law (Prigogine, 1947; 

Overbeek, 1952; Helfferich, 1995), 

S j E j
,
      (3.6) 

where E (in V m
-1

) is the electrical field ( E , from 0 E  in the quasi-static limit of 

the Maxwell equations),   (in V) is the electrical potential,   (in S m
-1

) is the electrical 

conductivity of the porous material, and Sj  (in A m
-2

) is the source current density.  In the low-

frequency limit of the Maxwell equations, and without external injection or retrieval of electrical 

charges, the continuity equation for the charge is given as, 

0 j .      (3.7) 

In the case of a salt plume moving in a porous material, there are two contributions to the 

total source current density that generate self-potential signals.  The first contribution is 

associated with the flow of the pore water itself, and is the streaming current density (Helfferich, 

1995).  The second contribution is related to the gradient of the salinity, and is called the 
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diffusion current density (Newman, 1991; Helfferich, 1995).  The diffusion current density was 

neglected by Bolève et al. (2009).  We will show below that this contribution is actually far from 

being negligible and needs to be accounted for.   

The total source current density is given by (Revil and Linde, 2006; Revil and Jardani, 

2010; Martínez-Pagán et al., 2010), 

1

ln{ }
N

i
S V b

i i

t
Q k T i

q





  j u .     (3.8) 

Eq.(3.8) was derived by Revil and Linde (2006) using a volumetric averaging approach of the 

local Nernst-Planck equation.  The first term of the right-hand side of Eq. (3.8) corresponds to 

the streaming current density, and the second term corresponds to the diffusion current density.  

The variable T (in K) represents the absolute temperature, bk  (1.381 x 10
-23

 J K
-1

) denotes the 

Boltzmann constant, 
VQ  (in C m

-3
) is the effective charge density of the electrical diffuse layer 

that can be dragged by the flow of the pore water, iq  (in C) is the charge of aqueous species i 

dissolved in water, ti (dimensionless) is the microscopic Hittorf number of the ionic species i in 

the pore water.  The microscopic Hittorf number represents the fraction of electrical current 

carried by species i in the aqueous phase.  The term { }i  (dimensionless) represents the activity 

(concentration times the activity coefficient) of the ionic species i.  In present study, the 

complete dissociation of NaCl(s) provides two ionic species, Na
+
 and Cl

-
 , to the pore water.   

 The charge per unit pore volume, 
VQ , is salinity dependent, and to be consistent with the 

Helmholtz-Smoluchowski equation at thermodynamic equilibrium between the pore water and 

the mineral surface this salinity dependence has to be the same as the salinity dependence of the 

zeta potential - the inner potential of the electrical double layer.  Revil et al. (1999) (their Figure 

4) showed that the zeta potential (hence the charge density) changes by one order of magnitude 
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over six orders of magnitude change in salinity for silica sands.  Therefore the salinity 

dependence of 
VQ  can be neglected as a first approximation.  There is also another reason to 

keep this parameter constant in the following analysis: the change in the zeta potential or charge 

density with the salinity is controlled by the sorption of cations in the Stern layer (the inner part 

of the electrical double layer).  Usually the salt tracer experiment reported below takes only few 

minutes, while the kinetics of sorption of sodium on silica takes few tens of minutes to several 

hours (Revil et al., 1999).   

Revil (1999b) showed that, in a diffusion problem, one might replace the gradient of the 

logarithm of the activity of the salt by the gradient of the logarithm of the electrical conductivity 

of the salt.  Using this approach, we can rewrite the total source current as (see Appendix A), 

  f)(

f

b

v t
e

Tk
Q 


ln12  ujs ,    (3.9) 

where e  (in C) is the elementary charge of the electron, 
( )t 

 is the microscopic Hittorf number of 

the cation (see values in Revil, 1999b, 
( )t 

=0.38 for a sodium chloride solution), and 
f  (in S  

m
-1

) is the conductivity of the pore water, which is proportional to the salinity at a given 

temperature.  Eq. (3.9) has been successfully used in a number of recent studies (Revil and 

Jardani, 2010; Martínez-Pagán et al., 2010; Woodruff et al., 2010).  Its derivation is summarized 

in Appendix A. 

 In a clay-free sand at low Dukhin numbers (Crespy et al.,2008; Bolève et al., 2007; 

Appendix A), the conductivity of the sand σ is linearly related to the conductivity of the pore 

water 
f  by (Archie, 1942; Clavier et al., 1977), 

f

F


  ,      (3.10) 
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The Dukhin number is a dimensionless quantity that characterizes the net contribution of surface 

conductivity to the bulk electric conductivity in heterogeneous systems.  The formation factor is 

related to the connected porosity, ϕ, by Archie's law: mF   (Archie, 1942), where m is called 

the cementation exponent and is typically assigned a value of 1.3 for well-sorted clean sands 

(Hallenburg, 1998; Revil and Florsch, 2010; and Revil,1999b).  From Eqs. (3.9) and (3.10), the 

total source current density can be rewritten as (see Appendix A), 

 ( )2 1b
S V f

k T
Q t

Fe
   j u ,    (3.11) 

Upon combining Eqs. (3.6) and (3.7), the self-potential field   is the solution of the 

following Poisson equation, 

  S     j ,      (3.12) 

where the source term (the right-hand side of Eq. 3.12) can be directly related to the Darcy 

velocity field u and to the gradient of the conductivity of the pore water through Eq. (3.11).  

Both the Darcy velocity and the salinity are obtained by solving Eqs. (3.1)-(3.4) (the so-called 

primary flow problem) with appropriate boundary conditions. 

 An important point is that the self-potential field is never measured in an absolute sense.  

The measured electrical potentials at a given set of non-polarizing electrodes are measured with 

respect to a reference electrode for which the electrical potential is considered to be equal to zero 

by definition.  The position of the reference electrode needs to be accounted for when comparing 

numerical modeling with the experimental results.  

 

 

 



77 
 

3.3. Laboratory Experiment 

 The goal of this experiment is to determine if, by measuring the fluctuations of the 

electrical field at the top surface of a sandbox, we can non-intrusively visualize a preferential 

flow pathway that is illuminated by self-potential measurements due to the advective transport of 

salt dissolved in ground water.  The tank consists of two reservoirs, upstream reservoir 1 for 

injection and downstream reservoir 2 for pumping, and the sand medium in-between (Figure 

3.1).  The two reservoirs are separated by a distance of 0.99 m, as shown in Figure 3.1.  The 

sandbox comprises a central channel of coarse sand (sand A), bounded by two flanking banks of 

fine sand (sand B) (Figure 3.1d).  The sands were emplaced in dry layers of 20 mm and tamped.  

The material properties of the two sands are described in Table 3.1 and we assume the porosities 

are consistent between our experiment and the experiments made by Sakaki (2009).  The 

properties of the tap water used for the experiment are reported in Table 3.2. There is no flow 

normal to the boundaries between the channel and the flanking fine sand units.  The sand is 

separated from the upstream and downstream reservoirs by a permeable membrane made of 

plastic with a square cell size of 100 μm (Figure 3.1).  The flow of water in the sandbox is 

controlled by adjusting the pumping (outflow) and injection (inflow) rates to produce a constant 

hydraulic head in each reservoir and a constant hydraulic gradient across the tank, allowing for 

measurement of the steady-state self-potential distribution.  During steady state conditions, the 

difference in head between the two reservoirs was 22.3 cm over a distance L= 99 cm, so the 

hydraulic head gradient was 0.225.  The permeability of each sand unit is assumed to be isotropic 

and therefore is defined as a scalar, denoted by k.  Using the measured hydraulic conductivity K 

= 1.52x10
-2

 m s
-1

 for the coarse sand (Table 3.1), it follows that the mean Darcy velocity is given 

by u = 3.4x10
-3

 m s
-1

.  As u = v φ, the mean velocity of the pore water in the coarse sand channel 
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is given by v = 8.3 x 10
-3

 m s
-1

.  Therefore, the computed residence time is approximately 

/L v   = 119 seconds in the coarse sand channel.  A similar calculation yields u = 2.7 x 10
-4

 

m/s, v = 6.6x10
-4

 m s
-1

, and a corresponding a residence time of 25 minutes in the fine sand.  We 

also introduced red food dye to the upstream reservoir to independently assess the residence 

time.  The observed residence time of the dye in the permeable channel was 167 seconds versus 

16 minutes in the fine sand, implying a reduced mean velocity v = 5.9 x 10
-3

 m s
-1

 in the high 

permeability coarse sand channel. 

The electrical potential was measured at the surface of the sand tank at a sample rate of 

512 Hz for a duration of 19 minutes.  Data were recorded with the BioSemi EEG system using 

30 sintered Ag/AgCl electrodes with integrated amplifiers.  The electrodes (Figure 3.1c) provide 

low noise, low offset voltages, and stable DC performances.  The positions of the electrodes are 

shown in Figure 3.1.  They are located at the top surface of the sand and are therefore not in 

contact with the pore water or the salt in the saturated portion of the sand.  The self-potential data 

are therefore used non-intrusively here in contrast to the experiments performed by Maineult et 

al. (2005, 2006) for which the electrodes were immersed inside of the water-saturated sand.  

Specifications of the BioSemi EEG system can be found in Crespy et al. (2008) and Haas and 

Revil (2009) for laboratory applications (see also http://www.biosemi.com/).  All electrical 

potentials are measured with respect to the reference electrode denoted "REF" (see Figure 3.1).  

In addition, a background self-potential distribution was recorded over a 100 s time window 

prior to salt injection.  The background data are used to establish a background distribution 

(which includes the unknown electrode-to-electrode static potential differences), which are 

removed in the time-lapse mapping of the anomaly associated with the transport of the salt 

tracer.  Therefore, all self-potential anomalies during salt transport are measured with respect to 
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the mean values and trends of the background self-potential distribution.  The experiment was 

repeated three times and the self-potential distribution was found to be reproducible to within 1 

mV.  We injected 100 g of the salt instantaneously in the upstream reservoir, and the volume of 

the upstream reservoir remained constant at 20.8 L (Figure 3.1).  

The self-potential snapshots shown in Figure 3.2a were obtained according to the 

following steps. The raw BioSemi data collected in 30 channels at 512 Hz were loaded and then 

converted from units of microvolts to volts.  We removed the gain factor of 31.25 from the data. 

We decimated the data by a factor of 20 by first applying an 8th order Chebyshev type 1 low-

pass filter to the data with a cutoff frequency of 0.8 (fs/2)/20 = 10.24 Hz, where fs is the sampling 

frequency of the signals.  The data were filtered in forward and reverse directions to eliminate all 

phase distortions and the smoothed signal was re-sampled at a lower rate equal to fs /20 = 512 

Hz/20 = 25.6 Hz.  A linear function was fitted to the 120 seconds of background data recorded in 

each channel and the linear trend was removed from the entire data string for each channel to 

remove the background drift trends.  This linear trend is usually associated with a slow drift of 

some of the electrodes because of their aging.  Time-lapse surface self-potential maps were 

created from the data that were measured after the salt injection at t = 120 seconds (note in 

Figure 3.2, t = 0 second corresponds to the time of salt injection).  We contoured the data in 

Surfer to create surface maps with an isotropic kriging approach based on a uniform variogram.  

The maps are shown in Figure 3.2a while Figure 3.2b shows the time-lapse change in the 

electrical potential at one electrode above the coarse-sand channel.  
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3.4. Results 

Figure 3.2 shows the small self-potential fluctuations associated with the injection of the 

salt in the upstream reservoir.  The displacement of the self-potential anomaly agrees fairly well 

with the velocity of the flow of the dye through the channel between the upstream and the 

downstream reservoir (5.9 x 10
-3

 m s
-1

).  

 We first need to prove that the traveling self-potential anomaly is indeed caused by the 

passage of the saline plume.  If we first neglect the concentration gradient in Eq. (3.11) (this 

assumption will be discussed further in Section 3.5), the total current density is given by: 

f

VQ K h
F


    j ,      (3.13) 

where h is the hydraulic head (in m).  Therefore, the so-called streaming potential coupling 

coefficient (which represents a change in electrical potential with respect to a change in the 

hydraulic head) is defined as, 

0

V

f

Q KF
C

h






  
 j

.     (3.14) 

The coupling coefficient is inversely proportional to the electrical conductivity of the pore water 

and, as explained above, 
VQ  increases linearly with the logarithm of the salinity but this 

dependence is neglected.  An order of magnitude of the expected self-potential anomaly can be 

obtained by measuring the streaming potential coupling coefficient and using the difference of 

hydraulic head between the two reservoirs.  Using Eq. (3.14) and the parameters reported in 

Table 3.1, we obtain a value of the streaming potential coupling coefficient of -9.5 mV m
-1

.  The 

estimate is consistent with the results (streaming potential coupling coefficient versus salinity) 

reported in Revil et al. (2003) for a variety of porous materials.  We have also measured directly 

the streaming potential coupling coefficient using the approach described in Bolève et al. (2007) 
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using an NaCl solution at 0.05 S m
-1

 (25°C).  The result was -12±2 mV m
-1

, which is also 

consistent with the previous estimate.  

 Using a difference of head between the two reservoirs of 22.3 cm, a first-order magnitude 

of the potential distribution is given by the product of the streaming potential coupling 

coefficient and the head difference.  This yields a value of 2.1 mV. We cannot however use our 

pre-injection test potential distribution because these data are very spatially noisy.  The reason is 

that the difference of potential between electrodes is unknown.  Because these differences in 

electrical potentials are constant (or linearly dependent) during the course of the experiment, it is 

easy to remove them as explained below in order to enhance the change in the electrical potential 

distribution associated with the migration of the salt.  

 From Eq. (3.14), an increase in salinity implies a decrease of the magnitude of the 

(negative) streaming potential coupling coefficient (as it is getting less negative).  Therefore, this 

change implies that during the passage of the salt plume the intensity of the self-potential signals 

decreases.  Because in Figure 3.2 each channel is referenced with respect to its potential prior to 

the introduction of the salt, we expect the traveling self-potential anomaly observed above the 

channel to be positive as observed.  As we introduce the saline water, the amplitude of the self-

potential anomaly decreases. Because we subtract the zero-referenced pre-injection anomaly 

(which was negative), we obtain a positive anomaly.   

The observed change in self-potential distribution associated with the advection-

dispersion of the salt is on the order of 4 mV (Figure 3.2), which is higher than the magnitude of 

the anomaly given above (2.1 mV ).  The 2.1 mV is the maximum possible change based on the 

streaming potential component.  Note that in addition to this component, there is also the 

contribution from the diffusion potential associated with the salinity gradient and we will show 
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below that this second contribution generates also a positive self-potential anomaly at the top 

surface of the tank, with the same magnitude as the electrokinetic component (see Revil and 

Jardani, 2010).  

 

3.5. Numerical Modeling 

 We performed a numerical simulation of the sandbox experiment to provide more insight 

into the origin of the measured self-potential signals.  We use the finite element package Comsol 

Multiphysics 4.2 to solve the PDEs resulting from the combination of Eqs. (3.1)-(3.7) above.  

The hydraulic problem is solved using the Richards equation, as explained below.  The reason is 

that we need to estimate the water content distribution in the vadose zone in order to obtain a 

realistic electrical resistivity distribution in the unsaturated sand.  Therefore, we need to account 

for the effect of the capillary fringe, which cannot be neglected at the scale of the sandbox 

experiment. 

 For unsaturated conditions, we solve the Richards equation with the van Genuchten-

Mualem model (van Genuchten, 1980; Mualem, 1986) for the capillary pressure and the relative 

permeability of the water phase.  This approach offers a simple first-order model to describe 

unsaturated flow.  The governing equation for the flow of the water phase is (Richards, 1931), 

    0)( 



 zHK

t

H
SSC ee ,   (3.15) 

where z (in m) is the elevation above a datum, H is the total head (in m), Ce (in m
-1

) denotes the 

specific moisture capacity defined by HCe  /  where θ is the volumetric water content 

(dimensionless), Se is the effective saturation, that is related to the relative saturation of the water 

phase by )1/()( r

w

r

wwe SSSS   (  WS  where   represents the total connected porosity of 

the material), S (m
-1

) is the storage coefficient, and t (in s) is time.  The unsaturated hydraulic 
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conductivity is related to the relative permeability rk  , and the hydraulic conductivity at 

saturation, sK , by sr KkK  .  With the van Genuchten / Mualem model, the porous material is 

saturated when the fluid pressure reaches the atmospheric pressure (H = 0 at the water table).  

The effective saturation, the specific moisture capacity, the relative permeability, and the water 

content are defined by, 
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The variable r  represents the residual water content (  r

wr S ), and α, n, m=1 – 1/ n, and l are 

parameters that characterize the porous material (van Genuchten, 1980; Mualem, 1986). 

 The values of the material properties used for the simulation are reported in Table 3.3.  In 

each sand compartment, the permeability is assumed to be homogeneous and isotropic, and 

therefore is defined with a constant k.  This permeability is related to the mean grain diameter 

and the formation factor F by (Revil and Cathles, 1999), 

2

50

324

d
k

F
 ,      (3.20) 
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where d50 is the median of the grain size distribution and the hydraulic conductivity at saturation 

is given by /S f fK k g  .  Eq. (3.20) has been generalized recently by Revil and Florsch 

(2010) for an arbitrary grain size distribution.  The electrical conductivity is determined using the 

Archie's second law : 

21
w fS

F
  .      (3.21) 

Note that if Sw goes to zero above the saturated portion of the tank, the resistivity would tend 

toward infinity.  To avoid such a problem in the numerical computations we keep the water 

content to the residual water content in the saturation term of Eq. (3.21) (see Table 3.3).  We 

define a residual water saturation of 5.8% for the coarse sand and 7.8% for the fine sand (Sakaki, 

2009).  This yields a resistivity of 22 kohm m in the coarse sand and 11 kohm m in the fine sand 

above the capillary fringe (note that the capillary fringe is much thicker above the fine sand than 

above the coarse sand due to the difference in the size of the pores).  We slightly damped the 

upper part of the tank prior starting the measurements to be sure that the contact resistance 

between the electrodes and the ground would be much lower than the input impedance of the 

voltmeter. The true resistivity of the upper part of the tank is therefore not well constrained.  We 

do not expect any self-potential contribution due to the moistening of the sand because the 

excess of electrical charge per unit volume scales with the permeability, even at partial 

saturations (Jougnot et al., 2012). Therefore such a contribution is assumed to be negligible.  

 All calculations were performed in 3D for the flow, and in 3D + time when solving the 

advection-dispersion equation and the resulting self-potential distribution.  The Richards 

equation is solved for stationary flow conditions and it therefore simplifies to a Laplace-type 

partial differential equation, 
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 ( ) 0K H z    .     (3.22) 

Regarding the way the model addresses salt injection, we assume complete and instantaneous 

mixing in the upper reservoir and use a boundary condition corresponding to an exponentially 

decaying salinity on the boundary of the upstream reservoir.  Although it is only an 

approximation of the true change in the upstream salinity, it represents the time-variant nature of 

the dilution of the injected salt throughout the experiment.  We used insulating boundary 

conditions at the different boundaries where this condition applies (sides, top, and bottom 

boundaries, and end-sides of the two reservoirs), as well as impervious boundary conditions at 

these boundaries except where the flux of water is injected and retrieved. 

 The numerical simulation of the self-potential distribution prior to salt injection is shown 

in Figure 3.3.  This distribution corresponds to the computed streaming potential distribution 

associated with the flow of the pore water.  We see that the equipotentials are normal to the 

water table.  As with the real data, we remove this contribution to focus on the change in self-

potential signals over time (what we call the time-lapse self-potential anomaly below).  

 The time-lapse distribution of the self-potential anomaly at the top surface of the tank is 

shown in Figure 3.4a, after the salt injection.  Analogous to the processing steps established for 

the sandbox experiment in Section 3 above, the background self-potential signals (i.e., the steady 

state electrical response measured prior to the salt injection, see Figure 3.3) are removed.  The 

self-potential signals are mainly confined to the high-permeability coarse sand channel due to the 

strong resistivity contrast in the vadose zone between the preferential flow channel and the 

flanking low permeability domains.  This phenomena is also evident in the sandbox experiment, 

but the equipotentials are less confined to the permeable channel indicating that the true 

resistivity distribution in the sandbox experiment may not be reflected in the numerical 
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simulation.  In Figure 3.4b, we plot the measured self-potential data (corresponding to snapshots 

shown in Figure 3.2) versus the modeled self-potential data shown in Figure 3.4a.  The numerical 

model captures the self-potential fluctuations above the coarse sand channel.  The computed self-

potential anomaly matches well with the experimental data shown in Figure 3.2, both in polarity 

and amplitude.  The discrepancy observed on the banks regarding the shape of the equipotentials 

may be due to an incorrect assessment of the true resistivity in the vadose zone.  In Figure 3.4c, 

we show a cross-section of the electrical potential distribution in the middle of the channel in the 

flow direction.  The electrical distribution is rather complex. In Figure 3.5, we show in 3D how 

the self-potential anomaly at the surface lags behind the in situ saline pulse traveling in the 

permeable channel. 

   A limitation of the sandbox experiment is that we have to put a reference electrode 

somewhere in the sandbox where it is susceptible to spurious effects.  The absolute potential at 

the reference electrode changes over time, but we assign a zero value to this location for all 

sampled times.  Therefore, this requires an additional processing step to correct the data (Section 

3.3).  The situation is different for field conditions, because the reference electrode can be placed 

far enough from the investigated area to avoid such spurious effects.  In addition, the proper 

boundary conditions to be applied in the field are different from the boundary conditions applied 

in the laboratory.  In our laboratory experiment, the boundary condition for the electrical current 

density at the side walls of the tank does not influence the electrical potential distribution 

because the changes in the electrical field are mainly constrained by the position of the 

permeable channel.    
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3.6. Application to Earth Dams and Embankments 

 In this section we discuss a 2D synthetic model that was constructed to test an inversion 

algorithm based on a stochastic Markov-chain Monte Carlo (McMC) approach for inverting for 

the permeability and the porosity of a preferential flow pathway in a heterogeneous earthen dam.   

The developed method can be applied in real time and can be used to map high permeability 

flow pathways in earthen embankments that may be spatially localized. 

 

3.6.1. Synthetic Test: Forward and Inverse Modeling 

 In order to test our approach and to see the effectiveness of inverse modeling, we 

developed a 2D synthetic model of a dam in Comsol Multiphysics v4.2.  Figure 3.6a shows a 

simple 2D model geometry for a heterogeneous earthen dam with a high permeability 

preferential flow path connecting the upstream reservoir to the downstream toe.  Our goal is to 

show that with this 2D simulation we can use the surface self-potential data (contaminated with 

noise) and we can invert the permeability of the  preferential fluid flow pathway using a 

stochastic approach.  The material properties for this synthetic case study are reported in Table 

3.4.  The excess charge density vQ  that is reported in Table 3.4 can be obtained directly from the 

permeability using the following relationship (see Jardani et al., 2007):  

   kQ
v

log8219.02349.9log  ,    (3.23) 

This empirical relationship has been tested for both saturated (Revil and Jardani, 2010) and 

unsaturated materials (see Jougnot et al., 2012) but there is most likely a small influence of 

salinity, pH, and soil type in this relationship and these effects are not considered in Eq. (3.23).  

 We simulated the transport of a salt tracer by injecting the salt tracer directly at the 

upstream entrance of the pathway as a boundary condition (see Figure 3.6c).  The (single) 
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recording electrode was placed in the middle of the crest of the dam.  The synthetic self-potential 

data were referenced to a point located upstream as shown in Figure 3.6b (the position of this 

point is actually arbitrary as the potential can be shifted to zero using the potential value prior to 

the salt injection).  Insulating boundary conditions were applied at the boundaries of the domain 

shown in Figure 3.6a.  The self-potential field created by the flow before the injection of the salt 

is shown in Figure 3.6b.  The hydraulic gradient in the conduit is on the order of 0.17, and the 

average velocity in the conduit on the order of 0.017 m/s.  The pre-injection self-potential 

anomaly at the inlet of the preferential flow path is approximately -25 mV. 

 Figure 3.6d shows the resulting self-potential variation over time for an electrode located 

at the crest of the dam, while Figure 3.6c shows the salt injected over time upstream (at the 

entrance of the flow path).  During the passage of the salt tracer below the crest of the dam the 

scanning electrode (located in the middle of the crest) records a positive self-potential anomaly 

with an amplitude change of 15 mV with respect to the pre-injection value (Figure 3.6d).  This 

positive self-potential can only be explained by having a strong diffusion current density that 

dominates locally the self-potential response.  Indeed, as shown in Martínez-Pagán et al. (2007) 

(their Figure 7) the self-potential signal associated with the diffusion of the NaCl salt is 

responsible for a positive anomaly.  Note that the SP anomaly that is generated by subtracting the 

modeled pre-injection SP value from the modeled SP is bipolar.  Figure 3.6d indicates that the 

streaming and diffusion current densities generate a complex behavior, and also shows that, 

depending on the conditions of the experiment, both contributions to the source current density 

have to be accounted for.  Therefore unified models like the one produced recently by Revil et al. 

(2011) are very important in that respect.  
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 We now test the ability of the Adaptative Metropolis Algorithm (AMA) to invert the 

posterior probability distribution of the permeability and porosity model parameters.  AMA has 

been introduced by Haario et al. (2001) and recently used by Jardani et al. (2010) and Woodruff 

et al. (2010) among others for some geophysical applications.  We assumed that the shape of the 

self-potential anomaly measured on a set of electrodes located along the crest can be used to 

locate the preferential flow pathway using cross-correlation (see Rozycki et al. (2006) for the 

development of such a method and case studies).  We assumed also that the pre-injection 

resistivity distribution is known through resistivity tomography.    

 In a general case, the parameters to invert would include the geometry of the flow 

pathway and its material properties (porosity and permeability).  In the present case, the 

geometry of the pathway is known.  Therefore, we limited the model parameters to the 

permeability, k, and the porosity, ϕ, of the conduit.  We used log k and logit(ϕ) = log(ϕ /(1-ϕ)) as 

model parameters to impose the constraints that the permeability is positive, and that the porosity 

is a concentration of voids comprised between 0 and 1.  The equations used for the forward 

problem are the equations given in Section 3.2.  We used 1,000 realizations, and the convergence 

of the chain was reached very quickly after 106 iterations (as determined from the standard 

deviations on the realizations of the model parameters (see Haario et al. (2001) and Woodruff et 

al. (2010)] for further details).  When the AMA algorithm converged we used the statistics to 

build the posterior probability density functions on the two model parameters (Figure 3.7).  

There is a very good agreement between the peaks of the posterior probability distributions and 

the true value of the model parameters.  The peak values of the PDF of the two model parameters 

are used to compute the inverted self-potential versus time curve, which compares well with the 

true curve in Figure 3.6d.  



90 
 

3.6.2. Time-lapse self-potential versus time-lapse DC resistivity 

 For highly permeable channels the previous example illustrates that time-lapse self-

potential is more appropriate than a time-lapse DC-resistivity tomography.  The reason is that 

DC resistivity is an active method, which takes time (often longer than the transit time of the 

tracer through the area of interest) to obtain 4-D snapshots of the subsurface.  This renders time-

lapse resistivity somewhat inefficient as DC resistivity data acquisition is more time consuming 

than the process of advective salt transport.  On the contrary, self-potential  is measured in real-

time because it is a passive method.  A background resistivity tomogram can be taken prior to the 

salt injection and used with the self-potential data to locate the source of the electrical 

disturbance during the transport of the salt tracer (see Rozycki et al., 2006).  

 

3.6.3. Electrode Stability for Monitoring Studies 

An important consideration for long-term self-potential monitoring in the field pertains to 

the stability of the electrodes that are used to make the measurements.  The primary factors of 

concern with respect to long-term electrode stability are the stabilization time required for the 

electrode to come to equilibrium with the medium, the noise spectrum of the electrode, the 

temperature coefficient of the electrode, and the polarization characteristics of the electrode over 

time (Petiau and Dupis, 1980).  In a study of a variety of polarizable and non-polarizable 

electrodes, Petiau and Dupis (1980) showed that non-polarizable electrodes are superior to 

polarizable electrodes, and Pb-PbCl2 electrodes are superior amongst the non-polarizable 

category.  The superiority of Pb-PbCl2 electrodes is due to the facts that they 1) have smallest 

stabilization time (on the order of 15 min for electrodes with a tube geometry, and on the order 

of 0.5 to 1 hr for electrodes with different geometries), 2) the  lowest noise spectrum of all non-
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polarizable electrodes at low frequencies (0.4 μV at a frequency of 1Hz and 1.2 μV at a 

frequency of 0.001 Hz), 3) have a temperature coefficient that is approximately ten times weaker 

than the second  ranking Ag-AgCl electrodes (Petiau and Dupis (1980) report a temperature 

coefficient of -40 μV/
o
C for Pb-PbCl2 electrodes), and 4) and they show better long-term stability 

characteristics in terms of polarization (1mV/month), and no change in the polarization 

characteristics of Pb-PbCl2 electrodes was observed after two separate control periods in the 

study - one measured at one year of deployment and the second observation at 1.5 years of 

deployment (Petiau and Dupis (1980).   

For monitoring studies on the order of years (such as may be necessary for seepage and 

internal erosion assessments), a seasonal temperature effect may be potentially significant. For 

Pb-PbCl2 electrodes, a seasonal change in temperature of 25 
o
C (77 

o
F) would correspond to a 

temperature effect of 1mV, given the temperature coefficient reported by Petiau and Dupis 

(1980).  However, what is not reported by Petiau and Dupis (1980) is the saturation effect on the 

temperature coefficient, which is likely to vary on a seasonal as well as a site-by site basis.  

Kassel et al. (1989) reported a laboratory study of the temperature coefficient of Cu-CuSO4 

electrodes in sand for variable saturation conditions.  They reported temperature coefficients of 

0.66 mV/
o
C, 0.28 mV/ 

o
C, and 0.46 mV/

o
C for dry, saturated and partially saturated sands, 

respectively, although the degree of saturation for the partially saturated sand was not specified.  

For a 25 
o
C temperature change, these temperature coefficients would correspond to a 

temperature effect in Cu-CuSO4 electrodes of 16.5 
o
C, 7 

o
C, and 11.5 

o
C for dry sand, saturated 

sand, and partially saturated sand, respectively.  These temperature effects are significant, 

however, Petiau and Dupis (1980) show that the temperature effect of Cu-CuSO4 electrodes is 

approximately 9 times greater than that of Pb-PbCl2 electrodes.   Thus, as an approximation a 25 
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o
C temperature change would correspond to 1.8 mV, 0.78 mV, and 1.3 mV change, for dry, 

saturated and partially saturated sands, respectively, in Pb-PbCl2 Petiau electrodes.  The Pb-

PbCl
2
 seasonal temperature effect is therefore still reasonable under variably saturated 

conditions.  

The results of the Petiau and Dupis (1980) study imply that Pb-PbCl2  electrodes are ideal 

for long-term monitoring studies with durations on the order of months to several years, because 

they have been shown to remain stable in terms of their noise spectrum, polarization effects, and 

temperature effects over durations of a couple of years or longer.   

 

3.7. Conclusions 

 We found that a salt injection can be monitored with the self-potential method to detect 

preferential fluid flow pathways in a heterogeneous porous material.  In the laboratory, the 

injection of the salt into a preferential flow path reduced the magnitude of the negative streaming 

potential coupling coefficient (and therefore decreased the magnitude of the self-potential field 

associated directly with the flow of the groundwater).  In addition, the salt concentration gradient 

was responsible for a diffusion current that created a second type of self-potential anomaly. This 

approach has numerous applications in hydrogeology, for instance, the detection of seepage 

zones in embankment dams and levees associated with internal erosion.  The method we propose 

is very inexpensive as only a network of non-polarizing electrodes connected to a sensitive 

voltmeter is required.  The next step of this work will be to develop automated sensor networks 

to perform such monitoring, and to perform this methodology at a field-scale dam.  
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3.10 Appendix A:Derivation of the Diffusion Current Density 

In this section we present the fundamental equations used to obtain the expressions for the 

diffusion current density and the diffusion coefficient of the salt in pore water at rest in the 

porous material.  Using the theory developed by Revil et al. (2011), which is valid for any type 

of porous materials, the macroscopic constitutive equations for the coupled diffusion flux of a 

1:1 salt (e.g., NaCl) and current density are, 

2 fd
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The matrix of material properties M entering into the constitutive equation, Eq. (A1), is a 

symmetric matrix given by Revil et al. (2011) 
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where lnf b fk T C    is the gradient of the chemical potential of the pore water and 

( ) ( )      is the electrical conductivity of the porous material, ( )   are the cationic and 

anionic contributions to the electrical conductivity, respectively.  These equations are very 

general and can be applied to any type of porous materials including clean sands and shales (see 

for instance Woodruff et al., 2010).  More explicitly, and using Eqs. (A1) and (A2), the 

constitutive equations can be written as.  

 ( ) ( )2

1

2 2
d f

e e


         j ,    (A3) 

 ( ) ( ) fT T
e


        j ,     (A4) 

where ( )T   = ( )  / σ (dimensionless) denotes the macroscopic Hittorf numbers.  These numbers 

represent the fraction of current carried by the cations or the anions through the porous material.  

When the total current density is zero (i.e. the diffusion current counterbalances exactly the 

conduction current), the so-called membrane potential is defined from Eq. (A4) as, 
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J .    (A5) 

Inserting Eq. (A5) into Eq. (A3), the diffusion flux of the salt can be written as a classical Fick's 

law (Revil et al., 2010) 
d fD C  j , where D is the macroscopic diffusion coefficient of the salt 

(in m
2
 s

-1
).  This yields, 

.     (A6) 

 The case where there is no contribution to electrical conductivity from the electrical 

double layer (which corresponds to the case analyzed in the main text) yields the following high 

salinity model /f F  , 
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mobility of the cations and anions.  In this case, the mutual diffusion coefficient is given by
 

/fD D F .  The source current density associated with the electro-diffusion of the ionic 

components of the salt (the diffusion current density) is given by the last term of Eq. (A4),  

  f)()(
b Ctt
e

Tk
ln








 sj ,    (A7) 

where we have used lnf b fk T C   .  Using fff σ/)σln(Cln   (the pore water 

conductivity is proportional to the salinity) and 
( ) ( ) 1t t  

 
 (from their definitions), we obtain 
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 sj ,    (A8) 

which is equal to the second term in the expression of the source current density used in the main 

text (see the second term of Eq. 3.9).  The high salinity assumption used to obtain Eq. (A8) 

means that the Dukhin number (the ratio of surface conductivity to pore water conductivity) is 

small.  Because the sand used in the text is pretty coarse (see Table 3.1), and the water pretty 

mineralized (see Table 3.2), this assumption is valid as demonstrated below. As is generally 

recognized in the literature, the high salinity asymptotic limits for the Hittorf numbers are model 

independent (Clavier et al., 1977; McDuff and Ellis, 1979), and even occurs in an electrolyte 

without the need of a porous material (e.g., Newman, 1967; Newman, 1991).  In order to check 

the consistency of our assumption we can compute the value of the Dukhin number for the 

lowest pore water conductivity used in our work, which is 5x10
-2

 S m
-1

 at 25°C.  For a granular 

material like a silica sand the electrical conductivity σ and the Dukhin number Du are given by 

(Johnson and Sen, 1988; Avellaneda, and Torquato, 1991; Revil and Florsch, 2010), 

1 2
f S
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2
Du S

f





,6      (A10) 

where S

 

 denotes the specific surface conductivity of the double layer ( S  = 2×10
-9

 S for silica 

(Bolève et al., 2007)), and Λ is a dynamic pore throat radius (in m) for the porous material. Revil 

and Cathles (1999) developed the following relationship between the formation factor F, the 

dynamic pore radius, and the grain diameter d for silica sands 

2 ( 1)
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where m denotes the cementation exponent. Therefore we obtain, 

4 ( 1)
Du S

f

m F

d 


 .      (A12) 

Taking m =1.5, 
f = 5x10

-2
 S m

-1
 (Table 3.1), F = 3.5 (Table 3.2), d = 500 μm, we obtain Du = 

1.2×10
-3

 << 1. Therefore the high salinity asymptote used in the main text is justified.  
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3.11 Tables  

 

Table 3.1. Properties of the two sands used in the experiment. 

Properties Coarse sand 

(Channel, #08) 

Fine sand 

(Banks, #30) 

Mean grain diameter d50 (m) (1) 

Porosity φ (-) (1) 

Formation factor F (-) 

Hydraulic conductivity K (m s
-1

) (1) 

Permeability k (m
2
) 

Charge density 
VQ  (C m

-3
) (2) 

Conductivity σ (S m
-1

)  (3) 

1.51x10
-3

 

0.398 

3.63 

1.52x10
-2

 

1.98x10
-9

 

8.10x10
-3

 

3.90x10
-3

 

5.00x10
-4

 

0.410 

3.48 

1.2x10
-3

 

2.47x10
-10

 

4.45x10
-2

 

4.00x10
-3

 

 

(1) From Sakaki and Illangasekare (2007) and Sakaki (2009).  

(2) Using log10 VQ = -9.23 -0.82 log10 k ( Revil and Jardani, 2010) 

(3) Using σ = σf / F with σf  = (4.9±0.2) x 10
-2

 S m
-1

 at 25°C. 
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Table 3.2. Composition of the tap water with the assumption that hardness is due to calcium. 

This yields a TDS of 245 ppm (~5x10
-2

 S m
-1

 at 25°C).  Measurement made in April-May 2009. 

pH = 8.4.  

Component Concentration  

(mMol L
-1

) 

Ca
2+

 

K
+
 

Na
+
 

Cl
-
 

SO4
2-

 

HCO3
-
 

0.95 

0.09 

1.44 

1.30 

0.82 

0.75 
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Table 3.3. Properties of the two sands used in the numerical modelling.  The dispersivities are 

modeled with L  = T  = αd. 

Properties Coarse sand Fine sand 

Median grain diameter d50 (m) 

Porosity φ (-) 

Formation factor F (-) 

Hydraulic conductivity K (m s
-1

)  

Permeability k (m
2
) 

Charge density 
VQ  (in C m

-3
)  

Peclet number Pe (-) 

Salt diffusion coefficient D (in m
2
 s

-1
) 

Dispersivity αd (m) 

Irreducible water content θr (-)
 

van Genuchten parameter α (m
-1

) 

van Genuchten exponent n (-) 

van Genuchten exponent L (-) 

1.51x10
-3

 

0.398 

3.63 

1.52x10
-2

 

1.98x10
-9

 

8.6x10
-3

 

1.8 

1.5x10
-9

 

8.2510
-4

 

0.023 

12.5 

9.03 

1.0 

350x10
-6

 

0.410 

3.48 

1.20x10
-3

 

2.47x10
-10

 

4.8x10
-2

 

1.0 

1.5x10
-9

 

4.510
-4

 

0.032 

5.0 

6.57 

1.0 
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Table 3.4. Material properties for the synthetic case study. We use L  = 10
-1

 m and T = 10
-3

 m. 

Material Properties Resistivity 

(ohm m) 

Permeability (in m
2
) Excess charge 

density (C m
-3

) 

Water 

Rock 

Dam 

Leak 

Seal 

15 

2000 

2000 

150 

500 

- 

0 

0 

2x10
-8

 

0 

0 

0 

0 

1.2×10
-3

 

0 
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3.12 Figures 

 

 

Figure 3.1. Sketch of the experimental setup showing the position of the channel and the 

positions of the non-polarizable electrodes (small filled circles, the true size of the electrodes 

being much smaller than the size of the filled circles, see Figure 3.1b) located at the top surface 

of the sand.  The hydraulic gradient is defined by the difference between the heads h1 and h2 in 

the two reservoirs located 99 cm apart.  The width of the tank is 51.1 cm.  REF denotes the 

position of the reference electrode.  a. Side view.  b. Top view (not to scale).  c. Picture showing 

the size of the Ag/AgCl electrodes with the amplifiers. d. Picture of the tank showing the coarse 

sand channel between fine-grained banks. 
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Figure 3.2. Observed self-potential anomalies. a. Kriged measured self-potential anomaly 

contours (expressed in mV) at different elapsed times (t = 0 corresponds to the infiltration of the 

salt in the upstream reservoir).  The background potential measured prior to salt injection has 

been removed.  This explains that at t = 0 s, there is no self-potential anomaly.  Constant flow 

conditions are maintained for the duration of the experiment. b. Self-potential (mV) versus time 

at electrode #3. 
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Figure 3.3. Numerical modeling of the electrical equipotentials (expressed in mV) associated 

with the flow of the water in the tank just prior to injection of the salt.  The electrical 

equipotentials are perpendicular to the water table (shown by the upper bound of the blue region) 

and the electrical field is more positive downstream because of the increase of the flow velocity 

downstream. Note the equipotentials are also normal to the upper and lower boundaries because 

of the insulating boundary conditions. 
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Figure 3.4. Computed self-potential anomaly contours at different elapsed times (t = 0 

corresponds to the injection of the salt in the upstream reservoir). a. Result of the model.  The 

outer rectangle corresponds to the dimension of the tank while the inner rectangle corresponds to 

the area covered by the electrodes in Figure 3.2.  Constant flow conditions are maintained during 

the numerical experiment and insulating boundary conditions are applied at the top, sides, and 

bottom of the tank. b. Comparison between the prediction of the model and the measured data 

for the two lines of electrodes just above the channel (R = 0.95). c. Vertical distribution of self-

potential. The colors correspond to the conductivity (see Figure 3.5).  
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Figure 3.5. Snapshot (120 s after the salt injection, see Figure 3.4) of the 3D distribution of the 

resistivity, and map of the corresponding self-potential anomaly at the top surface of the tank 

during the saline pulse experiment.  The arrows correspond to the direction of the Darcy velocity 

(their lengths are proportional to the magnitude of the velocity vector u).  
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Figure 3.6. Numerical modeling of the synthetic case. a. Sketch of the 2D geometry used for the 

simulation.  The material properties used in the numerical simulation are reported in Table 3.4.  

The recording electrode is at the crest of the dam and the reference electrode for the self-

potential is taken arbitrarily at x = 0. b. Simulation of the self-potential signals before salt 

injection. c. Salt concentration injected upstream the pipe. d. Resulting self-potential changes at 

the crest of the dam. 
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Figure 3.7. Posterior probability distributions of the two model parameters. a. Porosity of the 

preferential fluid flow pathway. b. Permeability of the preferential fluid flow pathway. The 

vertical bars correspond to the true values of the model parameters.  
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4.0 Abstract.  

2D and 3D resistivity tomography, combined with self-potential reconnaissance mapping 

and time-lapse monitoring, are used to investigate anomalous seepage inside of a leaking 

heteroegeneous earthen dam.  A reconnaissance survey was first performed and revealed self-

potential and DC resistivity anomalies related to anomalous seepage zones inside of the dam.  

Three anomalous seepage zones were discovered within the dam and one appears to be the 

primary contributor to a localized seepage effluent on the surface topography downstream of the 

dam toe.  Reconnaissance results were used to design a monitoring survey to estimate the 

seepage directions through the dam.  During the monitoring survey, a brine tracer was injected 

into the crest of the dam and the self-potential signals were monitored on the downstream slope 
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for a duration of 26 hours.  The self-potential signals that we observed after the brine injection 

show developing positive anomalies with respect to the background self-potential signals, in 

agreement with 3D modeling results of electrokinetic and diffusion potentials at the dam. The 

locations of these positive anomalies are in agreement with the seepage zones inferred during the 

reconnaissance survey, but indicate that the primary seepage direction is different than what was 

interpreted from the reconnaissance survey data. 

 

4.1. Introduction 

 Earthen dams are designed to allow a limited amount of uniform seepage through their 

cores and foundations.  When seepage deviates from what is permitted, internal erosion may 

occur and increase the permeability of the medium, producing preferential flow pathways.  As 

the permeability changes over time, the geometry and hydraulics of seepage zones will also 

evolve.  This can lead to the formation of continuous pipes through the dam, or the development 

of subsurface voids that can collapse without warning to form sinkholes on the crest or side-

slopes.  The occurrence of unplanned, anomalous seepage may therefore result in the sudden 

failure of an earthen dam (Foster et al., 2002; Fell et al., 2003).  Researchers have shown that 

internal erosion due to suffusion and piping arises from the occurrence of seepage, and is the 

second leading cause of catastrophic failures for earthen dams, responsible for 46 % of all 

documented failures (Foster et al., 2000, 2002; Fell et al., 2003; Wan and Fell, 2004; 

Bendahmane et al., 2007).   

 The highly uncertain outcomes and time-scales over which seepage zones can evolve to 

threaten the safety condition of an earthen dam mandate a need for improved engineering 

methodologies that allow for; 1) non-invasive detection capabilities with improved resolution 
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over varying spatial scales, 2) rapid deployment and detection capabilities with high frequency 

measurements so that the geometrical evolution of seepage zones can be monitored in real-time, 

and 3) the ability to provide quantitative estimates of seepage-related hydraulic parameters in 

real-time with improved accuracy.  Due to the passive nature of the method, the direct sensitivity 

to ground water flow, and the unfolding technological advancements that will allow for increased 

sampling frequencies and rapid deployment in the field, the self-potential method will meet these 

criteria.   

The self-potential method is a passive geophysical technique that is sensitive to ground 

water flow.  It is the only geophysical tool that can be used non-intrusively to monitor ground 

water flow directly (Revil et al., 2012).  A self-potential survey is simple to perform and requires 

only a voltmeter with a high internal impedance (>10 MΩ), a cable reel, and two non-polarizing 

electrodes to passively measure naturally ocurring voltages at the ground surface.  Self-potential 

signals due to ground water flow originate at the pore scale when the excess electrical charges 

contained within the pore water accumulate in the diffuse layer that coats the surface of the 

mineral grains, and are advectively dragged in the direction of ground water flow (Onsager, 

1931; Ishido, 1981a,b; Sill, 1983; Revil et al., 1999; Jardani et al. 2006; Bolève et al. 2007; 

Jardani et al. 2007; Crespy et al. 2008).  This produces a streaming current density that is 

responsible for disturbances in the electrical field, which can be recorded at the ground surface.  

The self-potential method has been extensively used qualitatively to investigate preferential 

ground water flow pathways in dams and embankments (Ogilvy et al. 1969; Corwin 1985; Butler 

et al. 1989; Butler et al. 1990; Alsaigh et al. 1994; Panthulu et al. 2001; Minsley et al. 2011) and 

more recently quantitatively (Bolève et al., 2007, 2009, 2011; Moore et al., 2011; Bolève et al., 

2012).  More recently, algorithms have been  developed to invert self-potential data to localize 
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preferential flow paths (Rozycki et al., 2006; Ikard et al., 2012) and to estimate the ground water 

flow pattern and Darcy velocity (Bolève et al., 2009, 2011; Revil et al., 2012).  

The direct current (DC) resistivity method is an active geophysical method that provides 

information pertaining to the subsurface distribution of electric resistivity (the inverse of 

conductivity), which is required to quantitatively model and interpret self-potential data.   This 

information is required to interpret self-potential data because the total current density in the 

subsurface is a function of the electric conductivity in addition to the streaming current density 

(Jardani et al., 2007).  The DC resistivity method employs specific geometrical configurations of 

multi-electrode arrays to inject very low frequency currents into the subsurface and trigger a 

voltage response that is measured at the ground surface.  The potential difference that is 

measured between two electrodes at the ground surface is used to create pseudo-sections of the 

apparent resistivity distribution in the subsurface (Griffiths and Barker 1993).  Apparent 

resistivity pseudo-sections can be inverted in either 2D or 3D to produce an electrical resistivity 

tomogram (Loke and Barker 1996) that displays an estimate of the true subsurface resistivity 

distribution.  This method has been extensively used on dams (Nasser, 1994; Dhalin 1996; 

Panthulu et al. 2001; Cho and Yeom, 2007; Sjodahl, et al. 2008; Blome et al. 2011).  However, 

self-potential and resistivity data are rarely used in concert to study seepage in Earth dams.   

 In this study, we apply the self-potential and DC resistivity methods at a leaking earthen 

dam in Colorado.  Our goals are to detect seepage zones inside of the dam and determine the 

preferential flow pathways through these zones using first a reconnaissance survey consisting of 

a single self-potential and DC resistivity snapshot, followed by a monitoring survey to compare 

the resulting interpretations.   
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4.2. Description of the Test Site 

The field site is an earth-fill dam that impounds a small reservoir in the Rocky Mountains 

near Avon, Colorado, USA (Figure 4.1).  The reservoir is flanked by the steep, brushy sub-alpine 

side-slopes of the drainage gulch and collects surface and ground water derived from within a 7.8 

km
2
 drainage basin.  It has a normal storage capacity of 24,670 m

3
.  The reservoir surface area is 

approximately 8,094 m
3
 at the maximum storage elevation of 2,411 masl (meters above sea 

level), and the maximum reservoir depth is 5.8 m at full capacity.   

The dam has a structural height of 11 m and a hydraulic height of 10 m, and 1 m of 

freeboard elevation between the emergency spillway and embankment crest at the maximum 

pool elevation (Figure 4.1).  The dam is 37 m wide at the base and is 4.9 m wide at the crest.  

The crest is at an elevation 2,412 masl and spans 122 m in length between the side slopes of the 

drainage gulch.  The upstream slope of the embankment is lined with rip-rap on a 2:1 slope to an 

elevation of 2,409 masl, and has 3:1 grade below 2,409 m.  The downstream slope has a 2:1 

grade to the toe at an elevation of 2,402 masl, where the downstream slope intersects the natural 

topography of the gulch.  Portions of the downstream slope near the toe of the maximum cross-

section are significantly steeper (as much as 1.6:1).  

 The dam has two spillways.  The primary spillway (Figure 4.1) is a 630 mm diameter 

Corrugated Metallic Pipe (CMP) through the west abutment into the reservoir.  The emergency 

spillway (shown in Figure 4.1) on the east abutment is an open channel that is armored and 

graded from 9 m wide at the spillway crest into a 3.7 m wide armored channel approximately 26 

m downstream of the spillway crest. There is also a 450 mm diameter low level outlet drain at 

the toe of the maximum cross-section to release reservoir water into the natural downstream exit 

channel (Figure 4.1).   
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4.2.1. Geotechnical Properties 

 Geotechnical properties and internal zoning of the dam are unknown.  The few available 

inspection records and engineering reports have assumed that the dam is composed of 

homogeneous earth-fill resembling soils encountered in test pits excavated at the east abutment 

of the dam, due to the close proximity of the test pits to original 1936 soil borrow area.  

However, although soils excavated from the original 1936 borrow pit were logged as uniform, 

non-cohesive silty sands and gravels with some potential for instability, some dam breach 

modeling studies have assumed that soils comprising the dam have a greater coarse fraction.  The 

Colorado Division of Water Resources assumes that the dam is homogeneous earth-fill 

composed of silty clay materials compacted to 95% maximum density during emplacement, but 

this is also unconfirmed.  Quantitative geotechnical data regarding the original construction 

materials and those used in historical modifications are not available, therefore we adopt the 

assumption of the Colorado Division of Water resources that the dam is composed of silty clay 

materials.   

 

4.2.2. Anomalous Seepage 

Seepage has been observed emanating from the downstream toe of the maximum cross-

section of the dam (see position in Figure 4.1) approximately 3 m east of the low level outlet 

drain pipe, at an unmeasured rate.  The seepage is continuous under the load of the maximum 

reservoir storage behind the dam.  Visual observations recorded by field researchers and state 

regulators on several occasions over a period of 2 years have indicated that the seepage is 

typically devoid of suspended soil particles, and that it is discharging from the downstream toe at 

a rate that is roughly estimated between 0.6 L s
-1

(10 gpm) and 1.9 L s
-1

 (30 gpm).     
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4.3. Self-potential and DC-resistivity Investigations 

Self-potential and DC resistivity surveys were completed during the summer of 2011 to 

identify the source of anomalous seepage emanating from the toe of the maximum cross-section.  

The reservoir water level was held constant at the maximum storage level (2,412 masl) 

throughout the survey.  The seepage zone at the downstream toe of the maximum cross-section 

was observed and was clear during the survey, and was estimated to be seeping at a rate between 

0.6 L s
-1

 (10 gpm) and 1.9 L s
-1

 (30 gpm).  The electrical conductivities of the reservoir water 

and seepage water were measured to be 308 μS cm
-1

 and 440 μS cm
-1

, respectively at a 

temperature of 8.7 
o
C.  

 

4.3.1. Data Acquisition 

 Twelve 2D DC resistivity profiles were measured parallel, perpendicular, and oblique to 

the dam crest covering the crest, spillways, downstream slope, and a portion of the downstream 

topography and side-slopes of the drainage gulch (Figure 4.2).  Resistivity measurements were 

acquired with an ABEM Terrameter SAS4000 using a Wenner array with a 64 electrode 

protocol.  The DC resistivity electrodes were separated by 2.5 m along the profiles that were 

parallel to the dam crest, and separated by 1 m along  the profiles perpendicular and oblique to 

the crest.  The measured contact resistivities between the electrodes and the ground were smaller 

than 1 k.  The measurements were repeated to until the standard deviation was less than 3%.  

 The resistivity profiles along the upstream and downstream edges of the crest were offset 

by 5 m, and the profiles on the downstream slope that were parallel to the crest were offset by 

about 10 m (Figure 4.2).  The profiles perpendicular to the crest had an average offset of 16 m.  
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One additional profile (P9) was performed perpendicular to a suspected seepage path through the 

east abutment using 59 electrode takeouts and an electrode separation of 1 m.   

A total of 1049 SP stations were measured along the DC resistivity profiles (Figure 4.2) 

with a handheld Fluke 289 voltmeter and two non-polarizing Petiau Pb-PbCl2 electrodes (Petiau 

and Dupis, 1980; Petiau, 2000).  A reference electrode was buried in a shallow hole that was 

excavated on the east side-slope of the gulch (see position “Ref” in Figure 4.2), and a roving 

electrode was used to measure the electrical potential at each of the 1049 stations.  The station 

separation for self-potential measurements was 1.25 m for profiles parallel to the crest and 1 m 

for profiles perpendicular and oblique to the crest.  A shallow hole was excavated at each self-

potential station to expose moist soil and reduce contact resistance between the roving electrode 

and the ground.  Stations on the crest, and some stations perpendicular to the west abutment, 

were watered with reservoir water to reduce the contact resistance.  The maximum contact 

resistance for all self-potential stations was 40 kΩ and on average the contact resistance was less 

than 15 kΩ - much smaller than the internal impedance of the voltmeter.  The potential 

difference was measured between the reference and roving electrodes before and after acquiring 

each self-potential profile to correct for electrode drift.  All self-potential data were measured 

relative to the potential at the reference electrode.  Telluric currents were assumed to be 

negligible due to the small, confined nature of the field site, and were therefore not monitored. 

Some self-potential profiles are shown in Figures 4.3 to 4.6 together with the resistivity profiles, 

and the self-potential map of the area is shown in Figure 4.7.  
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4.3.2. 2D and 3D Inversion of DC resistivity Data 

 The apparent resistivity pseudo-sections were first inverted in 2D with RES2DINV (Loke 

and Barker, 1996) with the finite-element approach for the forward problem solution.  2D DC 

resistivity profiles and the associated self-potential data are shown in Figures 4.3 to 4.6.  The 

data quality was excellent due to a very good contact between the stainless steel electrodes and 

the ground. 

 Five of the profiles (P1 to P5) were also inverted in 3D with the software ERTLab from 

Geostudi Astier (see Morelli and Labrecque, 1996, and Santarato et al., 2011) using finite 

elements with tetrahedrons.  The 3D inversion only incorporated the profiles collected parallel to 

the dam crest.  The entire data set used for the 3D inversion was composed of 319 electrodes, 

2,357 quadripoles, and 323 topographic data points.  The inversion converged in 3 iterations 

leading to an RMS error of 5%. The downstream topography was taken into account in the 

inversion.  The mesh grid size was equal to 1.25 m in the x, y, and z directions.  The result of the 

3D tomography is shown in Figure 4.8.  

 

4.4. Interpretation of the Geophysical Data 

 The 2D DC resistivity profiles show low resistivity anomalies (on the order of 40-50 Ω 

m) in shades of blue (see Figures 4.3 to4. 6 and Figure 4.8).  For comparison, the conductivity of 

the pore water was σw = 0.0308 S m
-1

 (32.5 Ω m resistivity).  The resistivity profiles show a 

shallow resistive layer just below the ground surface.  This layer is interpreted to be the partially 

saturated vadose zone above the capillary fringe.  The phreatic surface interpreted from DC 

resistivity data is approximately 1 m to 2 m below the dam crest and increases in depth in a 

downstream direction along the maximum cross-section (see Figure 4.3).   
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The phreatic surface observed in Figure 4.3 through Figure 4.6  is a result of seepage 

from the reservoir into the dam cross-section.  Beneath the crest, the phreatic surface appears as a 

uniformly distributed high conductivity anomaly across the entire length of the dam in profiles 

P1 and P2 (see Figure 4.4 and Figure 4.5).  Despite the uniform phreatic surface shown in profile 

P2, the self-potential along profile P1 (see Figure 4.5) indicates that there are two preferential 

inflow zones from the reservoir, as indicated by the relative negative anomalies on the west and 

east abutments with amplitudes of approximately -30 mV and -15 mV, respectively (see also 

Figure 4.7).  These preferential inflow zones from the reservoir contribute seepage into the 

preferential flow paths interpreted beneath the downstream slope.  The uniform phreatic surface 

observed in profile P2 begins to separate into preferential flow paths beneath profile P4 (not 

shown), and has completely trifurcated into three isolated preferential flow paths beneath Profile 

P5, shown by conductive anomalies at the toe of the maximum cross-section and in both 

abutments of the dam.  These flow paths are annotated as Paths 1, 2 and  3, respectively, through 

the west abutment, the maximum cross-section, and the east abutment and cut-slope connecting 

the east abutment to the emergency spillway (see Figure 4.8).  Seepage in the cut-slope is 

believed to have a significant component of flow directed towards the east abutment, and is 

likely contributing seepage into the Path 3 in the east abutment. Marshy, saturated soil was also 

observed in the vicinity of the downstream exit channel of the emergency spillway during field 

surveying, indicating that a component of flow in the cut slope may also be directed downstream 

in the direction of the topographic gradient.  A fourth zone of preferential flow is also apparent 

by the negative self-potential anomaly downstream of profile P5, between perpendicular profiles 

P8 and P10, but was not investigated further in this study.    
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The self-potential data (Figure 4.7) confirm the preferential flow paths that were 

interpreted from the 2D and3D electrical resistivity tomograms.  Positive self-potential 

anomalies relative to the reference electrode are shown in shades of yellow, orange and red in the 

range of 0 mV to 30 mV, with peak amplitudes between 15 mV to 30 mV.  The maximum 

positive self-potential anomaly was observed in the emergency spillway adjacent to the east 

abutment.  Isolated positive self-potential anomalies on the downstream slope are interpreted as 

zones of low hydraulic pressure with elevated saturation with respect to surroundings, where 

flow is converging.  These zones tend to be adjacent to, and are therefore influenced in some 

way by the preferential flow paths seen in the DC resistivity profiles.  Seepage effluent is only 

observed at location A2 at the downstream end of Profile P6 (see Figure 4.3 and 4.7), however 

other indicators of seepage (for instance elevated soil moisture relative to surroundings, very 

green and abundant vegetation) have been observed at some locations on the downstream slope 

that are consistent with positive anomalies greater than 10 mV (for example, anomalies A1 and 

A2).  Anomaly A1 (Figure 4.7) is at a location that has been consistently observed to have large, 

anomalous, and significantly greener vegetation with respect to surroundings, and was noted to 

show increased soil moisture content and a sloshing sound when DC electrodes were installed in 

this location.   

 Negative self-potential anomalies (in the range of -7 mV to -30 mV) relative to the 

reference electrode are shown by shades of blue in Figure 4.7. Negative anomalies on the 

downstream slope are interpreted to be a result of flow through the dam along the preferential 

paths (e.g., Richards et al., 2010), where the flow is diverging away from a given point in a 

downstream direction.  The negative self-potential anomalies are spatially correlated with 

preferential seepage paths shown in 2D DC resistivity soundings.  They are more uniformly 
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distributed across the downstream slope, upstream of profile P4, similar to the high conductivity 

anomaly imaged in DC resistivity profile P2.  Negative self-potential anomalies on the west and 

east abutments also appear to be spatially correlated with 2D and 3D DC resistivity inversion 

results.  

From the reconnaissance data, ground water flow through the central path appears to be 

the primary contributor to the seepage discharge at the dam toe.  Because the topography at each 

abutment is steep, and the topographic gradient at the abutments has a significant directional 

component towards the maximum cross-section and natural exit channel, some portion of the 

ground water that is emanating at the seep may also be fed by the preferential flow paths and 

inflow zones through the abutments, which do appear to be physically connected to the central 

seepage path from the negative self-potential anomalies.  However, this cannot be confirmed by 

the reconnaissance results alone, because the reconnaissance data do not provide an accurate 

indicator of flow direction.  The self-potential data only provide an indicator of zones where the 

divergence of the source current density is nonzero, and the resistivity data only provide an 

indicator of the spatial location of these zones in the subsurface.  

 

4.5. 2D Modeling of the Flow: Perpendicular Profile 

The goal of this section is to show how the self-potential data along Profile P6 can be 

interpreted quantitatively in terms of the Darcy velocity. For this purpose, we first determine the 

streaming potential coupling coefficient of a core sample from the dam and then we proceed to 

invert the self-potential data in terms of distribution of the source current density vector, which is 

then converted into the Darcy velocity distribution.   

 



125 
 

4.5.1. Laboratory Investigation 

A sample of material representative of the aquifer was collected downstream the dam to 

perform a laboratory measurement of the streaming potential coupling coefficient.  This 

coefficient is defined as the variation of the self-potential, φ, when the end-faces of the sample 

are not short-circuited, for a variation of the hydraulic head, h, that is applied to the core sample.  

The streaming potential coupling coefficient is related to petrophysical properties of the sample 

material by, 

0

ˆ
V

f

f

Q k
C g

h






 
   

 j

,     (4.1) 

where ρ= 1/ σ (in ohm m) denotes the electrical resistivity of the porous material, ηf  (in Pa s) 

denotes the dynamic viscosity of the pore water, ρf  is the mass density of the pore water, g ( in m 

s
-2

) is the gravitational acceleration, ˆ
VQ  denotes the volumetric charge density in the pore space, 

and k is the isotropic permeability.  

The experimental apparatus is shown in Figure 4.9a and the experimentally measured 

streaming potentials versus hydraulic heads are shown in Figure 4.9b.  We used water from the 

reservoir for this experiment.  The value of the streaming potential coupling coefficient is given 

by the slope of the relationship, and is equal to -2.6 ± 0.2 mV m
-1

.  The permeability of the 

sample was measured to be k = 3.8 x 10
-12

 m
2
.  Using Eq. (4.1), and considering a resistivity of 

40 Ω m, this yields a volumetric charge density of ˆ
VQ  = 1.71 C m

-3
.  For pH comprised between 

5 and 8, Jardani and Revil (2009) found that the empirical relationship between the charge 

density and the permeability, 
10 10

ˆlog 9.2 0.82logVQ k   , holds for a broad range of porous rocks 

and soils. Using k = 3.8 x 10
-12

 m
2
, this relationship yields ˆ

VQ  = 0.64 C m
-3

 - a comparatively 
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close approximation. We will show below how the volumetric charge density is used to convert 

the inverted source current density distribution into the Darcy-velocity.  

 

4.5.2. Inverting the Self-potential Field 

In this section the self-potential data of Profile P6 is inverted to recover the spatial 

distribution and orientation of the source current density vector, with the goal being to 

understand the seepage direction and velocity beneath the profile.  The self-potential field,   (in 

V), is described by the Poisson equation given in Eq. (4.2) (Jardani and Revil, 2009), 

  S    j ,     (4.2) 

where the volumetric source current density vector is directly related to the Darcy velocity vector 

by the volumetric charge density, and is given by, 

ˆ
S VQj u ,      (4.3) 

In Eq. (4.2),   (in S m
-1

) is the electrical conductivity of the porous material, which is 

determined from the resistivity tomograms (see Figure 4.3 and 4.8).  The right-hand side of Eq. 

(4.2) corresponds to the divergence of the source current density that is associated with the Darcy 

velocity distribution. 

 To perform the inversion, we first produce a steady-state forward solution for the electric 

problem by solving the Eq. (4.2) when coupled to a forward solution of the hydraulic problem 

through the fluid velocity field in the dam, which is determined from a known or an assumed 

permeability distribution.  The forward solution incorporates hydraulic and electric boundary 

conditions, as well as initial conditions for time-dependent solutions.  Boundary conditions on 

the hydraulic and electrical components of the forward model were applied as described below.  

 For the hydraulic model, a Dirichlet boundary was applied to the reservoir bed and the 
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upstream slope of the dam.  The hydraulic head, h, applied to the reservoir bed was defined as a 

constant 5.8 m, corresponding to the maximum reservoir depth at the maximum reservoir 

elevation.  A linear hydrostatic pressure profile was computed and applied to the upstream slope 

to vary the hydraulic head applied to the model boundary based on relative elevation of the 

boundary with respect to the free surface of the reservoir.  A seepage face was defined at the 

downstream toe where seepage has been observed, by switching between a condition of h = 0 m 

under saturated conditions and a specified flux equal to 0 m
3
 s

-1
 otherwise.  All other model 

boundaries were given a specified flux equal to 0 m
3
 s

-1
.   

 For the electrical model, an electric insulation boundary was applied to the reservoir bed, 

upstream slope of the dam, and the downstream seepage face.  An electrical ground boundary 

condition was applied to all other model edges.   

The inversion of the self-potential data recorded along profile P6 involves a 

reconstruction of the spatial distribution of the magnitude and direction of the source current 

density vector, ˆ
S VQj u .  As discussed in Revil et al. (2012), this inverse problem is linear (the 

potentials are linearly related to the source current density distribution) and ill-posed, and 

therefore does not have a unique solution. To reduce the number of physically reasonable 

solutions, we added into the objective function an additional constraint of a reference model, as 

well as a regularization term to optimize the tradeoff between small data misfit and minimum 

structure requirements in the returned solution. The objective function G, is given by; 

2 2

0( ) ( )d d mG    W Km W m m     (4.4) 

where  denotes a regularization parameter under the constraint 0   ,  z

ij

x

ij KKK ,  is the 

N×2M kernel matrix (where N=55 denotes the number of self-potential stations along profile P6 

and M=103 denotes the number of discretized grid cells in the subsurface),  z
s

x
s jjm ,  is the  
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2Mx1 solution vector containing the inverted x and z components of the source current density 

vector in each discretized grid cell,  z
o

x
oo jjm , is the 2Mx1 vector containing the x and z 

components of the source current density vector corresponding to the reference model (computed 

from the forward solution of the hydraulic problem by assuming the position of the bedrock-

aquifer interface from the DC resistivity data and an isotropic permeability distribution for the 

aquifer),  TN1d ,...,   denotes a vector of N elements corresponding to the measured self-

potential data, and  Nd  /1,...,/1diag 1W  denotes an N x N square diagonal weighting matrix.  

The elements along the diagonal of dW  correspond to the reciprocal of the standard deviation 

squared ( =3 mV from the data displayed in Figures 4.3 to 4.5). The matrix 2

m mIW  ( 2

m

=100) denotes the weighting diagonal matrix that represents the weight of the given to the 

reference model in determining the solution that minimizes the objective function, and the 

contribution of this term to the returned solution is controlled iteratively by the regularization 

parameter. 

 The minimization of the objective function in Eq. (4.4) was accomplished by the Gauss-

Newton algorithm implemented in Matlab.  For more the details the approach is discussed by 

Richards et al. (2009).  The program was initiated with the reference model, mo, and 

regularization parameter =1.  At each iteration the model vector updates and the regularization 

parameter reduces to half of the value at the previous iteration.  After the third iteration the self-

potential field data were reproduced with an RMS of 0.12%. The current density vector was then 

translated into Darcy velocity using the linear relationship between current density and Darcy 

velocity ˆ/S VQu j  for ˆ
VQ  = 0.64 C m

-3
. 
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4.5.3. Results 

The 2D inverse modeling results are shown in Figure 4.10 and correspond to the model 

parameters that are summarized in Table 4.1.  The two positive self-potential anomalies shown in 

the field data are captured in the inverted model and can be explained by the convergence and 

constriction of the flow at x ~ 26 m, which is controlled by the bedrock surface near the location 

of the seepage discharge.  The seepage discharge at the spring is shown clearly by the inverted 

Darcy velocity vector, which shows an increased magnitude and is directed toward surface in the 

vicinity of the spring.  

 

4.6. 3D Field-scale Modeling of NaCl Advection-Dispersion and Electric Field 

A 3D forward numerical model of steady-state electrokinetic potentials and transient 

diffusion potentials was constructed in COMSOL v4.3a for a field-scale dam with a geometry 

that is representative of the field site.  The self-potential behavior is observed along a 2D profile 

at the surface that is perpendicular to the dominant ground water flow direction (see Profile 1, 

Figure 4.11), as the slug migrates through a preferential flow path beneath the profile.  Our 

modeling goal is to gain an insight into the behavior may be anticipated from the self-potential 

field during the monitoring survey at the field site (see Section 4.7), following an injection of a 

brine tracer into the dam.  

The 3D forward model couples the Richard’s equation, which is used to compute a 

steady-state velocity field in the dam, to the advection-dispersion equation (ADE), and the 

governing Poisson equation for the electric field, through the steady-state Darcy velocity field.  

When the steady-state velocity field is known, a transient solution of the advection dispersion 

equation is computed to simulate the time-dependent migration of an NaCl slug through a 
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preferential flow path at predefined time-steps.  The time steps are increased in increments of 

250 minutes between times t1 = 0 min, corresponding to the initial injection of the NaCl slug, and 

t6 = 1,250 min when the slug has completely exited the downstream end of the preferential flow 

path.  This represents approximately 21 hours, and is comparable to the duration of the salt-tracer 

experiment performed at the field site.   

The transient solution of NaCl concentration that is computed from the ADE is used to 

compute a steady-state solution for the electric field at the selected time steps by including a 

diffusion current contribution into the self-potential source term that is a function of the 

concentration gradient.  The diffusion current density is superimposed upon the streaming 

current density such that the source term in the governing Poisson equation is a function of the 

pore fluid conductivity and the Darcy velocity field (for example, see Chapter 3 and Eq. 3.11).  

 

4.6.1 3D Model Geometry 

The 3D model geometry is shown in Figure 4.11.  The dam is 60 m long (excluding the 

subdomains corresponding to the reservoir bed, the upstream slope and the downstream 

topography), 120 m wide and 16 m high when measured from the crest to the top of the bedrock 

layer.  The hydraulic height of the 3D dam geometry is 11m.  These dimensions represent 

approximately the dimensions of the Nottingham Dam (see Section 4.2).  A single high 

permeability preferential flow path is included in the 3D geometry and is highlighted in pink 

Figure 4.11.  The flow path is 60 m long, 2.5 m high and 20 m wide between z = 45 m and z =  

65 m (e.g. see also Figure 4.14).  The width dimension of the flow path was chosen to be 

consistent with the negative self-potential anomaly shown in Figure 4.7 between profiles P6 and 
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P7, which is approximately 16 m to 20 m in width. The  length and height were arbitrarily 

specified.   

The model includes three domains of contrasting permeability; k1 = 1.3 x 10
-2

 m
2
, k2 = 

3.8 x 10
-13 

m
2
, and k3 = 3.8 x 10

-17 
m

2
, representing the preferential flow path, the dam sediments 

(including the reservoir bed and downstream topography), and the underlying bedrock, 

respectively.  The permeability of the preferential flow path is representative of coarse sandy-

gravel sediments which are typical of flow paths produced by suffusion and piping, and it is 

much greater than the permeability of the encompassing silty-clay dam sediments.  The 

underlying bedrock layer is much less permeable than the dam sediments and is an aquitard that 

prohibits vertical ground water flow.   

 

4.6.2 Boundary Conditions 

The boundary conditions for each physics module (e.g. Richard’s equation, Advection-

Dispersion, Electric Currents) are indicated in Figure 4.11 by the colored annotations.  Hydraulic 

boundary conditions are annotated in blue, ADE boundary conditions are annotated in green and 

electric currents boundary conditions are annotated in red.   

The boundary conditions for the Richard's equation module included a combination of 

specified hydraulic heads and specified flux boundaries.  A linear hydrostatic pressure profile 

was applied to the upstream slope of the dam, and a constant hydrostatic pressure was applied to 

the reservoir bed.  A zero flux boundary was applied on the crest and downstream slope of the 

dam between the crest and the dam toe.  An atmospheric boundary condition was applied on the 

downstream slope of the dam at the toe to allow for the seepage that has been observed at the 
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field site.  A zero flux boundary condition was applied at the toe, and all remaining edges of the 

3D model geometry.   

The boundary conditions applied to the ADE module included a combination of specified 

flux and zero-flux boundaries.  Zero flux boundaries were applied to all exterior surfaces and 

edges of the model geometry.  A specified flux boundary was applied at the top surface of the 

preferential flow path along the interval x < 0 m.  The flux along this boundary was defined as 

the product of the initial concentration (185 kg m
-3

) and the Darcy velocity that was computed 

from the Richard's equation.  A specified flux equivalent to the outward normal component of 

advected NaCl mass was applied to the interior surface of the model that connects the 

subdomains representing the dam and the downstream topography (see location annotated in 

Figure 4.11).  A liquid-state chemical reaction (in kg m
-3

 min
-1

), given by the expression (1-

(scaletime)*ct*dl.Se*ϕ), was applied in all domains of the model, where scaletime (in s/min) is a 

user-defined model parameter informing the elapsed time between each simulated time step, ct 

(in kg m
-3

 s
-1

) is an inherent model variable representing the first (partial) time derivative of 

concentration, dl.Se (dimensionless) is an inherent model variable representing the fluid 

saturation, and ϕ is the user-defined porosity for a given subdomain.  Due to the transient nature 

of the computed solution of the ADE, an initial condition of zero concentration was specified 

everywhere throughout the model domain.   

 The boundary conditions applied to the Electric Currents module included a combination 

of electric ground and electric insulation boundaries.  An electric insulation boundary condition 

was applied on the top surfaces and edges of the model which include the surface of the reservoir 

bed, the upstream and downstream dam slopes, and the downstream surface topography.  An 
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electric ground boundary condition was applied to all sides and the bottom surface of the model 

geometry. 

 

4.6.3 Steady-state Simulations of Flow and Electric Field 

The steady-state flow field and the corresponding steady-state electric field were 

simulated prior to injecting the NaCl slug into the preferential flow path.  The background 

electric field was computed by omitting the diffusion current density term to ensure that only the 

ground water velocity field contributed to the source current density.  The background electric 

field is shown in Figure 4.12.  In Figure 4.12 the surface shading indicates the effective 

saturation computed from the Richard’s equation, which varies from a minimum of 0.65 to a 

maximum of 1 (complete saturation), and the black vectors indicate the Darcy velocity field.  

The sizes of the velocity vectors are proportional to the magnitude of the computed Darcy 

velocity.  Although it is apparent  in Figure 4.12, the flow vectors are concentrated within the 

high permeability preferential flow path inside of the dam, where the flow velocity has the 

greatest magnitude.   

The contours at the surface show the background electric field.  The field contours show 

a progression from negative potentials on the upstream reservoir bed and the upstream slope to 

predominantly positive potentials on the downstream toe and the downstream topography where 

the flow vectors converge towards the surface.  Furthermore, on the downstream slope of the 

model where flow is converging and the polarity of the electric potential is observed to be 

predominantly positive, a pronounced negative anomaly is localized over the preferential flow 

path.  This is consistent with the dipolar signature predicted by the theory of the electric double 
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layer, and confirms our interpretations of preferential flow paths from the self-potential 

reconnaissance data measured at the field site.  

 

4.6.4 Transient Simulations of NaCl Advection-Dispersion and Electric Field 

 After simulating the steady-state flow field and background electric field, an NaCl slug 

injection was simulated at the surface of the preferential flow path along the interval x < 0 m, 

and the transient migration of NaCl was simulated by solving the ADE through time.  The ADE 

governing the transport of the NaCl mass is given by Eq. (4.5) 

  



 LRCC

t

C
uD        (4.5) 

where, θ (in m
3
 m

-3
) represents the pore volume fraction, C (in kg m

-3
) is the concentration, t (in 

s) represents time, D (in m
2
 s

-1
) is the hydrodynamic dispersion tensor, which is defined to be 

isotropic, u (in m s
-1

) represents the Darcy velocity vector, and RL (in kg m
-3

 s
-1

) is a term that 

represents liquid phase reactions.  The initial concentration of the NaCl slug was specified as 185 

kg m
-3

.   

The concentration of NaCl inside of the preferential flow path was plotted at the selected 

time steps shown in Figure 4.13.  Figure 4.13a includes the 3D geometry of the dam and shows 

the concentration in the flow path at time t5 = 1000 min.  Figure 4.13b shows the migration of the 

NaCl slug in the flow path through time by 2D time-lapse snapshots.  The snapshots show the 

concentration inside of the flow between times t1 = 0 min and t6 = 1250 min in map view.   

 The electric field was computed in steady-state at each time-step for the corresponding 

concentration distribution by including the diffusion current density in the source term of the 

governing field equation. A 2D profile of electric potential was plotted along Profile 1 for each 

time step to observe the effect of NaCl migration on the electric potential along the profile. The 
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potential distribution along Profile 1 is shown in Figure 4.14 for each of the six time steps.  

Figure 4.14a shows the development of the potential anomaly without any reference to the 

background electric potential distribution along the profile.  The background potential computed 

prior to NaCl injection shows a negative anomaly with an amplitude of 5 mV positioned over the 

preferential flow path (the location of the channel is indicated in Figure 4.14b).  The electric 

potential over the channel grows relatively more positive in time with respect to the background, 

as the plume migrates beneath Profile 1, but remains negative throughout the duration of the 

simulations.  Time t1 = 0 min corresponds to the time of instantaneous injection of the slug into 

the channel.  The anomaly over the channel approaches 0mV until approximately time t3 = 500 

min, at which time center of mass of the plume is downstream of Profile 1, and the electric 

potential begins grow more negative and return towards the background condition.  Note that at 

time t6 = 1250 min the concentration beneath the flow path has returned to a background value of 

0 kg m
-3

, and the electric potential has also returned to the background along Profile 1.   

 Figure 4.14b shows the growth of the potential anomaly when referenced to the 

background condition.  The anomaly shows a growing positive trend when referenced to the 

background condition, and indicates that injecting an NaCl slug into the field site dam should 

produce a relative positive anomaly over preferential flow paths through which the injected NaCl 

migrates, when the observed self-potentials are referenced to a background potential distribution.   

 

4.7. Brine Tracer Monitoring Survey 

 A short-duration monitoring survey was performed at the field site to test time-lapse self-

potential monitoring as a means of mapping seepage paths and their evolution in time. Our goal 

was to trigger a conductivity change in the ground water flowing through the preferential flow 
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paths by injecting a brine into the dam, and to subsequently map the tracer migration through the 

preferential seepage paths with time-lapse self-potential data.  The purpose of the experiment 

was to see if an injection of a salt tracer into a field-scale dam would result in electrical potential 

signals that were distinguishable from background noise and evolved through time.  If so, then 

the extension of this method to include real-time quantification the flow velocity and real-time 

monitoring of the geometric evolution of seepage paths is only limited by the measurement 

frequencies and long-term electrode stability that can be achieved with current technology.  

 

4.7.1. Experimental Procedure  

The layout of the monitoring survey is shown in Figure 4.15.  Figure 4.15a shows a field-

scale view of the survey grid and figure 4.15b shows an aerial photo of the survey grid with the 

self-potential reconnaissance data georeferenced.  The survey was designed to target seepage 

path 2 (Figures 4.3 and 4.6) beneath the maximum cross-section of the dam between 

reconnaissance profiles P6 and P7.  The timing of the monitoring survey was chosen so that field 

conditions during the survey closely resembled the conditions that were prevalent during the 

reconnaissance survey.  The reservoir water level was held constant at the maximum storage 

level (2,412 masl) and the seepage discharge zone on the downstream surface topography was 

observed and estimated to be seeping at a rate between 0.6 L s
-1

 (10 gpm) and 1.9 L s
-1

 (30 gpm).  

The electric conductivities of the reservoir water and seepage water were 440 μS cm
-1

 and 461 

μS cm
-1

, respectively at 12.2 
o
C.  The background electric conductivity of the ground water 

inside of the dam was measured in piezometers Pz1 and Pz2 with two Aquistar CT2X 

conductivity/temperature/pressure Smartloggers, and was 549 μS cm
-1

 and 529 μS cm
-1

, 

respectively at 8.6
 o
C.   
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 A tracer composed of 38.56 kg (85 lb) of kiln dried mixing salt (NaCl) and 189 Liters (50 

gal) of reservoir water was mixed on-site.  The salt mass was completely dissolved into the 

reservoir water and the entire tracer was injected into piezometer Pz1 (see also Figure 4.3) on the 

downstream edge of the crest using a funnel.  The electric conductivity of the tracer was 

measured prior to the injection, and was 1.36 S m
-1

 when diluted with reservoir water at a brine-

to-reservoir water ratio of 1:12.  The tracer volume increased the hydrostatic head in piezometer 

Pz1 by approximately 7 m.  The hydrostatic head in Pz1 returned to background in 32 minutes 

indicating that the entire tracer volume had completely entered into the flow field that was 

penetrated by the screened interval of Piezometer Pz1.  The time series of the normalized 

electrical conductivity in Piezometers Pz1 and Pz2 are shown in Figure 4.16.  

 Self-potential data were measured on the downstream slope parallel to the dam crest  

along monitoring profiles P1* , P2*, P3* , and perpendicular to the dam crest along Profile P4*.  

The profiles oriented parallel to the crest spanned 96 m across the downstream slope between the 

crest access road at the west abutment and the emergency spillway cut-slope at the east 

abutment.  A total of 32 stations were measured along each parallel profile at an interval station 

spacing of 3 m.  The parallel profiles were evenly spaced between the two piezometers.  Profile 

P1* was positioned 4 m down-slope of piezometer Pz1.  Profile P2* was positioned 

approximately 7 m down-slope of Profile P1*, and approximately 11 m up-slope of piezometer 

Pz2.  Profile P3* was established 4 m up-slope of piezometer Pz2, and separated from Profile 

P2* by 7 m.  The perpendicular profile intersected both piezometers, and stations along this 

profile were separated by 1 m.  Seven stations along the perpendicular profile were measured 

upstream of piezometer Pz1 on the dam crest.   
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 The self-potential data were acquired by following an acquisition procedure that was 

identical to the reconnaissance survey.  A total of 128 self-potential stations were measured per 

snapshot along the monitoring profiles, and a total of 6 snapshots were gathered (background 

plus five additional snapshots after the tracer was injected), for a total of 768 self-potential 

measurements during the monitoring survey.  The measurements were made with a handheld 

Fluke 289 true RMS multimeter and two non-polarizing Pb-PbCl2 Petiau electrodes (Petiau and 

Dupis, 1980; Petiau, 2000).  The contact resistance for all self-potential stations was less than 9 

kΩ on average.  The potential difference between the reference and roving electrodes was 

measured before and after acquiring each sounding to correct for electrode drift.  All data were 

corrected for drift and also corrected relative to the reference electrode, which was assigned an 

electric potential of 0 mV.  Telluric currents were assumed to be negligible due to the small, 

confined nature of the field site and were not monitored.  The timing of each snapshot relative to 

the NaCl injection time is illustrated in Figure 4.16. 

 Resistivity data were also acquired along each profile between the self-potential 

snapshots with an ABEM Terrameter SAS4000 using a Wenner 64 protocol and 32 electrode 

takeouts.  The acquisition time for DC resistivity data severely limited the measurement 

frequency for the self-potential snapshots, and unfortunately these data were discarded due to 

poor data quality.   

 

4.7.2. Interpretation of the Hydraulic Data 

 The time-lapse normalized conductivity of the ground water in piezometers Pz1 and Pz2 

are shown in Figure 4.16.  The addition of the NaCl tracer into the dam resulted in an increase in 

conductivity in piezometer Pz1 to a maximum value that was 435 times greater than the 
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background conductivity.  The transfer of the injected brie from Pz1 into the flow field resulted 

in the decay of the conductivity record in the piezometer through time.  The decay initially 

occurred rapidly between t = 0 h (at the starting time of the brine injection) and t = 10 h after the 

injection, at which time the normalized conductivity of the ground water in Pz1 was reduced by 

42%, and was approximately 250 times greater than the background conductivity.  The rate of 

conductivity decay in Pz1 reduced after t = 10 h and remained at a relatively constant rate 

between t = 10 h and t = 26 h.   

 A conductivity breakthrough curve was observed in piezometer Pz2 (see Figure 4.16b).  

The observed increase is on the order of approximately 1.5% relative to the measured 

background conductivity .  Piezometer Pz2 is slotted in an area that is not characterized by a high 

permeability, which is consistent with the Darcy velocity inversion results shown in Figure 4.10. 

Therefore, this piezometer may not receive a significant volume of the flow  coming from 

Piezometer Pz1, and we believe this curve predominantly reflects conductivity changes in time 

that are related to hydrodynamic dispersion away from the conductive plume.  However, the 

temporal behavior of conductivity in Pz2 appears to be correlated with the temporal behavior 

observed in Pz1, and there appears to be at least some direct flow through the central flow path 

between the two piezometers.  However, the lack of a conductivity breakthrough curve in Pz2 

that is of comparable magnitude to the conductivity increase in Pz1 is an indicator that the 

predominant direction of seepage flow may not be in the direction of the topographic gradient 

between the two piezometers, as was initially assumed given the location and the geometry of 

Path 2 that was inferred from the reconnaissance data.  Given the  rapid increase in the Pz2 

breakthrough curve (~15 min to first breakthrough and ~4 hours to achieve the maximum 

conductivity), the steady trend at the maximum conductivity that persisted for approximately 6 
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hours, and the subsequent decay in Pz2 conductivity, it is unlikely that the duration of the 

monitoring survey was insufficient to capture the full breakthrough curve.  Furthermore, the 

hydraulic head in Pz1 returned to background in ~32 minutes after the injection and the 

normalized conductivity in Pz1 decreased by more than 50% over the duration of the monitoring 

survey.  Both of these facts are indicators that NaCl mass was moving somewhere within the 

dam, and at a significantly greater rate than was anticipated.   

 

4.7.3. Interpretation of the Self-Potential Data 

The time-lapse self-potential data are shown in Figure 4.17.  The data indicate that the 

passage of a salt tracer through a heterogeneous earthen dam can indeed be detected and 

monitored with the self-potential method.  This has been discussed and modeled extensively by 

Bolève et al. (2011) and Ikard et al. (2012).  The self-potential signals at the surface increase at 

the time of passage of the salt tracer in the subsurface. This behavior is relatively easy to explain. 

The conductivity of a porous material is given by (Revil, 2013) as, 

1
f S

F
    ,     (4.5) 

where F denotes the formation factor, S  the surface conductivity of the mineral framework of 

the pore space, and f  the pore water conductivity.  The combination of Eqs. (4.1) and (4.5) 

yields Eq. (4.6) for the streaming potential coupling coefficient, 

ˆ
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.     (4.6) 

Eq. (4.6) shows that the streaming potential coupling coefficient is inversely proportional to the 

pore water conductivity.  Therefore an increase of the pore water conductivity reduces the 

magnitude of the quotient in Eq. (4.6) and results in a more positive value of the coupling 
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coefficient.  Because the coupling coefficient is by definition equal to the change in electric 

potential for a corresponding change in hydraulic head, a more positive value of the coefficient  

produces a more positive self-potential anomaly for a constant hydraulic head.   

Figure 4.17 shows several areas of increase of the self-potential data through time in the 

monitoring profiles parallel to the crest, over locations where the seepage paths were determined 

in the reconnaissance data.  The time-lapse self-potential at shows strong evidence of the tracer 

migration towards the west abutment, and the presence and growth of the anomaly in time 

appears to be correlated to rate of decay of the normalized conductivity in piezometer Pz1.  We 

believe the plume ultimately sank in the flow field, given that the density of the plume was 11% 

greater than the density of the pore water, and migrated along the bedrock - aquifer interface 

predominantly towards the west abutment, producing the strong positive anomalies over Path 1 

in profiles P1* and P2*.  In all of the self-potential snapshots, there is some evidence that part of 

the plume is also traveling through Path 2 in a downstream direction towards Piezometer Pz2 and 

the spring.  

The improvement in the estimation of flow direction that can be obtained from self-

potential monitoring, as compared to simple single-snapshot reconnaissance surveying, is evident 

in this study.  The predominant flow direction towards the west abutment that was discovered 

during monitoring was not apparent in the reconnaissance and was easily misinterpreted given 

the general alignment with seepage-related anomalies that were observed in the reconnaissance 

data with the direction of the topographic gradient.   The explanation for the deviation of the 

predominant flow direction from the topography of the field site is rather sensible after 

reconsidering the hydraulics of the dam.  The emergency spillway is connected to the east 

abutment by a steep cut-slope, and due to the geometry of the spillway and the cut-slope, both 
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are at a higher elevation with respect to a large area of the downstream slope and the west 

abutment of the dam.  Given the fact that the emergency spillway was carrying water during the 

surveys, the hydraulic head and the resulting hydraulic gradient were elevated on the east 

abutment which has the tendency to drive the flow ground water inside of the dam toward the 

west abutment.  

 

4.8. Conclusions 

 Geophysical reconnaissance and monitoring surveys were performed at an earthen dam to 

investigate anomalous seepage and to test the ability of self-potential and resistivity to 

successfully resolve preferential seepage directions within seepage zones.  The self-potential 

reconnaissance map and resistivity tomograms indicate that the phreatic surface inside of the 

dam diverges into the three preferential seepage paths between reconnaissance profiles P3 and 

P5, with the actual divergence occurring beneath reconnaissance profile P4. 2D modeling results 

along profile P6 oriented perpendicular to the dam crest along the maximum cross-section 

indicates that at least some flow through the central flow path is in the direction of the 

topographic gradient, which is directed downstream between the injection point at Pz1 and the 

seepage zone.  Given the location of the self-potential anomalies observed in the reconnaissance 

survey their tendency to follow the local topography, the data appear to imply that the 

predominant flow direction beneath profile P6 is downstream in the direction of the topographic 

gradient.  However, during the monitoring survey the triggered anomaly enabled an improved 

estimate of the flow directions in the preferential seepage zones, which were observed to be 

predominantly from the injection point at the crest of the maximum cross-section of the dam 

toward the west abutment.  This flow direction that deviates from the direction of the 
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topographic gradient is likely driven by the elevated hydraulic head the east abutment that is a 

result of the emergency spillway and steep cut-slope connecting the spillway to the east abutment 

of the dam.   

 The transient behavior of self-potential monitoring data is confirmed by 3D modeling of 

NaCl migration through a preferential flow path in a field-scale dam geometry, which shows a 

relatively negative self-potential anomaly localized over the flow path, and a subsequent increase 

in the magnitude of the anomaly through time due to the passage of NaCl in the subsurface. In 

addition to providing an effective tool for detecting the presence of anomalous seepage paths, the 

self-potential monitoring data show a clear improvement in resolving preferential seepage 

directions, with respect to a single reconnaissance snapshot.  With higher frequency sampling 

capabilities long-term self-potential monitoring is expected to provide a value tool for real-time 

hydraulic characterization and monitoring of seepage path evolution due to internal erosion. 
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4.11. Tables 

Table 4.1.  Numerical Model parameter summary.   

Property Value 

Percent Gravel [% wt.] (1) 

Percent Sand [% wt.] (1) 

Percent Silt [% wt.] (1) 

Percent Clay [% wt.] (1) 

Residual Moisture Content [% vol], θr (2) 

Saturated Moisture Content [% vol], ϕ = θs (2) 

Saturated Hydraulic Conductivity [mm/hr], Ks (2) 

Bulk Density [kg/m
3
], ρ (2) 

Porosity [ - ], ϕ (2) 

van Genuchten (1980) α [m
-1

] (2) 

van Genuchten (1980) n [ - ] (2) 

van Genuchten (1980) m [ - ] (2) 

Permeability [m
2
], k (2) 

Formation Factor [ - ], F (3) 

Excess Charge Density [C m
-3

], 
VQ  (4) 

Bulk Conductivity [mS/m], σ (5) 

5.00 

25.00 

20.00 

50.00 

0.296 

0.509 

1.180 

1300 

0.509 

0.421 

1.631 

0.387 

3.8 x 10
-14

 

3.853 

64.48 

8.000 

(1) Estimated from dam safety and inspection reports supplied by the Colorado State Engineer's 

Office 

(2) From SPAW soils database of Saxton and Rawls (2006).  

(3) Using F = ϕ
-m

 with m = 2.0. 

(4) Using C =- ˆ
VQ k ρf g / (σ ηf), where σ = σf / F with σf  = (4.9±0.2) x 10

-2
 S m

-1
 (pore water 

conductivity) 

(5) Using for the bulk conductivity σ = σf / F with σf  = (4.9±0.2) x 10
-2

 S m
-1

 at 20°C. 
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4.12. Figures 

 

Figure 4.1. Site location. a. The field site is located on the western slope of the Colorado 

Rockies, near Avon, Colorado. b. Picture of the dam and reservoir with the position of the two 

spillways and piezometers shown.
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Figure 4.2. Position of the DC resistivity and self-potential profiles for the reconnaissance 

survey.  Five DC resistivity profiles (P1 to P5) were acquired parallel to the dam crest with a 2.5 

m electrode spacing, and six profiles (P6, P7, P8, P10 to P12) were acquired perpendicular to the 

dam crest with a 1 m electrode spacing.  One profile (P9) was collected oblique to the East 

abutment, perpendicular to a suspected seepage path through the abutment, with a 1 m electrode 

spacing.  A total of 1049 SP stations were acquired along DC survey lines with a 1.25 m spacing 

parallel to the crest and a 1 m spacing perpendicular to the crest (Ref denotes the position of the 

reference for the self-potential measurements).   
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Figure 4.3. Example of 2D resistivity and self-potential profile normal to the dam structure 

(Profile P6, see position in Figure 4.2). The grey area corresponds to the area where seepage A2 

can be observed at the ground surface. This area is associated with a 20 mV positive self-

potential anomaly. We also show the piezometers used for the salt injection test discussed in the 

last part of the paper. The salt is injected in Piezometer Pz1 (38.6 kg of NaCl in 189 L of water 

in the interval between 10 and 14 m) and monitored in Piezometer Pz2 (in the interval between 

12 to 16 m).  
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Figure 4.4. Example of 2D resistivity and self-potential profile parallel to the dam crest (Profile 

P2).  The high density of measurement can be used to determine the standard deviation to be 3 

mV.  This profile shows the lateral zone of saturation associated with the aquifer.  The increasing 

electrical potential on the west abutment side of the profile indicates that a component of the 

flow is flowing from right to left (on the profile) towards Path 1 (see Figure 4.6). 
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Figure 4.5. Example of 2D resistivity and self-potential profile parallel to the dam crest (Profile 

P1 is on the upstream edge of the crest close to the reservoir). The high density of measurement 

provides an estimate of the standard deviation to be 3 mV.  
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Figure 4.6. Example of 2D resistivity and self-potential profile parallel to the dam crest (Profile 

P5). The high density of measurement provides an estimate of the value of the standard deviation 

(about 3 mV). This profile shows three well-developed flow paths called Path 1, Path 2, and Path 

3.  
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Figure 4.7. Self-potential map (total of 1049 SP stations). Negative self-potential anomalies on 

the abutments and downstream slope are in the approximate range of -15 mV to – 30 mV and are 

a result of flow through the preferential paths imaged in DC resistivity tomography (see Figures 

4.3 - 4.6).  The negative self-potential anomalies on the abutments appear to converge towards 

the positive self-potential anomalies in areas A1 and A2, and indicate the potential for up flow of 

ground water near the observed seepage zone (spring).  
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Figure 4.8. 3D electrical resistivity tomogram using Profiles P1 to P5 (2357 apparent resistivity 

data). a. 3D inversion of the DC resistivity. b., c. 2D plan-view slices at different depths below 

the topography. d. Low resistivity anomalies less than 50 Ω-m in magnitude are shown and 

possibly represent the aquifer 2 m below the ground surface.  Three flow pathways are shown 

within the dam, diverging from uniform flow in a downstream direction.  One path is imaged 

through each abutment, and one path is imaged beneath the maximum cross-section in the center 

of the dam.  The central path (Path #2) through the maximum cross-section of the dam appears to 

be the primary contribution of flow into the seepage zone (spring) observed in Profile P6 (Figure 

4.3) as well as in the field.  



157 
 

 

 

Figure 4.9.  Measurement of the streaming potential coupling coefficient for a core sample from 

the dam. a. Sketch of the experimental setup where h denotes the hydraulic head. b. The 

measurements have been made with water from the reservoir. The value of the streaming 

potential coupling coefficient is -2.6 ± 0.2 mV m
-1

.  
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Figure 4.10.  Result of the inversion of the self-potential data along Profile P6 and flow Path 2. 

a. Best fit of the experimental data at the third iteration of the Gauss-Newton algorithm. The 

standard deviation on the data is considered to be 3 mV. b. Result of the Darcy velocity 

distribution assuming an excess of charge density of 0.64 C m
-3

 and the inverted source current 

density obtained at the third iteration. The dashed line represents approximately the interface 

between the bedrock and the aquifer determined from the resistivity data.  
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Figure 4.11.  3D geometry of the dam showing a single preferential flow path in the interior of 

the dam, highlighted in pink.  The model geometry includes three permeability domains: k1 

representing a high permeability preferential flow path, k2 representing the permeability of the 

encompassing dam sediments, and k3 representing the permeability of the underlying, 

impermeable bedrock, where k1 >>> k2 >> k3.  The dam is 80 m long (x dimension), 122 m wide 

(y dimension, out of the page), and 16 m high (z dimension, note that z = 11 m between the toe 

and crest), which represents approximately the dimensions of the Nottingham dam.  Hydraulic 

boundary conditions are annotated in blue text, advection-dispersion boundary conditions are 

highlighted in green text, and electrical boundary conditions are highlighted in red text.  The 

location of Profile 1 (see Figures 4.12-4.14) is indicated on the downstream edge of the dam 

crest. 
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Figure 4.12.  Results of steady-state flow field and background steady-state electric field.  The 

electric field includes a streaming potential component in the source term but not a diffusion 

current term, which corresponds to Darcy velocity greater than zero, and concentration equal to 

zero everywhere within the model geometry.  The surface represents effective saturation and the 

vectors represent ground water flow direction and are proportional to the magnitude of the Darcy 

velocity. Flow vectors are concentrated in the preferential flow channel inside of the model.  The 

contours on the surface represent the electric field and show a polarity reversal from upstream 

where potential is negative to downstream where it is positive, except on the downstream slope 

over the preferential flow path.  A pronounced negative anomaly is localized over the 

preferential channel on the downstream slope.  The location of Profile 1 on the downstream edge 

of the dam crest is shown (see Figures 4.13-4.14). 
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Figure 4.13. a. Concentration at time t5 = 1000 min including the 3D model geometry.  b. Plan 

view maps of a slug injection and migration that is simulated on a 250 minute interval by 

instantaneously increasing the concentration on the surface of the preferential flow path at time 

t1 = 0 min along the interval x < 0 m.  The location of Profile 1 is indicated on the 3D geometry 

and on the time-lapse plan view maps.  At time t6 = 1250 min the concentration beneath Profile 

1 has returned to the background condition of 0 kg m-3, and the NaCl mass has accumulated in 

the higher permeability sediments of the dam downstream of the preferential flow path, resulting 

in an increase in the concentration at the slugs center of mass.   
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Figure 4.14.  Time-lapse snapshots of electric potential along profile 1 after the injection of an 

NaCl slug into the preferential flow path inside of the 3D dam geometry.  The profile times 

correspond to the concentration distribution in time shown in Figure 4.13.  Note that the 

background potential profile also corresponds to the potential profile at time t6= 1250 minutes.  

a. Growth of the potential anomaly without any reference to the background electric potential.  

The potential is negative at all times but grows more positive towards 0 mV.  b. Growth of the 

potential anomaly when referenced to the background electric potential.  The anomaly is greater 

than 0 mV, grows more positive in time, and returns to 0 mV as the concentration and potential 

return to the background condition.     
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Figure 4.15.  Position of DC resistivity profiles for the salt tracer monitoring survey.  Three self-

potential profiles (P1* to P3*) were acquired parallel to the dam crest with 3 m electrode 

spacing, and one self-potential profile (P4*) was acquired perpendicular to the dam crest with a 1 

m electrode spacing over the main central seepage path(Path 2) beneath the maximum cross-

section.  a. Field-scale view taken from the east abutment looking towards the west abutment.  b. 

Aerial view with geo-referenced self-potential from reconnaissance survey for referencing 

interpreted seepage paths with layout of monitoring survey profiles.  
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Figure 4.16.  Conductivity in piezometers during the salt injection test. The position of the 

Piezometers Pz1 and Pz2 are shown in Figure 4.15.  a. Conductivity ratio, normalized to the 

background conductivity of the aquifer (549 μS cm
-1

 at 8.6 
o
C) in Pz1 through time.  The 

conductivity of the brine tracer was measured before injection 1.36 S m
-1

 at 17
o
C. b. Normalized 

electric conductivity in Pz2 through time.  The background conductivity of the ground water in 

Pz2 was 529 μS cm
-1

 at 8.6 
o
C.  The occurrence times of the 5 snapshots for the self-potential 

maps are shown in the figure (snapshot #0 is taken prior the brine injection and corresponds 

therefore to the reference).   
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Figure 4.17. Self-potential profiles P1* to P3* for the salt tracer test. The passage of the salt is 

expected to generate more positive self-potential signals over time. The areas in grey (Paths 1, 

and 3) correspond to the areas where such behavior occurs and therefore showing the position of 

the three preferential flow paths. Note that for Profiles P1* and P2*, the change occurs at the 

self-potential minima along the profiles. These minima are usually associated with preferential 

flow pathways (see Ikard et al., 2011). The maximum self-potential change in Profile P3* is 

close to the area of seepage.  
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5.0. Abstract 

 An experiment is performed in the laboratory to non-invasively localize a preferential 

flow path in a heterogeneous sand tank using a non-conservative heat tracer and time-lapse self-

potential measurements.  A total self-potential anomaly is observed at the surface of a sand tank 

after  a slug of boiling water is injected into a reservoir that is connected to the upstream end of a 

steady-state flow field.  The total anomaly is a combination of a component anomaly due to 

increased pressure head in the reservoir, and a component anomaly produced by the temperature 

of the boiling slug.  The pressure and temperature components of the total anomaly are separated 

by performing a second injection consisting of an equal volume, and injected at an equal rate, 

with a temperature that is equal to the ambient temperature of the water in the sand tank.  This 

produces the pressure component of the total self-potential anomaly.  Differencing the total and 

pressure-component anomalies gives the self-potential anomaly produced by the temperature of 
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the boiling slug injection.  The heat front added by the boiling tracer injection is observed 

migrating in the preferential channel in real-time from the surface, and the self-potential anomaly 

is used to estimate the flow velocity of the ground water.  The velocity of the ground water in the 

channel that was estimated from the self-potential anomaly produced by the increased 

temperature was 67% less than the true ground water velocity that was determined with a dye 

tracer.  The discrepancy between the estimated and true ground water velocities is a reflection of 

the non-conservative nature of the heat in the channel.   

 

5.1 Introduction 

 The self-potential method is a passive geophysical method that is sensitive to flow of 

water in a porous medium.  The sensitivity of the method arises from charge imbalance in the 

electrical double layer (EDL) at the pore walls.  Electric disturbances in the EDL due to this 

imbalance can be measured passively from the surface and used to delineate ground water flow 

patterns.  Electrical disturbances due to charge imbalance can be triggered in preferential flow 

paths by injecting conductive tracers into the medium.   

 A flow field in a porous medium is coupled to an associated electric field through the 

Darcy flow velocity and the excess of ionic charge that accumulates in the diffuse layer of the 

EDL (Revil et al, 1999; Revil and Leroy, 2001).  Flowing ground water drags the excess electric 

charge through the pore space in the direction of flow and produces a streaming current density 

as (typically) positive charges in the mobile layer of the EDL are separated from the oppositely 

charged walls of the pore space.  The streaming current density, when superimposed upon the 

counterbalancing conduction current density,  results in a net current density that produces the 

electrical disturbance and a potential field.  The counterbalancing conduction current density is a 
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function of the bulk conductivity of the flow medium, which must either be known through 

direct measurement or estimated using Archie's law (Archie, 1942).  When the conductivity 

distribution is known, self-potential can be measured in time-lapse with monitoring systems 

(either wireless or wired) to reduce noise in the measured data and increase the spatial resolution 

of the results.   

 Because of its direct sensitivity to the flow of ground water, rather than simply the 

presence of ground water, the self-potential method has been used extensively in engineering 

problems related to ground water and subsurface heat flow, such as the study and delineation of 

geothermal reservoirs (Dorfman et al, 1977; Corwin and Hoover, 1979; Apsotolopoulos et al 

1997; Revil et al, 1999b; Jardani et al, 2008; Legaz et al, 2009; Richards et al, 2010; 

Vandemeulebrouck et al, 2010), studies of redox potentials and migration of contaminant plumes 

(Kemna et al, 2002; Naudet et al, 2003; Naudet et al, 2004; Maineult et al, 2005; Maineult et al, 

2006; Arora et al, 2007), delineation of local and regional-scale groundwater flow patterns, 

hydraulic characterization of the subsurface (Revil et al, 2002; Darnet et al, 2003; Jardani et al, 

2006; Bolève et al, 2007; Jardani et al, 2007a,b; Linde et al, 2007; Jardani et al, 2008; Revil et al, 

2008;  Jardani et al, 2009; Malama et al, 2009a,b; Revil and Jardani, 2010; Bolève et al, 2012), 

detection of seepage in landfill liners and earthen dams (Gex 1980; Butler et al, 1989; Bulter et 

al, 1990; Al-Saigh et al, 1994; Birch, 1998; Panthulu et al, 2001; Sheffer and Howie, 2001; 

Sheffer and Howie, 2003; Song et al, 2005; Rozycki, 2006; Bolève et al, 2009; Minsley et al, 

2010; Moore et al, 2011, Bolève et al, 2011), and more recently, the extension of these and 

similar engineering applications of self-potential to time-lapse monitoring applications (Suskie et 

al 2006; Martinéz-Pagan et al, 2010; Bolève et al, 2011; Ikard et al, 2012, and additional references 
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contained in chapters of this thesis) that may or may not employ the use of tracers to delineate 

ground water flow patterns and quantify hydraulic variables.   

 In this paper we extend the time-lapse monitoring applications of the self-potential 

method to include the localization of preferential flow channels with the convection of heat 

tracers.  In section 5.2 we present a laboratory experiment that was performed to localize a 

preferential flow channel in a sand tank and determine the flow velocity with a slug injection of 

boiling water.  We discuss the experimental results in section 5.3, and we offer conclusions and 

recommendations in section 5.4. 

 

5.2 Laboratory Investigation 

 The goal of this experiment was to determine if, by measuring the fluctuations of the 

electrical field at the top surface of a sand tank, we could non-intrusively visualize a preferential 

flow pathway, and retrieve the flow velocity using the convective transport of heat. The effect of 

heat convection on the time-lapse self-potential response was observed at the surface of the sand 

tank by performing two slug injections into a steady-state flow field.  Each slug was equal in 

volume and injected at an equal rate, although the temperature was varied for each injection.  

The first slug (injection 1 - boiling) consisted of boiling water, and after injection produced a 

total self-potential anomaly that was a combined effect of increased pressure head due to the slug 

volume and increased temperature.  The temperature of the second slug (injection 2 - ambient) 

was equal to the ambient temperature of the water flowing through the tank, and therefore 

produced a self-potential response that was independent of temperature.  The resultant anomaly 

was solely a result of  the increased pressure head in the upstream reservoir  
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5.2.1 Material and Methods 

 We employed an experimental setup that is nearly identical to the one described by Ikard 

et al (2012).  The tank is shown in Figure 5.1a.  It was 0.9 m wide and 1.2 m long, and consisted 

of two rectangular reservoirs separated by a 0.99 m long sand body.  Each reservoir was 51.1 cm 

wide and 11.1 cm long, and separated from the sand body by a membrane made of permeable 

plastic with a square cell size of 100 μm.  Each reservoir was instrumented with an Aquistar 

CT2X submersible SmartSensor to measure temperature (accuracy and resolution equal to +/- 

0.2
o
C and 0.1

o
C, respectively), and pressure head (accuracy and resolution equal to 0.05% and 

0.0034% of the measured value, respectively) through time at a frequency of 1 Hz.  The sand 

body was composed of two different sand units with contrasting permeability.  A central 12.7 cm 

(5 in) wide high permeability channel of #8 coarse sand was flanked on both sides by 15.2 cm (6 

in) wide low permeability # 70 fine-sand units (Figure 5.1b).  The material properties of the two 

sands are described in Table 5.1.  The sand was emplaced in the tank by first filling the tank with 

#70 sand to a depth of 39.4 cm (15.5 in), and then excavating a rectangular channel to serve as a 

preferential flow pathway.  The #70 sand was added in uniform, submerged layers to a standing 

water column.  Each newly added layer was sprinkled over the surface of the standing water and 

allowed to settle out of suspension before it was combed and tamped to remove cavities and air 

bubbles and mix uniformly with the underlying sand. The tank then was drained and the 

preferential flow channel was excavated from the partially saturated fine sand.  The rectangular 

geometry of the excavated channel was maintained during the excavation by stabilizing the side-

walls with cardboard and incrementally backfilling the channel with dry layers of the coarse 

sand.  Each newly added layer of coarse sand was combed and tamped and uniformly mixed with 

the  underlying coarse sand.  The cardboard walls were removed incrementally during backfilling 
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to allow the coarse sand to make contact with and stabilize the fine sand walls, and to fill in the 

preferential flow channel.  This process helped to ensure a fairly precise rectangular channel 

geometry.  The entire sand body was then re-saturated and drained again to allow each individual 

sand unit to settle and to stabilize the contact boundary between the coarse channel and the 

flanking fine sand units.  

 The hydraulic conditions during the experiment are summarized in Table 5.2.  Water was 

circulated through the sand by maintaining constant inflow and outflow rates in the upstream and 

downstream reservoirs, respectively, with a series of hoses and valves.  A constant hydraulic 

head difference was maintained between the reservoirs during both injections, and the mean 

hydraulic gradient was consistent for both slug injections.  The time-lapse hydraulic gradient in 

the tank was measured and is shown in Figure 5.2 for both slug injections.  Figure 5.2a compares 

the hydraulic gradient through time following each injection, and Figure 5.2b compares the rate 

of change of the hydraulic gradient for each experiment.  The sudden increase of the hydraulic 

gradient due to the hydraulic disturbance of the slug injection occurs at t = 0 s.  After both 

injections the hydraulic gradient stabilized at approximately t = 600 s.  The mean hydraulic 

gradient was 0.138 following the first slug injection, and 0.137 following the second injection.  

During each injection, a volume of 2.15 L of water was poured into the upstream reservoir at a 

rate of 0.215 L s
-1

, and the slug volume increased the hydraulic head in the upstream reservoir by 

approximately 3.7 cm.  For a hydraulic conductivity K = 1.52x10
-2

 m s
-1

 for the coarse sand 

(Table 5.1), the mean Darcy velocity was computed from the mean hydraulic gradient 

corresponding to both injections as u = 2.1x10
-3

 m s
-1

.  The mean linear velocity of the flowing 

water in the coarse sand channel is given by  v = u ϕ
-1

, where ϕ is the porosity, which yields v = 

8.4 x 10
-3

 m s
-1

.  The residence time is given by /L v  , and was approximately  118 seconds in 
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the coarse sand channel for L = 0.99 m.  A similar calculation for the fine sand yields a Darcy 

velocity u = 1.93 x 10
-5

 m/s, a linear velocity v = 4.89 x 10
-5

 m s
-1

, and a corresponding residence 

time of 14.1 d in the fine sand.  Following the second slug injection we introduced a red food dye 

into the upstream reservoir to independently assess the residence time.  The observed time for the 

breakthrough of the dye in the downstream reservoir was 175 seconds, corresponding to a 

velocity of v = 5.66 x 10
-3

 m s
-1

.  The residence time in the fine sand was not observed with the 

dye due to the low permeability of the fine sand.    

 Measurements of electric potential were recorded at the surface of the sand over for a 

duration of 1,500 s (25 min) using the electrode grid shown in Figure 5.1c.  Each slug was 

injected into the flow field at t = 0 seconds, after 120 s of background potential data were 

recorded.  Voltages were recorded with the BioSemi EEG system using 30 sintered Ag-AgCl 

electrodes with integrated amplifiers (Figure5.1d).  The electrodes provided low noise, low offset 

voltages, and stable DC performances.  Specifications of the BioSemi EEG system can be found 

in Crespy et al. (2008) and Haas and Revil (2009) for laboratory applications (see also 

http://www.biosemi.com/).  During the experiment the electrodes were not in contact with the 

phreatic surface, which was approximately 2 cm below the surface at the upstream reservoir and 

increased in depth in a downstream direction.  All electrical potentials were measured relative to 

a reference electrode denoted "REF" (see position in Figure 5.1c) at a frequency of 128 Hz.  The 

data were processed prior to producing the time-lapse maps of the surface potential.  A gain 

factor of 31.25 was removed from each electrode data stream, and the data were decimated by a 

factor of 10.  During the decimation process an 8th order Chebyshev type 1 low-pass filter was 

applied to the data with a cutoff frequency of 0.8 (fs/2)/10 = 5.12 Hz, where fs is the original 

sampling frequency of the signals. The data were filtered in the forward and reverse directions to 
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eliminate all phase distortions.  The smoothed signal was then re-sampled at a lower rate equal to 

fs /10 = 12.8 Hz.  The 120 s of background data were used to compute and remove a linear drift 

from each electrode data stream.  The processed, time-lapse potentials for selected electrodes are 

shown in Figure 5.3 for both slug injections.  The time-lapse records corresponding to electrodes 

over the channel are shown in Figure 5.4 for injection 1 (Figure 5.4a) containing boiling water, 

as well as for the temperature anomaly (Figure 5.4b) produced by subtracting data from injection 

2 from the data of injection 1.    

 After the data were processed, the time-lapse self-potential maps were produced at a 60 s 

interval over a total duration of 1,500 s (see Figures 5.6 - 5.8).  Each map displays the 

distribution of electric potential at the surface of the tank, and corresponds to the indicated time 

after the slug injection.  The maps were referenced in time to the surface distribution recorded at 

t = 0 s, and contoured in Surfer using a kriging approach based on an anisotropic semi-

variogram, with an anisotropy ratio of 3.0 in the direction of the coarse channel.  The experiment 

was repeated three times and the results were found to be reproducible to within 1 mV.    

 

5.3 Results and Discussion 

The effect of the heat content contained in the boiling slug is evident in the total anomaly 

(see Figure 5.6) and decreases the electric potential over the channel through time.  The electric 

potential reaches a minimum of-19.4 mV over the channel following the injection of the boiling 

slug.  The heat front can be seen moving through the channel by the sudden decreases in the 

time-lapse data in electrodes 10, 16 and 22 (see Figure 5.3 and 5.4).  This provides an estimate of 

the velocity of the heat front, which can be compared with the true velocity of the heat front 

obtained by the reservoir temperature records shown in Figure 5.5.  In Figure 5.4, the affect of 



174 
 

the heat front on the time-lapse electric potential is observed in electrodes 10 (at x = 27.3 cm), 16 

(at x = 46.4 cm), and 22 (at x = 65.4 cm), at the times t ~ 140s, t ~ 220 s, and t~ 390 s, 

respectively.  This corresponds to an approximate velocity of 1.91 x 10
-3

 m s
-1

 between the 

upstream reservoir and electrode 22.  The heat velocity inferred from Figure 5.4 is 67% less than 

the ground water velocity in the preferential channel that was determined with the dye tracer.  

The reduced velocity of the heat front is likely an effect of conduction of the heat into the 

surrounding pore fluids and sand.  The true velocity of the heat front is given by the temperature 

breakthrough curve in the downstream reservoir, shown in Figure 5.5.  Figure 5.5 shows the 

measured change in temperature in each reservoir from the background temperature, following 

the injection of the boiling slug (injection 1).  The heat breakthrough in the downstream reservoir 

occurs at approximately t 660 s, corresponding to a true velocity of the heat front of 1.5 x 10
-3

 m 

s
-1

,which is in agreement with the heat velocity determined from electric potential data in Figure 

5.4.  

Electrodes 4 and 28 over the preferential channel show increasingly positive electric 

potentials in time-lapse, due to their locations in the tank relative to the injection point at the 

upstream reservoir.  The electrodes in the first column of the electrode grid experience a larger 

effect due to the increased pressure head in the adjacent reservoir, which  is shown to result in 

increasingly more positive anomalies over the channel in time-lapse.  In these electrodes the 

pressure head component of the total anomaly outweighs the tendency for the heat to reduce the 

electric potential.  However, the reducing effect of the heat on the electric potential is still 

present at these electrodes when the pressure head component is removed (see Figures 5.3, 5.4 

and 5.8). 
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The reducing effect of the heat on the time-lapse electric potential over the channel is 

shown by the surface electric potential maps (Figure 5.6-5.8).  Following the injection of the 

boiling slug, the anomaly over the channel is initially positive at t =120 s, due to the relative 

influence of increase pressure head in the upstream reservoir.  The first appearance of a negative 

anomaly is observed in the channel at t = 300 s, and exceeds -2 mV in amplitude.  The negative 

anomaly in the channel continues to grow in length and amplitude, until the positive anomaly 

due to pressure head has completely dissipated and reversed polarity between t = 900 s and t 

=1080 s.  The preferential channel is then localized by an elongated, negative electric potential 

anomaly that reaches a minimum of -19.4 mV over the channel.  Because this is the total 

anomaly, and therefore includes a positive component anomaly that is due to pressure head, the 

resulting component anomaly due to the heat is significantly more negative over the channel, 

than is shown in Figure 5.6. 

Injection 2 (ambient) resulted in a growing, positive self-potential anomaly over the 

channel (see Figure 5.7), with a maximum potential greater than 18 mV.  Due to the equal 

volume and equal injection rate, and the similar increase in static head in the upstream reservoir 

between injection 1 and injection 2, we assume that the pressure component of the total anomaly 

is similar in magnitude and growth to the pressure component anomaly that we observed 

following injection 2.  We therefore determine the anomaly due to the increased heat by 

removing the pressure effect that we observed in injection 2 from the total anomaly that we 

observed from injection 1.  This anomaly is shown in Figure 5.8 and appears to grow positive at 

a slower rate than the temperature-related anomaly grows more negative.   

The net effect of increasing the temperature in the channel is a decrease in the time-lapse 

electric potential recorded over the channel. This decrease is observed in all channel electrodes 
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downstream of the first column of the electrode grid (see Figure 5.3 and Figure 5.4b).  The first 

column of electrodes in the electrode grid initially show positive electric potentials, due to a 

greater influence of increased pressure head in the adjacent reservoir.  A negative anomaly is 

first observed over the channel between the snapshots at t = 120 s and t = 300 s.  The amplitude 

of the self-potential anomaly associated with the increased heat continues to grow more negative 

and exceeds – 26 mV over the preferential channel at its peak.   

 

5.4 Conclusions 

In the laboratory, we injected a slug of boiling water upstream of a preferential channel 

and measured the electric potential at the surface over the channel and flanking units of fine 

sand.  We observed a total electric potential anomaly that was a combined result of increased 

pressure head in the flow field due to the volume of the injected slug, and increased heat due to 

the temperature of the boiling slug. The sign and magnitude of the total anomaly is observed to 

depend on the relative contribution of temperature and pressure-head effects, which are observed 

to have an opposite effect on the polarity of the total anomaly.   

The temperature effect was extracted from the total anomaly by performing a second 

injection, injected at an equivalent rate and containing an equal volume, with a temperature that 

differed from the first injection and was equal to the ambient temperature of the water in the 

tank.  The time-lapse anomaly that was produced by the ambient-temperature slug was observed 

to grow more positive in polarity over the channel due to the effect of pressure head, which was 

increased by the slug volume.  This anomaly reached a peak value of 16.3 mV.   

The difference between the total anomaly and the component anomaly due to pressure 

head produced the temperature-related electric potential anomaly at the surface of the tank.  
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Opposite the pressure effect, the effect of injecting heat into the upstream reservoir reduced the 

electric potential over the channel, and the net result was a growing negative self-potential 

anomaly in time-lapse that achieved a minimum value less than -24 mV.  The negative anomaly 

due to temperature appeared to grow more negative at a faster rate than the positive anomaly due 

to pressure grew positive. 

The heat migration was observed in time-lapse electric potential data, which yielded 

estimates of the heat front velocity that were in good agreement with the true heat front velocity 

that we determined with temperature measurements reservoirs.  However, the heat velocity 

estimated with electric potential data was 67% less than the ground water velocity in the channel 

that we observed with a dye tracer.  By comparison, the true heat front velocity that we estimated 

with temperature measurements in the reservoir was 74% less than the ground water velocity in 

the channel.  It appears as if this method of employing a heat tracer may produce inaccurate 

estimates of flow velocity in preferential flow channels due to the non-conservative nature of the 

heat tracer, but it does appear to be capable of accurately localizing preferential channels at the 

lab scale under well controlled flow conditions.  Future work will include developing a 

comprehensive theory underlying the experiment, numerically modeling the self-potential data 

observed during the experimental slug injections, and applying this method at an ideal field site, 

such as the dam described in Chapter Six. 
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5.6 Tables 

Table 5.1. Properties of the two sands used in the experiment. 

Properties Coarse sand 

(Channel, #08) 

Fine sand 

(Banks, #70) 

Mean grain diameter d50 (m) (1) 

Porosity ϕ (-) (1) 

Formation factor F (-) 

Hydraulic conductivity K (m s
-1

) (1) 

Permeability k (m
2
) 

Charge density VQ  (C m
-3

) (2) 

Conductivity σ (S m
-1

)  (3) 

1.51x10
-3

 

0.398 

3.63 

1.52x10
-2

 

1.98x10
-9

 

8.10x10
-3

 

1.35x10
-2

 

2.00x10
-4

 

0.396 

3.66 

1.41x10
-4

 

1.61x10
-11

 

0.4172 

1.34x10
-2

 

 

(1) From Sakaki and Illangasekare (2007) and Sakaki (2009).  

(2) Using log10 VQ = -9.23 -0.82 log10 k (Revil and Jardani, 2010) 

(3) Using σ = σf / F with σf  = (4.9±0.2) x 10
-2

 S m
-1

 at 25°C. 
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Table 5.2. Summary of hydraulic conditions during each slug injection 

Properties Slug Injection # 1 

 

Slug Injection # 

2  

 

Slug Volume (L) 

Injection Rate (L s
-1

) 

Mean upstream hydraulic head (cm) 

Mean downstream hydraulic head (cm) 

Mean hydraulic gradient  ( - ) 

Mean Darcy velocity (m s
-1

) 

Dye tracer velocity (m s
-1

) 

Heat velocity (m s
-1

) (From Figure 5.4) 

True Heat velocity (m s
-1

) (from Figure 5.5) 

Max upstream temperature change (
o
C) 

Max downstream temperature change (
o
C) 

Minimum electric potential in channel (mV) 

Maximum electric potential (mV) 

2.15 

0.215 

33.86 

15.37 

0.138 

2.13x10
-3

 

5.66x10
-3. 

1.9x10
-3

 

1.5x10
-3

 

3.6 

2.3 

-19.4 

9.8 

2.15 

0.215 

32.87 

20.20 

0.137 

2.13x10
-3

 

5.66x10
-3 

1.9x10
-3

 

1.5x10
-3

 

0.5  

0 

-5.3 

18.4 
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5.7 Figures 

 

Figure 5.1.  Illustration of the experimental setup.  Electric potential was monitored in time-

lapse at the surface after two injections were introduced into the upstream reservoir.  a) Photo of 

the experimental sand tank with BioSemi EEG measurement system and reservoir logger 

instrumentation.  b) Photo of the sand body showing the coarse #8 sand of the preferential flow 

channel, between the flanking #70 fine sand units.  Also shown are the potential electrodes of the 

first two columns in the electrode grid.  The positions of electrodes 4 and 11 are indicated.  c) 

Surface view of the electrode layout showing positions of individual electrodes and the coarse 

channel.  d) Photo of the miniature Ag-AgCl electrodes used to acquire surface potential data.   
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Figure 5.2.  Comparison of hydraulic gradient in the tank for tracer injection 1 (boiling) and 

injection 2 (ambient). a. Hydraulic gradient vs. time for each injection.  b. Time rate of change of 

hydraulic gradient for each injection.  This figure shows that the hydraulic disturbance produced 

by each injection is comparable in time, and changes back to equilibrium in a consistent fashion 

through time.  During each experiment the tracer slug was introduced into the upstream reservoir 

at t = 0 s, following the measurement of 120 s of background data.  The mean hydraulic gradient 

corresponding to injection 1 and 2 was 0.138 and 0.137, respectively.  The effect of the slug 

injection on the hydraulic gradient is shown between t = 0 s and t =600 s, and the hydraulic 

gradient is relatively steady between t = 600 s and t = 1,500 s. 
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Figure 5.3.  Processed data for selected electrodes.  During both experiments the slug was 

injected at time t = 0 s, after collecting 120 s of background data.   The blue curve shows the 

potential decrease due to heat, and is the difference of the boiling injection (black) and ambient 

injection (red) curves.  a. Electrode 11 at the border of the coarse channel and fine sand unit.  

Electrode 11 shows little variability from one injection to the next, indicating consistent 

experimental conditions, yet still shows some influence due to the presence of the heat tracer.  b. 

Electrode 10 in the coarse channel.  c. Electrode 22 in the coarse channel.  d. Electrode 28 in the 

coarse channel adjacent to the downstream reservoir.   
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Figure 5.4.  Time-lapse record of electric potential in coarse channel electrodes. These data 

show the total anomaly in the coarse channel, which consists of pressure and temperature 

components.  a. Potential following injection 1 (boiling water).  The effect of increased 

temperature is apparent in electrodes 10, 16 and 22, by the sudden decrease in potential at 

approximate times t = 140 s, t = 220 s and t = 390 s, respectively.  This observed effect in time 

yields an estimated mean velocity of the heat front in the channel as 1.91 x 10
-3

 m s
-1

, which is 

reduced from the velocity of the pore water determined with a dye tracer by 67%. b. Difference 

potential between injection 1 (boiling) and injection 2 (ambient), showing the anomaly due to 

heat migration.  The reducing effect of the heat in the channel can be seen on all electrodes when 

the potential observed following the ambient temperature injection is removed from the total 

anomaly.   
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Figure 5.5.  Time-lapse temperature record in upstream and downstream reservoirs after 

injection 1 (boiling).  The boiling slug volume was 2.15 L.  The mean volume of the upstream 

reservoir was 19.7 L during the experiment, and the temperature in the upstream reservoir was 

increased by 3.6 
o
C.  The mean volume of the downstream reservoir was 8.9 L, and the 

temperature of the downstream reservoir was increased by 2.3 
o
C after the slug breakthrough in 

the reservoir.  The slug breakthrough in the downstream reservoir occurred at t = 668 s, 

corresponding to a true heat front velocity of 1.5 x 10
-3

 m s
-1

 for the heat front in the coarse 

channel. 
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Figure 5.6.  Time-lapse surface maps of electric potential showing the growth of the total anomaly following injection 1.  The total 

anomaly is a combined effect of an anomaly due to increased pressure head and an anomaly due to increased heat content, and these 

have opposite effects on the polarity of the self-potential anomaly.  The sign and magnitude of the total anomaly are therefore 

dependent on the relative influences of pressure head and heat content, and may potentially be zero. 
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Figure 5.7.  Time-lapse surface maps of electric potential following the injection of the ambient-temperature slug during injection 2.  

The maps show the growth of the pressure component anomaly.  The component anomaly due to pressure head is strictly positive, and 

it localizes the channel, and the magnitude of the anomaly due to pressure head exceeds 18 mV in the channel during the experiment.      
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Figure 5.8.  Time-lapse surface maps of electric potential showing the growth of the temperature component of the total anomaly due 

to the increased heat content injected in the boiling slug during injection 1.  This component of the total anomaly is determined by 

subtracting the component anomaly due to pressure head from the total anomaly, which is a combined effect of pressure and 

temperature effects.  The component anomaly due to increased heat reduces the magnitude of the self-potential signals observed in 

time-lapse, and localizes and encompasses a majority of the channel.  The minimum value of the anomaly that is observed over the 

channel is less than -24 mV.   
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6.0. Abstract. 

 A hydrogeophysical survey is performed at small earthen dam that overlies a confined 

aquifer in the Rocky Mountain foothills of Golden, Colorado.  The structure of the dam has not 

shown evidence of anomalous seepage internally or through the foundation prior to the survey. 

However, the surface topography is mounded in a localized zone 150 m downstream, and ground 

water discharges from this zone periodically when the reservoir storage is maximum.  We use 

self-potential and electrical resistivity tomography surveys, combined with seismic refraction 

tomography to 1) investigate the hydraulic connection between the reservoir and the downstream 

seepage zone to determine whether there exists a potential for piping to undermined the long-

term successful performance of the dam, and 2) determine what underlying hydrogeologic 

factors, if any, have contributed to the successful long-term performance of the dam (greater than 

100 years) without developing any apparent indicators of anomalous seepage through its core 
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and foundation.  Geophysical data are informed by hydraulic and granulometric borehole data, 

and seismic refraction tomography is performed to determine the geometry of the phreatic 

surface.  The hydrostratigraphy is mapped with electric resistivity tomography, and ground water 

flow patterns are determined with self-potential data.  A 2D numerical model is constructed to 

represent a perpendicular profile extending out from the maximum cross-section of the dam, and 

self-potential data are inverted to recover the ground water velocity field.  The confined aquifer 

provides a preferential flow pathway beneath the dam, and the ground water flow pattern through 

the aquifer is controlled by the bedrock topography. 

 

6.1. Introduction 

 Earthen dams are susceptible to anomalous seepage through their cores and foundations.  

Seepage is a catalyst for suffusion and piping and is therefore a primary cause for the 

malfunction and failure of earthen dam failures (Foster et al., 2000; Foster et al., 2002; 

Bendahmane et al., 2008; Wan and Fell, 2008). Failure may occur upon the first filling of a 

reservoir or after many years of undetected seepage (Fell et al., 2003; Wan and Fell, 2004). 

Geotechnical and geophysical studies are typically performed after seepage indicators manifest 

at the ground surface (Ogilvy, 1969; Corwin, 1985; Butler et al.,1989, 1990; Alsaigh et al., 1994; 

Naser, 1994; Titov et al., 2000; Panthulu et al., 2001; Rozycki et al., 2006; Weller et al., 2006; 

Cho and Yoem, 2007; Sjodahl et al., 2008; Bolève et al., 2007a, 2009, 2011, 2012; Jardani et al. 

2006, 2007a, b, 2009; Minsley et al., 2011; Moore et al., 2011), at which time the internal 

erosion process is in the progression phase – the preceding failure (Fell et al., 2003).  Recently, 

researchers have shown the improved capabilities of geo-electric monitoring, with and without 

the injection of conductive tracers, to localize preferential flow paths and detect anomalous 
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seepage and its evolution in earthen dams prior to the progression phase (Titov et a., 2000; 

Kemna et al., 2002; Revil and Jardani, 2010; Ikard et al., 2012; Robert et al., 2012).   

Our primary goal in this study is to investigate the hydraulic connection between the 

impounded reservoir and a downstream seepage discharge zone at our field site.  We seek to 

determine if there is a hydraulic connection between the reservoir and the seepage zone, and if 

so, whether there exists a possibility for piping through the subsurface back into the reservoir.  

This zone discharges ground water episodically and local residents have indicated that discharge 

episodes appear to be correlated to the storage in the reservoir.  As a secondary goal, we are 

looking for a plausible explanation for why the dam has shown such a long record of successful 

performance (greater than 100 years) without developing anomalous seepage through its core or 

foundation.  There seems to be very few geophysical studies of non-seeping dams.  Perhaps such 

studies seem unnecessary if there are no indicators of anomalous seepage to contrast the 

"normal" flow regime.  However, we feel that it may be insightful to investigate a dam that is 

apparently not seeping, for the specific factors and hydraulic conditions that may exist and 

contribute to the overall long-term successful performance of the dam. 

 To answer these questions, we combine three methods that are commonly used for 

ground water studies, but that are each sensitive fundamentally to different properties of the 

subsurface: 1) 2D seismic refraction tomography of the P-wave velocity structure, 2) self-

potential (SP) mapping, and 3) Electrical Resistivity Tomography (ERT).  The seismic method 

shows the position of the water table, the self-potential method is directly sensitive to the flow of 

ground water and ERT provides a way to determine the hydrostratigraphy of the subsurface.  Our 

interpretation of these geophysical data is informed by additional hydraulic and geotechnical data 

that have been measured in piezometers and boreholes in the dam cross-section and foundation.   
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6.2. Description of the Test Site 

 The field site (Figures 6.1 and 6.2) is a homogeneous earth-fill dam located at the base of 

the Rocky Mountain foothills in Jefferson County, Colorado, in the city of Golden.  The 

topography of the field site is shown in Figure 6.1a, and photos of the dam crest from the right 

(south) abutment, and the maximum cross-section of the dam are shown in Figures 6.1b and 6.1c.  

The topographic gradient within the survey area is mild and points towards the east at the center 

of the dam crest.  The topographic variability in an N-S direction along the strike of survey 

profiles P1-P6 is minor.   

The dam is 3.7 m wide at the crest and 427 m long, and is composed of homogenous 

earth fill directly borrowed from on-site materials excavated from the reservoir basin (Denver 

Water, 1988).  It is 4 m tall at the maximum cross-section and the hydraulic height is 3.7 m.   

The upstream and downstream slopes have a 2.5:1 grade.  A 1:3,600 aerial photograph of the 

survey grid and the reservoir geometry is given in Figure 6.2.  The dam is positioned between the 

crest and toe access roads (Figure 6.2).  The impounded reservoir stores a maximum of 3.60 x 

10
5
 m

3
 of water at the high maximum pool elevation of 1,800.4 m.  The normal storage elevation 

of the reservoir is 1,800.1 m.  At this elevation the reservoir surface area is 1.1 x 10
5
 m

2
 and the 

storage capacity is 2.5 x 10
5
 m

3
. 

 

6.2.1. Geology and Geotechnical Properties 

 The reservoir lies entirely within the upper portion of the Laramie formation, although 

the west and southwest reservoir rims are faulted against the Pierre shale formation along the 

Golden Fault (Denver Water, 1988).  Bedding planes in the vicinity of the dam strike 
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predominantly north and dip steeply to the east.  The bedding is overturned and dipping steeply 

to the west at the north end of the reservoir.   

 The engineering design records for the dam describe the site as a four layer system 

composed from top to bottom of (1) a maximum of 4 m of embankment fill compacted to 94% of 

the maximum standard Proctor dry density, (2) a layer of sandy to very sandy “natural” 

unconsolidated clay that is 0.6 m to 2.3 m thick, (3) a layer of silty/clayey sandy-gravel that is 

1.4 m to 2.7 m thick, and (4) the impermeable claystone bedrock of the Laramie formation 

(bedrock) (Denver Water, 1988).  Bedrock has been encountered beneath the dam crest in 

exploratory holes at shallow depths varying between 4.0 m and 6.9 m.  The permeability of the 

clayey-gravel layer above the bedrock is reported to be three orders of magnitude greater than 

that for the bedrock, and one order of magnitude greater than the permeability of the overlying 

unconsolidated natural clay sediments.  The clayey-gravel layer is therefore an aquifer that is 

confined by the overlying and underlying impermeable horizons, and that has been partially to 

completely exposed in the reservoir basin during construction of the reservoir and dam.   

Grain size distributions from samples collected in three exploratory boreholes were 

provided by the dam owners. These data are used later to parameterize the flow equation during 

forward and inverse modeling (see Section 6.5).  The boreholes were completed at the left 

abutment, the center of the dam crest, and at the right abutment.  Samples were available from 

depths between 0.6 m and 5.5 m, and represented all of the layer horizons above the 

impermeable bedrock.  The data were converted into mass fraction percentages by employing a 

standardized grain scale.  The converted mass percentages of the coarse and fine fractions are 

shown in Figure 6.3 and confirm each hydrostratigraphic unit above the bedrock.  We assume 

that the embankment and natural clay horizons have similar grain size distributions since the 
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embankment was constructed from the natural clay materials that were excavated from the 

reservoir basin.  The unconsolidated natural clay horizon is therefore represented by the grain 

size distributions that correspond to depths less than 3.0 m that have a much greater fines 

fraction than samples from greater depths.  The mean coarse fraction (sand plus gravel) of these 

samples is about 32±10%, and the mean fines fraction (clay plus silt) is about 68±10%.  The 

samples collected at depths greater than 3.0 m represent the clayey-gravel aquifer and have 

significantly increased coarse fraction.  The mean coarse fraction of these samples is about 

82±10% by mass.  We used hydrometer analyses of samples collected between 1.8 m and 3.0 m 

to determine the percentage of silt and clay present in the fines fractions shown in Figure 6.3.  

The resulting mass fraction gradation of the embankment and natural clay horizons consisted of 

0% gravel and organic matter, ~32% sand, ~24% silt, and ~44% clay.  The mass fraction 

gradation determined for the clayey gravel layer underlying the embankment and natural clay 

horizons is ~50% gravel, ~32% sand, and ~18% clay.  Soil-water retention parameters for a two 

parameter van Genuchten-Mualem model (van Genuchten, 1980; Mualem, 1986) were estimated 

from these data by entering the mass fraction distributions of each horizon into the Soil Plant Air 

Water (SPAW) database described by Saxton and Rawls (2006).  The resulting soil-water 

retention curves were fitted by iteratively adjusting the model parameters.  The Saxton and 

Rawls (2006) database also provided statistical estimates of bulk density and saturated hydraulic 

conductivity which were used to compute the porosity and intrinsic permeability for each 

horizon above the impermeable bedrock. The bulk densities compare well with the 94% of 

maximum dry density estimated earlier. The parameters of the bedrock (rich in smectite) were 

estimated by assuming a permeability that was three orders of magnitude less than the clayey-

gravel aquifer.  All of the geotechnical values described above are summarized in Table 6.1. 
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6.2.2. Anomalous seepage 

Anomalous seepage has not been observed or detected through the cross-section or 

foundation of the dam prior to the survey.  However, a localized zone of surface mounding is 

present between 150 m and 180 m downstream of the dam, with significantly greater soil 

moisture content than surrounding topography (see localization in Figure 6.2).  Furthermore, 

ground water discharge has been observed in this zone and discharge episodes are correlated 

with the reservoir storage.   

 

6.3. Hydrogeophysical Investigation 

 Our primary goal of the present investigation was to investigate the hydraulic connection 

between the impounded reservoir and the downstream seepage discharge zone, and to provide a 

plausible explanation for why the dam has shown a long record of successful performance 

without developing anomalous seepage through its core and foundation.  The P-wave velocities 

and electric conductivities increase in each successive hydrostratigraphic layer at depth, and the 

self-potential is directly sensitive to ground water flow, therefore these methods are ideal for 

such an investigation.  The survey layout for seismic, self-potential, and ERT profiles is shown 

in Figure 6.2.   

 

6.3.1. Seismic P-wave Tomography 

 Two 2D seismic profiles were collected with a 24 channel SeimicSource DAQ Link III 

using a 0.25 ms sample interval and twenty four vertical axis 4.5Hz center-frequency geophones.  

One profile was established along the dam center line perpendicular to the crest in-line with ERT 

profile P7 (Figure 6.2), and a second was established parallel to the crest at the dam toe between 
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ERT profiles P2 and P3.  Geophones were spaced 2 m along these profiles, and a seismic source 

was traversed every 4 m along the profiles and provided by dropping a 5.4 kg (12 lb) 

sledgehammer onto an aluminum plate from an elevation 1.5 m above the surface. Travel times 

of head waves refracted from the phreatic surface and from the aquifer-bedrock interface were 

observed at each station and inverted to recover the 2D distribution of P-wave velocity in the 

subsurface beneath each of the profiles.  

 The raw seismic data are shown in Figure 6.4a and 6.4c with the interpreted first arrivals 

indicated on these figures in red.  An interpretation of observed arrivals along seismic profile 1 is 

also included in Figure 6.4b.  The travel-time data were pre-processed prior to performing the 

inversion, as described below.  First arrival times of the P-wave wave energy in each shot gather 

were selected using the built-in module in the Vscope data acquisition software that was used 

during the acquisition. 2D travel-time tomography of the P-wave velocity distribution was 

performed with the SeisOPT2D software which employs a synthetic annealing algorithm in 

conjunction with a stochastic Monte-Carlo procedure to find a velocity model that yields a global 

minimum value of the root-mean-square error between the observed travel-time data and forward 

calculated velocity models. Velocity constraints were not applied to the model during the 

inversion procedure, however, the resultant modeled velocities are well within reasonable values 

for the present hydrogeological setting.  The inversion results of the two profiles are shown in 

Figures 6.5 and 6.6.   

 

6.3.2. Self-potential Data 

 A larger survey consisting of 2D ERT and self-potential profiles was completed at the 

field site between March and June, 2011.  The survey consisted of seven 2D profiles collected on 



201 
 

the dam crest, downstream slope, and the downstream topography.  Crest-parallel profiles P1-P6 

began south of the dam centerline and were terminated adjacent to the left (north) abutment.  

Profile P5 was measured at two different times during the survey and was offset by one 16 

takeout cable reel between each survey.  Crest-perpendicular profile P7 began at the reservoir 

surface contact on the upstream slope at the dam centerline, and extended 280 m out into the 

downstream topography.  The electrode spacing along all profiles was 5 m.  Profiles P1-P3 were 

offset horizontally in a downstream direction by 10 m, and profiles P4-P6 east of the access road 

were offset by 30 m.    

A total of 778 self-potential stations were measured at the field site at each DC electrode 

using two non-polarizing Pb-PbCl2 electrodes and a handheld Fluke 289 true RMS digital 

multimeter.  A reference electrode was buried in an excavated pit near the right abutment of the 

dam (see localization Figure 6.2) and assigned a potential of 0 Volt.   All measured self-potential 

data were adjusted to be relative to this reference electrode.  At each station, a shallow hole was 

excavated to expose soil moisture and reduce the contact resistance between the electrode and 

the ground.  The minimum and maximum contact resistances for the survey were 1 kΩ and 130 

kΩ, respectively, and the mean contact resistance for all stations was 20 kΩ, well below the 

internal impedance of the voltmeter (100 MΩ).  The potential difference between the reference 

and roving electrodes were measured before and after acquiring data along each 2D profile, and 

the electrode drift was computed and removed from each profile during processing.  Telluric 

currents were not monitored during the survey.  The electrical conductivity of the reservoir water 

was measured during the survey and was σf = 457 μS cm
-1

 (0.046 S m
-1

) at 25ºC. 
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6.3.3. Electrical Resistivity Data 

Resistivity data were collected using an ABEM Terrameter 4000 LUND imaging system 

with a Wenner-64 array protocol.  The measured resistances along each profile were used to 

produce 2D pseudo-sections of the apparent resistivity distribution beneath each profile.  Pseudo-

sections were inverted in 2D with RES2DINV using a finite-element approach (Loke and Barker, 

1996).  The topography has been taken into account in the inversion but is negligible in the 

parallel profiles.  The topography is accounted for in the inversion of the perpendicular profile 

and is included in the inverted results. 

    

6.4. Interpretation of the Geophysical Data 

 In this section we provide an interpretation of the seismic refraction tomography, electrical 

resistivity tomography, and self-potential data, in the context of the hydrostratigraphy in the subsurface 

beneath the dam, and the ground water flow patterns that can be discerned from the data.  Our 

interpretations are informed by grain size distribution data collected in boreholes at the north and south 

abutments, and the maximum cross-section of the dam, in addition to hydraulic data collected in 

observation wells and piezometers around the vicinity of the dam. 

 

6.4.1. Seismic P-wave Tomography 

 The inverted P-wave velocity models and the corresponding ray-path coverage are shown 

in Figures 6.5 and 6.6.  Warm colors (yellows and reds) indicate high velocity zones and dense 

ray-path coverage, while cool colors (greens and blues) represent low velocity zones and reduced 

ray-path coverage.  Due to dense source locations along each line, the ray-path coverage is 

relatively dense, and the inverted velocities are relatively well constrained within the model 

space.  Piezometer locations and the measured depths to the water table are shown on the figures 
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as well.  The position of the water table (black dashed line) has been interpolated between the 

piezometers and within the dam based on the mean water table depth (approximately 7 m on 

average from historical records in P1 and P2), a capillary fringe with height between 2 m and 3m 

above the upper boundary of the aquifer (approximated as the inverse of the air entry pressure 

head of the unconsolidated clays, given by the van Genuchten (1980) α parameter in Table 6.1) , 

and the inverted P-wave velocity distributions.  The water table depth decreases sharply in the 

dam in a downstream direction, corresponding to a reduction in hydraulic gradient through the 

dam and a flow condition that is in good agreement with the strong negative self-potential 

anomaly observed beneath the crest on profile P7 (Figures 6.7 and 6.8).  The velocity of the 

saturated clayey-gravel aquifer is much faster than that of the overlying unconsolidated natural 

clay sediments, and is in good agreement with typically assumed P-wave velocity ranges for 

saturated shales and clay sediments (1,100 to 2,500 m s
-1

).  The capillary fringe is resolved above 

the aquifer in the velocity range 600 to 1,100 m s
-1

.  The velocity distribution beneath the dam 

crest seems homogeneous in the embankment above the phreatic surface, and shows little to no 

lateral variations in the natural clay sediments below the water table.  The observed increase in 

P-wave velocity with depth is the result of increased saturation and decrease in porosity, from 

unconsolidated clays to more compact aquifer sediments into the compacted bedrock, and the 

depths of the sharp velocity interfaces observed in the tomograms are in good agreement with the 

depths of these layers interpreted from the grain size distributions and the ERT data (Figures 6.7 

and 6.8).  
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6.4.2. Self-potential and Electrical Resistivity Data 

 The 2D ERT data are shown in Figures 6.7 and 6.8.  Figures 6.7 and 6.8 show tomograms 

collected across the crest and perpendicular to the crest at the dam centerline, and the 

corresponding self-potential data along each profile.  The resistivity tomograms show each of the 

layers observed in the grain size and P-wave velocity distributions at depth, and show an 

increased thickness of the upper natural clay layer due to the presence of the embankment 

materials, which are assumed to be a slightly disturbed version of the natural clay horizon as 

explained above.  The subsurface electric conductivity increases with depth.  The embankment 

and unconsolidated natural clay layers have resistivities greater than 50 Ω m.  The highly 

conductive, impermeable, claystone bedrock aquitard is characterized by low resistivities (less 

than 10 Ω m).  The ERT data suggest that the aquitard surface is undulatory beneath the dam 

crest (see Figure 6.7) in a crest-parallel direction and approaches the surface downstream of the 

dam centerline along profile P7 (see Figure 6.8) perpendicular to the crest.   

A general methodology to interpret self-potential signals can be found in Richards et al. 

(2010) and details regarding the underlying physics can be obtained in Titov et al. (2000), Rizzo 

et al. (2004), and Revil et al. (2012). The self-potential data are sensitive to ground water flow in 

the subsurface, and the self-potential anomalies are therefore significantly spatially correlated 

with the bedrock surface topography that is observed in the 2D ERT profiles.  Self-potential data 

observed along the dam crest are predominantly negative with respect to the reference station 

and indicate a relatively strong component of ground water seepage oriented vertically 

downward beneath and through the dam cross-section (see Figures 6.9 and 6.10).  93% of the 315 

self-potential stations measured along the dam crest showed self-potential readings less than 0 

mV relative to the reference electrode.  In contrast, the self-potentials observed downstream of 
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the dam along profile P7 are primarily positive relative to the reference electrode, indicating that 

ground water flow is directed predominantly upward towards the surface.  97% of self-potential 

measurements along Profile P7 are greater than 0 mV relative to the reference, and the only 

negative self-potential anomaly observed along this profile corresponds to stations measured on 

the dam crest and downstream slope.  The increasing and decreasing trends in the self-potential 

data of profile P7 are spatially correlated with the bedrock peaks and troughs, respectively, 

which were observed in the ERT data.  Two positive self-potential anomalies are positioned over 

the two bedrock peaks in the observed seepage zone 150 m to 180 m downstream of the dam.  

For each of these peaks, the self-potential signal becomes more positive (in a downstream 

direction) on the upstream side indicating ground water is converging towards the surface on the 

upstream slope of the seepage zone, and then decreases (also in a downstream direction) on the 

downstream slope as the ground water is being channeled vertically downward to greater depths. 

Some of the ground water in this vicinity intersects the surface and results in the observed 

seepage at the ground surface, and a significant volume of the ground water in this zone is also 

bifurcated around these bedrock peaks, as indicated by the strong negative self-potential anomaly 

A8 (see Figure 6.9).   

The self-potential data are shown in 2D in Figures 6.9 and 6.10 and illustrate the high 

degree of correlation of positive and negative anomalies with peaks and troughs of the bedrock 

surface.  Negative anomalies are shown in shades of green and blue and are representative of 

zones of divergent ground water flow, and are therefore considered preferential flow paths.  They 

do not necessarily reflect vertical flow.  The negative anomalies tend to be positioned over 

bedrock troughs that create continuous preferential flow channels through the subsurface.  The 

most negative self-potential anomalies are shown along the dam crest (anomaly A1), and at the 
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south end of profile five (anomaly A8).  These negative anomalies are associated with flow 

through the bedrock trough beneath and parallel to the dam crest (anomaly A1), and the zone of 

ground water bifurcation around the bedrock mounds observed in profile P7 (anomaly A8).  

Additional negative, albeit lesser amplitude anomalies, are also observed downstream of the dam 

and provide an indication of preferential ground water flow channels through the aquifer that are 

formed by the bedrock troughs.  Anomaly A2 at the north abutment is a reflection of flow that is 

being channeled through a bedrock trough.  Anomalies A4, A5 and A6 reflect the same, and are 

interpreted to result from ground water flow through a continuous path that is formed by a 

bedrock trough and intersects the bedrock slope at the southern-most end of profile P5 that 

produces anomaly A8.   

The self-potential anomalies are predominantly positive downstream of the dam, and in 

contrast to the negative anomalies the positive anomalies indicate that much of the ground water 

flow beneath the dam is being channeled vertically in a direction towards the surface.  The trend 

of negative self-potential beneath the dam to predominantly positive self-potential downstream 

of the dam is consistent with the shallowing bedrock surface geometry shown in the remaining 

2D ERT profiles (not shown here).  The large positive anomaly A3 occurs in a zone where the 

bedrock is a shallow plateau that is relatively planar and free of undulation and troughs.  The 

lack of observed seepage in light of the large amplitude and spatial extent of the anomaly is 

likely a reflection of the planar geometry and the absence of topographic features to bring the 

ground water to the surface.  Anomaly A7 is positioned over the downstream discharge zone 

associated with the bedrock mounds shown in 2D ERT profile P7, and consists of two spatially 

localized, strong positive anomalies.  Each individual anomaly is correlated with the one of the 

bedrock mounds, and both show a reduction in amplitude immediately downstream of the 
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associated mound.  The source of anomaly A9 is currently unknown, although this anomaly is in 

the vicinity of drainage infrastructure at the southeast boundary of the survey area (see Figures 

6.1 and 6.2).  This anomaly may also result due to bedrock outcropping in the vicinity.   

A 3D representation of the bedrock surface in the survey area was constructed by kriging 

the (x, y, z) coordinates that were hand-picked from the bedrock surfaces shown in the 2D ERT 

profiles.  The self-potential data is displayed over the bedrock surface topography in Figure 6.10a 

and over a surface representing the depth-to-bedrock in Figure 6.10b to emphasize the anomalies 

that are spatially correlated with the greater bedrock depths.  Self-potential anomalies are shown 

to be highly correlated with the bedrock topography.  Negative self-potential anomalies are 

correlated with the greatest bedrock surface depths, as well as on the downstream slopes of 

bedrock peaks and plateaus, and the positive self-potential anomalies are generally associated 

with the upstream slopes of bedrock peaks and on plateaus, where ground water is flowing 

vertically upwards.   

 

6.4.3. Laboratory Investigation 

 A sample of sediment representing the dam was collected from the reservoir bed at the 

right abutment during a low pool condition, shortly after the survey was completed.  A sample of 

reservoir water was also collected to use with the sediment in quantifying the streaming potential 

coupling coefficient relating the electrical potential to the hydraulic head.  Data were obtained by 

installing a small subsample of the material at the base of water column, and filling the column 

with the sample of reservoir water (see details of the experimental protocol in Bolève et al. 

(2007b), as well as in Chapter Four of this thesis).  The water column containing the sample was 

then positioned in another reservoir containing the water collected from the dam, to establish a 
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hydraulic gradient across the sediment sample.  The sediment sample was allowed to obtain 

equilibrium with the water in the column and the reservoir for 48 hrs prior to performing the 

experiment. The hydraulic gradient in the experimental apparatus was varied in time and the 

potential difference across the sample was measured as a function of the hydraulic gradient with 

two very small (about 1 mm) non-polarizing Ag-AgCl electrodes and a Fluke 289 digital 

multimeter.  The streaming potential coupling coefficient is the key parameter controlling the 

amplitude of the self-potential signals for a given head gradient. The value of the streaming 

potential coupling coefficient, C, was determined for the sample, and was equal to -0.7 ± 0.2 mV 

m
-1

. This value is pretty consistent with the trend between the streaming potential coupling 

coefficient and the pore water conductivity shown by Revil et al. (2003, their Figure 6.3). 

 

6.5. Forward and Inverse Modeling of the Self-Potential Field 

A 2D steady-state numerical model of coupled electric and ground water flow was 

constructed in COMSOL Multiphysics 4.3a to model the self-potential data and their relation to 

seepage along profile seven, perpendicular to the crest at the dam centerline.  The geometry and 

depths of the bedrock and aquifer layers of the model space were obtained from ERT data 

acquired along Profile P7.  The self-potential signals that were recorded in the field were 

modeled and inverted to recover the 2D distribution of the causative electrical current sources 

within the dam and subsurface, which was used to quantify the Darcy velocity, as described 

below (see Richards et al., 2010 and Soueid Ahmed et al., 2013, for additional tests of this 

methodology).   
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6.5.1. Computation of the Prior Ground Water Flow Model 

For the hydraulic problem we solve the governing Richards equation (Richards, 1931) 

parameterized with the two parameter van Genuchten-Mualem model (van Genuchten 1980) for 

the capillary pressure and relative permeability of the water phase.  The Richard’s equation is 

given by (Richards, 1931), 

    0)( 



 zHK

t

H
SSC ee ,    (6.1) 

where z is the elevation head (m), H is the total hydraulic head (m), Ce denotes the specific 

moisture capacity (in m
-1

) defined by HCe  /  where θ is the volumetric water content 

(dimensionless), Se is the effective saturation of the medium (dimensionless), related to the 

relative saturation of the water phase by )1/()( r

w

r

wwe SSSS   (  WS  where   represents 

the connected porosity of the soil material), S is the storage coefficient (m
-1

), and t is time. The 

hydraulic conductivity is related to the relative permeability rk  and the hydraulic conductivity at 

saturation, sK , by sr KkK  .  The effective saturation, the specific moisture capacity, the 

relative permeability, and the water content are defined by, 

 











0,1

0,1/1

H

HH
S

mn

e


,      (6.2) 

 























0,0

0,1
1

11

H

HSS
m

m

C

m

m
e

m
er

e




     (6.3) 



210 
 



































0,1

0,11

2
1

H

HSS
k

m

m
e

l

e
r      (6.4) 

 










0,

0,

H

HS rer




       (6.5) 

where 
r  denotes the residual water content and α, n, m, and l (m = 1 – 1/ n) are material 

properties.  Eq. 6.1 was parameterized with statistically based estimates of saturated hydraulic 

conductivity, bulk density, residual and saturated moisture contents, and soil-water retention 

curves corresponding to a clay textured soil.  These estimates were obtained by fitting soil-water 

retention curves given by the graphical user interface and soils database described by Saxton and 

Rawls (2006).   

We simulated the prior ground water flow model by assigning separate permeability 

values to each hydrostratigraphic layer in the model space, and assuming each layer was 

isotropic.  The assigned permeability values for the unconsolidated clay and the clayey-gravel 

aquifer layers were obtained from Saxton and Rawls (2006) using the grain size distribution data 

available for each layer (see Figure 6.3), which are assumed to be reasonably close to ground 

truth.   The permeability of the bedrock layer was adopted from prior geotechnical reports that 

were provided by the dam owner.  All model parameters are reported in Table 6.1.  

 The boundary conditions on the hydraulic component of the prior model were applied as 

described below.  A constant hydraulic head boundary was applied to the reservoir bed and on 

the upstream slope of the dam below the maximum reservoir elevation.  A constant head equal to 

3.3 m was applied to the reservoir bed.  This value corresponds to the reservoir depth during the 

maximum storage condition, which was in effect during the survey.  A linear hydrostatic 
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pressure head profile was applied to the upstream slope in order to vary the hydraulic head along 

this boundary based on the elevation of a given point on the upstream slope relative to the 

maximum reservoir elevation.  A seepage face was applied with a mixed boundary condition 

over the bedrock mound downstream of the dam between x = 150 m and x= 180 m, where 

ground water seepage has been observed.  All other model boundaries were assigned a specified 

flux equal to 0 m
3
 s

-1
.  The upstream and downstream edges of the model space were placed 

sufficiently far away from the dam so that the zero-flux boundaries assigned at the edges would 

not influence the simulated ground water flow in the vicinity of the dam or the seepage zone.   

 

6.5.2. Computation of the Self-Potential Field 

The self-potential   (in V) is governed by a Poisson equation (Jardani et al., 2009), 

   ˆ
VQ    u ,     (6.6) 

which is obtained by combining the generalized Ohm's law, including the advective drag of the 

excess electrical charges per unit volume of pore water in the diffuse layer (coating the surface of 

the minerals), ˆ
VQ  (effective excess charge density dragged by the flow of the pore water and 

expressed in C m
-3

), and the Darcy (seepage) velocity u (in m s
-1

).  In Eq. (6.6),   (in S m
-1

) 

denotes the electrical conductivity of the porous material.  The right-hand side of Eq. (6.6) 

corresponds to the self-potential source term associated with the Darcy velocity distribution and 

accounts for the heterogeneities in the distribution of the volumetric charge density ˆ
VQ .  This 

charge density ˆ
VQ  is the effective volumetric charge density due to the electrical diffuse layer 

coating the mineral / pore-water interface and that is dragged along with the flow of the pore 

water (Jardani et al., 2009).  The relationship between the volumetric charge density and the 
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more classical streaming potential coupling coefficient C (in V Pa
-1

) is: C = - ˆ
VQ  k ρ / ηf where ρ 

= 1/ σ is the electrical resistivity of the porous material (in ohm m) and σf denotes the dynamic 

viscosity of the pore water (in Pa s) (e.g., Revil and Mahardika, 2013).  For pH comprised 

between 5 and 8, Jardani et al. (2009) found that the empirical relationship 

10 10
ˆlog 9.2 0.82logVQ k    (between the volumetric charge density ˆ

VQ , in C m
-3

, and the 

permeability k, in m
2
) holds for a broad range of porous rocks and soils. 

The electrical component of the model consisted of insulation, distributed resistance, and 

electrical ground boundaries.  An insulation boundary condition was applied to the upstream and 

downstream slopes of the dam, over the crest, and along the downstream topography including 

the seepage face that was defined in the hydraulic model.  A distributed resistance boundary was 

applied to the reservoir bed an assigned a thickness of 7 m (representing the depth of the 

reservoir, estimated from unpublished design drawings).  An electrical ground boundary 

condition was applied to all other model boundaries.  The edges of the model domain were 

placed sufficiently far away from the dam and downstream topography, to minimize the 

influence of the boundary conditions on the edges on the returned solution. 

 

6.5.3. Inversion of the Self-Potential Data 

The relationship between the self-potential vector ( )P  at a set of observation points P 

located on the ground surface, and the current density ( )S Mj , at a set of source points M in the 

subsurface, is given by the integral form of the Poisson equation (Eq.6.6) as (Haas et al., 2013)  

( ) ( , ) ( )SP P M M dV


 K j ,      (6.7) 
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where ˆ
S VQj u  is the source current density vector and is proportional to the ground water flow 

by the Darcy velocity, dV denotes an integration over the volume of the subsurface (Ω represents 

the source volume in which groundwater flow takes place) and K(P,M) corresponds to the kernel 

matrix.  The kernel matrix denotes the collection of Green functions for the self-potential 

problem that describe the manner in which the system will respond electrically to an impulsive 

source current that is supplied at various locations throughout the modeled domain.  It depends 

on the number of measurement stations N at the ground surface, the number of discretized model 

nodes M in the subsurface at which the source current density is going to be determined, and the 

boundary conditions for the electrical and ground water flow problems, and it takes into account 

the conductivity distribution in the subsurface.  In our study the conductivity distribution is 

inferred directly from the DC resistivity tomograms acquired during the reconnaissance survey.  

The inversion of the self-potential data follows a three-step process: 1) a prior source 

current density model is constructed from a-priori information regarding the ground water flow, 

2) the inversion of the spatial distribution of the source current density Sj  is performed by 

minimizing a cost function consisting of a model length term that penalizes excessive and 

unnecessary model structure, and a data misfit function of the self-potential data, and 3) the 

seepage velocity is determined using the inverted distribution of Sj  and values for the charge 

density ˆ
VQ  based on laboratory measurements of the streaming potential coupling coefficient, or 

a known permeability distribution.  

Because self-potential inversion is fundamentally an ill-posed problem, we form and 

minimize a multi-component objective function that contains counterbalancing data misfit and 

model length terms, in order to constrain the inversion and reduce the number of physically 

reasonable solutions that satisfy the data and prior information that is incorporated.  The L2 norm 
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of each term is therefore balanced during the minimization of the objective function using 

Tikhonov regularization (see Tikhonov and Arsenin, 1977).  The resulting cost function is given 

by; 

2 2

0( ) ( )d d mG    W Km W m m ,    (6.8) 

where λ is a regularization parameter (>0) which when optimum provides the smallest model (i.e. 

least amount of structure) with an acceptable level of data misfit,  z

ij

x

ij KKK ,  denotes the N × 

2M kernel matrix (for 2D problems) that is formed from two smaller matrices containing the 

Green functions describing the horizontal and vertical components of the electrical response 

produced by the system to a series of unit dipolar sources,  ,x z

i ij jm  is the 2M x 1vector  

containing the inverted model parameters (horizontal and vertical components of the source 

current density vector at each model node),  y

o

x

o jj ,om  is the 2M x 1 vector containing the 

reference model (computed from the prior ground water flow model, see Figure 6.11), d  is an N 

x 1 vector containing the self-potential data measured at the ground surface or in boreholes.  The 

data weighting matrix  Nd  /1,...,/1diag 1W  is an N x N square diagonal data weighting 

matrix with diagonal elements that are equal to the squares of the reciprocals of the standard 

deviations, i, of the self-potential data at each station i when multiple measurements are 

acquired at each station (we incorporate a standard deviation of 8.6 mV into the data weighting 

matrix during the inversion, which was determined from the entire self-potential dataset).  This 

value is large relative to the amplitude of the measured anomalies and is therefore believed to be 

overly conservative in the fact that it weights the self-potential data less than the data should be 

weighted during the inversion.  The model weighting matrix, Wm, is incorporated as either a 2M 

x 2M discrete approximation to the first derivative or the Laplacian operator, or as a rectangular 
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matrix that contains information pertaining to the spatial discretization intervals and the desired 

spatial solution-smoothing weights and smallness weights, and that produces a 2M x 2M spatial 

weighting matrix when multiplied by its transpose (see Jardani et al., 2008). 

We note that for an arbitrary vector f and an arbitrary matrix A the relationship 

AfAfAf
tt

2
is valid (where the superscript «t» denotes the matrix and vector transpose), and 

the minimization of Eq. (6.8) is expressed as the linear system of equations given in Eq. (6.9), to 

be solved simultaneously for the model vector m for given regularization and spatial weighting 

coefficients, 
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where m

t

mWW  is the 2M ×2M spatial weighting matrix described in detail by Jardani et al. 

(2008).  This weight matrix allows for the inclusion of a-priori information into the inversion in 

the form of spatial weighting matrices whose effects on the solution smoothness can be amplified 

or reduced in a given direction with the associated coefficients.  A smallness weighting matrix is 

also included to penalize excessive model structure and reduce the L2 norm of the inverted 

model.  A discussion of the form and construction of each of these matrices, as well as guidance 

for selecting appropriate values for the associated horizontal, vertical and, smallness coefficient 

weights αx, αz, and αs, respectively, is provided by Li and Oldenburg (1996).  

We performed the inversion with self-potential data from 48 stations along Profile P7.  

The remaining data between stations 49 and 57 were excluded from the inverse model for two 

reasons.  First, the spatial extent of the aquifer and bedrock horizons were obtained from ERT 

data along Profile P7 and are  not resolved in the Profile P7 sounding beyond station 48 (see 

Figure 6.8).  The aquifer geometry and ground water flow patterns in this region cannot be 
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accurately modeled or estimated as a result.  Second, there is a large positive self-potential 

anomaly in this region at the easternmost end of Profile P7 (anomaly A9, see Figures 6.9 and 

6.10) and there is no available data to estimate the source of this anomaly.  This anomaly may be 

due to infrastructure (see Figure 6.1 and 6.2 for infrastructure location relative to profile), 

bedrock topography, or a combination of both.   

The optimal value of the regularization parameter was determined by the L-curve 

criterion.  The initial value of the regularization parameter was set at λ = 1, the inverse solution 

was computed and the data misfit was compared to a predefined target misfit value equal to the 

number of elements, N, contained in the data vector (N = 48).  The regularization parameter was 

then, reduced by a factor of 2 and the process was repeated until the data misfit term was 

reasonably close to the target misfit, or an L-curve was produced allowing for visual selection of 

the regularization parameter.  This procedure produced an optimal regularization of λ = 7.8×10
-3

 

in eight iterations, and produced a data misfit equal to 47.7 mV, which closely approximated the 

target misfit of 48 mV as well as the point of maximum curvature of the L curve that was 

produced.  Eq. (6.9) was then solved iteratively with a least-squares conjugate gradient solver to 

avoid the direct computation and storage of the inverse of the matrix on the left hand side of the 

equation.  The results of the 2D inversion are shown in Figure 6.12 for horizontal, vertical, and 

smallness coefficient weights of αx = 100,  αz = 1 x 10
-3

, and  αs = 10, respectively, and obtained 

with the reference model in Figure 6.11.  Figure 6.12a compares the observed and simulated 

data.  The misfit between observed and simulated data is 47.7 mV.  Most of the data misfit is 

accounted for by the large negative self-potential anomaly beneath the dam, which is 

predominantly a result of seepage inside of the aquifer beneath the dam foundation.  The 

amplitude of this anomaly is roughly 50 mV over a distance of approximately 7 m, and it 
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therefore accounts for increased uncertainty relative to the more broadly distributed anomalies, 

and therefore a majority of the total data misfit.  Figure 6.12b shows the inverted velocity model 

giving the spatial distribution and orientation of the Darcy velocity vector at each model node on 

a grid of nodes spaced 5m in the horizontal direction and 1 m in the vertical direction.  The 

Darcy velocity in each model layer was determined from the inverted source current density 

vectors and the associated excess volumetric charge densities given in Table 6.1.  The lengths of 

the arrows are proportional to the Darcy velocity (in m s
-1

), their directions imply the 

predominant direction of ground water flow along the profile, and the color scale indicates the 

magnitude.  The results of the inverse modeling justify the overall interpretations of the 

geophysical data and show that ground water flow along the 2D profile considered occurs 

primarily within the confined aquifer, and is guided along the aquifer-bedrock interface beneath 

the foundation of the dam in a downstream direction where it converges toward the surface 

topography between 150 m and 180 m, where seepage effluent has been previously observed.    

The Darcy velocity of the ground water in the clayey-gravel aquifer was estimated from 

the inverse model.  The mean and maximum computed Darcy velocities of the ground water 

within the aquifer beneath profile 7 are 6.5 x 10
-6

 m s
-1

 and 2.4 x 10
-4

 m s
-1

, respectively, using a 

volumetric charge density value of 2.9 C m
-3

 for the aquifer materials.  The greatest flow 

velocities are observed between x = 80 m where the cross-section thickness of the aquifer layer 

appears to constrict, and x = 170 m where the elevation of the bedrock plateau is maximum along 

the profile and intersects the surface topography.  The maximum velocity is spatially correlated 

with the upstream slopes of the bedrock peaks along the profile.  The results of the inverse model 

support the conclusion that the flow occurs primarily through the relatively thin, confined aquifer 

and that the direction and velocity are predominantly controlled by the bedrock topography.  
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6.6. Conclusions 

 We performed a hydrogeophysical survey of a homogenous earthen dam with a long 

record of successful operation and no observed seepage through the foundation or abutments.  

Our survey combined 2D seismic P-wave tomography, 2D electrical resistivity tomography, and 

self-potential.  The geophysical data is in agreement with borehole granulometric data collected 

during the construction of the dam.  The data show a four layer hydrogeologic system that is 

comprised from top to bottom of 1) the dam material, 2) unconsolidated natural clay sediments, 

3) a confined clayey-gravel aquifer, and 4) an impermeable bedrock aquitard formed by the 

claystone of the Laramie formation. We mapped the bedrock surface topography using ERT and 

investigated the flow characteristics with the self-potential data.   

 Our data show that a thin confined aquifer acts as a preferential flow pathway channeling 

the ground water through subsurface along the bedrock contact, thereby reducing the propensity 

for seepage to enter the dam cross-section and foundation.  The clayey gravel aquifer appears to 

accept water from the reservoir basin, from the 2D seismic velocity model, and it channels 

ground water from the reservoir primarily beneath embankment foundation.  The preferential 

flow directions are controlled by the surface geometry of the bedrock aquitard.  The polarity of 

the observed self-potential anomalies is correlated to the depth-to-bedrock.  The topographic 

mound and seepage zone 150 m downstream of the dam centerline is a result of the bedrock 

topography which nearly intersects the surface in this zone.  Ground water in the aquifer is 

channeled along the bedrock toward the surface in this vicinity and manifests as ponded water at 

the surface during peak reservoir storage conditions.   

 Given the physical size of the dam relative to the size of the reservoir, and the duration of 

its operation and successful performance record of greater than 100 years, the absence of seepage 
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through the dam cross-section and foundation is astonishing.  Indeed, the long history of 

successful performance is a result of the hydrogeology at the site. The surface topography forms 

a natural basin that is ideal for a reservoir, and the clayey-gravel aquifer offers a path of least 

resistance for the water stored in the reservoir which reduces the potential for anomalous seepage 

to form in the dam cross-section and foundation.   The discharge zone downstream of the dam 

does not appear to directly influence the development of anomalous seepage in the dam or its 

foundation, and there currently does not appear to be a significant potential for this seepage zone 

to pipe backwards towards the dam and undermine its successful operation.  
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6.9. Tables 

Table 6.1.  Model parameter summary for modeled soil textures.  Unit 1 corresponds to the 

material used for the embankment and the natural unconsolidated clayey soil. Unit 2 corresponds 

to the clayey gravel aquifer. Unit 3 denotes the claystone bedrock forming the aquitard. g 

denotes the acceleration of the gravity (in m s
-2

), F denotes the electrical formation factor 

(unitless), and ηf the dynamic viscosity of the pore water.  

 

Property Unit 1:  

Natural 

Clay 

Unit 2:  

Sandy-gravel 

Aquifer 

Unit 3: 

Claystone 

Bedrock 

Percent Gravel [% wt.] (1) 

Percent Sand [% wt.] (1) 

Percent Silt [% wt.] (1) 

Percent Clay [% wt.] (1) 

Compaction (1) 

Residual water content [% vol], θr (2) 

Porosity [-], ϕ = θs (2) 

Hydraulic conductivity [mm/hr], Ks (2, 3) 

Bulk density [kg/m
3
], ρ (2) 

van Genuchten parameter α [m
-1

]  (2) 

van Genuchten parameter n [ - ] (2) 

Permeability [m
2
], k (3) 

Formation Factor [-], F (4) 

Excess Charge Density [C m
-3

], 
VQ  (5) 

Bulk Conductivity [mS/m], σ (6) 

0.00 

32.0 

24.0 

44.0 

0.94 

26.2 

0.49 

2.0 

1,360 

0.36 

1.4 

5.7 x 10
-14

 

6.0 

9.89 

8.2 

50.0 

18.0 

0.00 

32.0 

0.94 

11.1 

0.43 

5.0 

1,510 

5.7 x 10
-3 

0.73 

1.4 x 10
-13 

8.3 

2.91 

5.9 

0.00 

32.0 

24.0 

44.0 

1.18 

26.2 

0.36 

0.04 

1,690 

3.0 x 10
-3 

0.93 

1.4 x 10
-16 

12.9 

1864 

3.8 

 

(1) From borehole grain size distribution data supplied by the dam owner. 

(2) From SPAW soils database of Saxton and Rawls (2006).  

(3) Based on prior geotechnical tests. 

(4) Using F = ϕ
-m

 with m = 2.5 for clayey sediment (see Revil et al., 1998). 

(5) Using C =- ˆ
VQ k ρf g / (σ ηf), where σ = σf / F with σf  = (4.9±0.2) x 10

-2
 S m

-1
 (pore water 

conductivity) 

(6) Using for the bulk conductivity σ = σf / F with σf  = (4.9±0.2) x 10
-2

 S m
-1

 at 20°C. 
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6.10. Figures 

 

Figure 6.1.  Description of the field site. a. 1:24,000 topographic map of field site showing 

survey area, seepage location and position of site photos relative to the dam crest and reservoir 

(map published by USGS, 1965 and inspected/revised 1994, reference code 39105-G2-TF-024).  

b. Photo taken on the dam crest at the south abutment facing northeast towards location c. c. 

Photo taken on profile P7 facing west towards the toe access road and the dam crest.     
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Figure 6.2.  Aerial photo of the survey area showing the location of access roads and the 

downstream seepage zone.  The dam is 3.4 m high and positioned between the toe access road 

and the crest access road at the cross-section of profile P7.  Station markers represent the 

position of the electrodes for the electrical resistivity tomography and the self-potential (black 

filled circles) and the two seismic tomography field stations (red lines).   
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Figure 6.3.  Mass fraction constituents of samples collected in boreholes determined from grain 

size distributions.  The layer below 3.0 m corresponds to the confined aquifer.  The permeability 

of the aquifer is one order of magnitude greater than the overlying natural clay and three orders 

of magnitude greater than the underlying bedrock aquitard.  
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Figure 6.4.  Raw travel-time gathers for seismic profiles and interpretation of selected arrival 

times.  The source on each gather is located at channel 12, at the intersection of the seismic 

profiles at the dam toe (see Figure 6.2).  a. Shot gather showing raw travel-time data at each 

geophone along profile 1 with manually picked first-arrival times corresponding to refraction 

from the bedrock surface shown by red markers. First arrival picks were incorporated into the 

inverse modeling.  b. The travel-time data from seismic profile one.  Refracted waves 

corresponding to the water table and the bedrock interfaces are shown, along with the direct air-

wave arrival. The observed surface waves are discarded as noise for reflection and refraction 

surveys. c. Shot gather showing raw travel-time data at each geophone along profile two with 

manually picked first-arrival times corresponding to refraction from the bedrock surface shown 

by red markers.  
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Figure 6.5.  P-wave velocity inversion results beneath seismic profile 1 beneath the dam crest.  

a) P-wave velocity distribution.  b) Ray-path coverage density plot, showing a relative sensitivity 

distribution.  The color scale of the ray-path coverage plot represents the number of rays that 

intersected a given model element or pixel.  Greater ray-path density is shown by warm colors 

and indicate that the inverted P-wave velocity in a given model element or region within the 

tomogram is better resolved during the inversion process.  Lower hit-counts (cool colors) 

indicate lower resolution or accuracy of the inverted P-wave velocity within the corresponding 

region of the tomogram.  

  



230 
 

 

Figure 6.6. P-wave velocity inversion results beneath seismic profile 2 perpendicular to the dam 

crest.  a. P-wave velocity distribution.  b. Ray-path coverage density plot, showing a relative 

sensitivity distribution.  The color scale of the ray-path coverage plot represents the number of 

rays that intersected a given model element or pixel.  Greater ray-path density is shown by warm 

colors and indicate that the inverted P-wave velocity in a given model element or region within 

the tomogram is better resolved during the inversion process.  Lower hit-counts (cool colors) 

indicate lower resolution or accuracy of the inverted P-wave velocity within the corresponding 

region of the tomogram. The position of the water table is determined from the piezometers and 

the velocity transition. 
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Figure 6.7.  Electrical resistivity tomography and self-potential measured on the crest (Profile 

P1, see Figures 6.1a and 6.2).  a. Self-potential data on the crest were predominantly negative 

with respect to the reference electrode and were showing very small spatial fluctuations with 

respect to those shown in Figure 6.8 (the two figures are shown with the same scale). b. DC 

resistivity tomography across the crest.  The dam and natural clay layer corresponds to 

resistivities greater than 50 Ω m.  The claystone aquitard corresponds to resistivities less than 10 

Ω m. The conductive clayey gravel aquifer lies just above the claystone aquitard.   
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Figure 6.8.  Self-potential profile and electrical resistivity tomogram of Profile 7 normal to the 

dam crest.  This profile intersects the seepage zone 150 m downstream of the dam.  a. Self-

potential profile.  The strong positive anomaly at the west end of the profile was measured at the 

contact between the upstream dam slope and the reservoir.  A strong negative self-potential 

anomaly is present beneath the dam crest as reservoir water is channeled through the clayey-

gravel aquifer below, and increases at the dam toe as seepage is channeled upward to a local 

bedrock plateau created when the reservoir basin was constructed.  The self-potential is relatively 

constant between 5 mV and 10 mV from the dam toe to x = 120 m.  Beyond x = 120 m there is a 

large positive self-potential anomaly associated with seepage up flow on the upstream side of 

bedrock mounds shown in the electrical resistivity tomogram, and the signal decreases on the 

downstream side.  There is also a significant bifurcation of flow around these mounds, which is 

apparent on the 3D bedrock surface map when self-potential is overlain (See Figure 6.10).    
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Figure 6.9. Self-potential data (in mV) at the field site.  a. Self-potential data with topography 

showing the downstream slope of the dam and downstream topography.  b. Self-potential data in 

2D plan view.  A1 to A9 represent characteristic anomalies that are discussed in the main text.  
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Figure 6.10.  Self-potential map. a. Self-potential data with bedrock topography determined 

from 2D resistivity soundings.  Locations of field stations are shown on the map.  b. Self-

potential data with depth to bedrock.  

  



235 
 

 

 

 

Figure 6.11.  Reference model incorporated in the inversion of self-potential data measured 

along profile P7.  The surface topography is accounted for.  The direction of the source current 

density vector is shown in red vectors from the computed x,z vector components, and the size of 

the vector is proportional to the magnitude of the source current density (in mA m
-2

).  Three 

permeability zones were defined in the reference model from the geotechnical data given in 

Figure 6.3 and the electrical resistivity tomography data given in Figure 6.8.  The source current 

density vector is concentrated in the aquifer where the greatest flow velocities occur.   
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Figure 6.12.  Results of 2D inversion for source current density vector.  a. Observed data vs. data simulated with the inverted 2D 

model.  The data misfit is 47.7 mV.  b. Inverted model showing the 2D distribution of source current density vector in the subsurface.  

The inverted model shows that flow is primarily beneath the dam in the confined aquifer layer, and flow predominantly converges 

towards the topographic surface between x = 100 m and x = 180 m downstream of the dam.  This zone encompasses the location of 

observed topographic mounding, and observed ground water seepage during the maximum reservoir storage.  The seepage velocity is 

estimated from the magnitude of the source current density vector and the volumetric charge density that is computed as a function of 

permeability.  For an effective charge density of 2.9 C m
-3

, the mean and maximum inverted velocities in the clayey-gravel aquifer are 

6.5 x 10
-6

 m s
-1

 and 2.4 x 10
-4

 m s
-1

, respectively.   
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

 

The primary objective of this research was to develop a geophysical monitoring 

methodology to detect anomalous seepage, to accurately quantify hydraulic variables in real-

time, and to localize preferential seepage paths in earthen dams and provide the ability to 

monitor their geometric evolution in real-time, so that internal erosion may be better detected, 

characterized and monitored early in the initiation and continuation phases.  This research 

objective was accomplished with a combination of basic laboratory experiments and testing at 

field research sites, using self-potential monitoring in combination with conservative (brine) and 

non-conservative (heat) tracers to trigger time-lapse self-potential anomalies..  The theoretical 

underpinnings and practical considerations of the conservative tracer methodology presented in 

this thesis were developed and tested in the laboratory, numerically modeled at the laboratory 

and field scales, and then extended to a field scale application.  The key contributions and 

findings of this research are summarized below. 

In the laboratory, both conservative and non-conservative tracers were shown to trigger 

self-potential anomalies in time-lapse in preferential flow paths of a heterogeneous medium, and 

both tracers accurately localized the position and geometry of the preferential flow path.  The 

migration of the time-lapse self-potential anomaly that was triggered by the conservative brine 

tracer enabled an accurate estimate of the flow velocity of the ground water in the preferential 

flow path.  The flow velocity was estimated to within the same order of magnitude as the true 

ground water velocity that was quantified with a dye tracer, as well as the flow velocity that was 

predicted by numerical modeling the experiment. We therefore conclude that given ideal 

conditions such as high signal to noise ratio, well-informed a priori knowledge of seepage zone 
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locations, and high frequency data acquisition capabilities, this method is applicable at the field 

scale to real-time assessments of subsurface flow paths and their geometrical evolution, and the 

temporal variability of the flow velocity and permeability of those paths. We anticipate that this 

method, using a conservative tracer, will be a useful, inexpensive and non-invasive tool for 

detecting and monitoring internal erosion in real-time.   

Although the method employing a non-conservative tracer is a work in progress and still 

in the developmental phase, the results of laboratory testing presented herein indicate that the 

non-conservative heat tracer is also capable of accurately localizing a high permeability 

preferential flow path in a heterogeneous medium, but the resultant self-potential anomaly at the 

surface does not provide an accurate estimate of the ground water flow velocity.  The self-

potential anomaly that was triggered by the heat tracer propagated along the channel with a 

velocity that was less than the ground water velocity inside of the channel. This is due to the 

non-conservative nature of the heat tracer, which experiences diffusion effects during convective 

transport and is conducted into the surrounding pore fluids and sediments as it migrates through 

the preferential channel.  During the experiments performed with the heat tracer, the true velocity 

of the heat plume inside of the preferential flow path was determined from temperature 

measurements in the downstream reservoir of the sand tank, and was compared to the ground 

water velocity in the channel that was quantified with a dye tracer.  The true heat velocity that 

was observed was in agreement with the heat velocity that was estimated from the time-lapse 

self-potential measurements, but was reduced by 67% relative to the ground water velocity in the 

channel.  Self-potential monitoring may therefore accurately indicate the location of a heat plume 

in the subsurface but may not provide an accurate estimate of the flow velocity.  The non-

conservative tracer methodology may therefore be ideal for discovering seepage zones and 
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determining preferential flow paths when water quality concerns prohibit the use of a 

conservative brine tracer.  It is likely to be more accurate when applied over smaller survey areas 

with presumably shorter flow path lengths to reduce diffusion of the heat plume.  

An interesting and relevant observation from the non-conservative heat tracer application, 

that will require consideration for any field tests of the method, is that the total self-potential 

anomaly that was observed in the laboratory after injecting the boiling water was a combined 

effect of temperature and pressure-related component anomalies.  These effects were shown to 

have an opposite effect on the polarity of the associated self-potential anomaly that was observed 

in time-lapse at the surface over the high permeability channel.  The polarity of the total self-

potential anomaly was dependent upon the dominant effect, whether pressure or temperature, 

which was in turn dependent upon the slug volume, injection rate and the temperature of the 

injected slug relative to the ambient temperature of the ground water.  This implies that injecting 

boiling water during a field application could technically produce a zero anomaly in the time-

lapse self-potential if the pressure and temperature effects on the triggered self-potentials negate 

one another.  The effect of the increased pressure head on the associated component anomaly 

was shown in the laboratory to be strictly positive and monotonically increasing self-potentials 

(relative to the background distribution) over the channel that continued to increase until the 

system began to return back to hydraulic and electrical equilibrium.  Conversely, the effect of the 

added heat on the associated temperature component anomaly was shown to be strictly negative 

and monotonically decreasing self-potentials (relative to the background distribution) over the 

channel.  These effects were not entirely obvious in the total self-potential anomaly that was 

observed.  The total anomaly over the channel showed both increasing and decreasing self-

potentials at the channel electrodes depending upon the location of a given electrode relative to 
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the injection location.  In general, the observed rate of decrease of the self-potential component 

anomaly associated with the heat was greater than the observed rate of increase of the component 

anomaly associated with the pressure head.  However, in a field setting this will likely be highly 

influenced by the subsurface mineralogy, the moisture distribution, the ambient temperature 

contrasts that exist within the subsurface, and other potential factors such as the depth of the 

injection, the ground water velocity, and the measurement frequency, for example. 

The monitoring methodology using the conservative tracer was tested at a small earthen 

dam and the results were compared to the results of a single snapshot acquired during a prior 

self-potential reconnaissance survey.  The reconnaissance survey successfully identified three 

anomalous seepage zones at the field site but was incapable of showing preferential flow 

directions within those zones.  It would seem intuitive to interpret these paths to be oriented 

predominantly in a north-south direction, by the surface topography, the orientation of the 

anomalies present within the reconnaissance data, and the seepage indicators that were present at 

the surface.  However, the monitoring survey showed that such an interpretation would overlook 

the more dominant flow direction from the east abutment towards the west abutment, which is 

largely driven by the increased hydraulic head in the emergency spillway and cut-slope.  

Furthermore, the results of the field monitoring test indicate that an evolving time-lapse signal 

can be detected at the field scale from the migration of an injected tracer, and with an enhanced 

signal-to-noise ratio due to noise cancellation when the background is removed.  Seepage zones 

and the preferential seepage paths within those zones can indeed be determined with greater 

accuracy in time-lapse than from a single snapshot that is produced with a standard geophysical 

reconnaissance survey.    
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The passive nature of the self-potential method and its direct sensitivity to the flow of 

subsurface fluids ensures that this method is applicable in real-time to seepage problems, 

including internal erosion, associated with earthen dams.  Furthermore, the time-lapse 

monitoring approach provides the additional benefits of increased spatial and temporal resolution 

that can be achieved with densely spaced instrumentation grids and high frequency sampling, 

reduced man-hours and costs associated with acquiring data from an in-situ long-term 

monitoring array, the potential for automated processing algorithms, and the forthcoming 

benefits associated with improvements in wireless sensor technology.  The foreseeable 

improvements include reduced equipment sizes and costs, improved data processing power, 

energy harvesting and telemetry capabilities, and greater measurement frequencies which are 

critical to real time hydraulic characterization and monitoring of seepage path evolution.  This 

method is unlikely be useful for quantifying the flow velocity and mapping the geometrical 

evolution of seepage paths in real-time until sampling frequencies on the order of kHz or greater 

can be achieved in the field.   

Future research will be focused on further developing the conservative tracer 

methodology by deploying a similar test at a dam and monitoring self-potentials with a much 

greater sampling frequency and for a significantly longer duration than the experiments 

described herein.  A particular emphasis will be given to applications using wireless sensors.  A 

comprehensive theory is being developed for the non-conservative heat tracer and the experiment 

will be numerically modeled to test the theory.  The non-conservative tracer methodology will be 

tested at an ideal field site, for example, the dam presented in Chapter Six of this thesis, for its 

potential to provide real-time information on preferential flow paths at the field scale. 
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