
EXTERNAL DETECTION AND LOCALIZATION

OF WELL LEAKS IN AQUIFER ZONES

by:

Allan K. Haas



A thesis submitted to the Faculty and the Board of Trustees of the Colorado School of Mines 

in partial fulfillment of the requirements for the degree of Doctor of Philosophy (Geophysics).

Golden, Colorado

Date                                 Approved:                                                                                   
Allan K. Haas

Approved:                                                                                   
Dr. Andre Revil

Adviser

Golden, Colorado

Date                                 Approved:                                                                                   
Dr. Terry Young

Professor and Head,
Department of Geophysics

ii



ABSTRACT

This  dissertation  presents  a  new  methodology for  monitoring,  detecting,  and  localizing 

shallow, aquifer zone leaks in oil and gas wells.  The rationale for this type of leak detection is to 

close  the  knowledge  gap  associated  with  public  claims  of  subsurface  water  resource 

contamination caused by the oil and gas industry.  A knowledge gap exists because there is no 

data, one way or the other, that can definitively prove or deny the existence of subsurface leakage 

pathways in oil and gas wells, new, old or abandoned. 

This  dissertation  begins  with  an  overview of  existing  and  future  oil  and gas  well  leak 

detection  methods,  and  then  presents  three  published  papers,  each  describing  a  different 

phenomena that can be exploited for leak monitoring, detection, localization, and damage extent 

determination.  The first paper describes the direct detection and localization of a leak that was 

discovered  during  a  laboratory  based  hydraulic  fracturing  experiment.   The  second  paper 

describes the laboratory measured electrical response that occurs during two phase flow inside of 

porous media.  The third paper describes the detection and tracking of a gravity driven salt plume 

leak  in  a  freshwater  test  tank  in  the  laboratory.   the  three  geophysical  approaches  that  are 

presented, when combined together, provide a new, powerful, external to the well method to 

monitor, detect, localize, and assess the damage from leaks in the drinking water protection zone 

of oil and gas wells.  This is a capability that is not available in any other leak detection and 

localization method.  

This dissertation also presents a chapter of Science,  Technology and Society (STS),  and 

Science,  and  Technology  Policy  (STP)  as  a  final  fulfillment  requirement  of  the  SmartGeo 

Fellowship program, and the Science, Technology, Engineering, and Policy minor.  This chapter 
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introduces a new STS/STP concept concerning the after effects of knowledge boundary disputes. 

This new concept is called the residual footprints of knowledge boundary disputes.  This new 

concept is developed through the analysis of an oil and gas drilling controversy that climaxed in 

Erie, CO in 2012.  Additional evidence of this residual footprint concept is also presented in a 

very brief form.  It is hoped that this new concept will be further researched, and adopted by the 

STS/STP community. 
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CHAPTER 1 

GENERAL INTRODUCTION

 1.0 Introduction

The potential for subsurface leakage of oil and gas wells or other types of wells, such as 

waste  disposal  wells,  carbon  dioxide  injection  (for  carbon  sequestration,  and  enhanced  oil 

recovery), water injection (for hydraulic fracturing, and enhanced oil recovery), and abandoned 

and orphaned wells  of  all  types  present  serious  issues  of  public  interest  and concern.   This 

concern relates directly to the overall integrity of wells, both long and short term, and the various 

mechanisms used to protect aquifers from contamination during the lifetime of all wells.  The 

public generally perceives that there is a risk that drinking water resources, both surface and 

subsurface,  may  ultimately  be  adversely  impacted  by  well  installation,  operation,  and 

abandonment.   This  public  concern  has  been  recently  fueled  by  a  variety  of  claims  of  the 

contamination  of  subsurface  drinking  water  aquifers  by  oil  and  gas  industry  operations. 

Whatever  the  cause  of  the  public  concern,  to  date  there  is  no  proof  of  subsurface  leakage 

contamination  pathways  into  subsurface  drinking  water  aquifers.   This  lack  of  proof  exists, 

because there is no method that provides continuous, real-time monitoring of well integrity that 

is able to determine whether aquifer contamination has occurred, or is currently occurring in a 

variety of wells, or well operations.  Only inferences of contamination pathways have been made 

thus far, and as such, association with well integrity can only be presumed, not independently 

verified.  

Page 1



Well  integrity  is  a  crucial  part  of  oil  and  gas  development,  operations,  and  well 

abandonment.  From the oil and gas industry's perspective, the integrity of wells is assumed to be 

assured  through proper  well  design,  the  materials  used,  the  use  of  proper  well  construction 

practices,  the  permitting  and  approval  processes,  and  a  generally  “proven”  track  record  of 

“excellent” past  performance.   Unfortunately,  this  circumstance may not be representative of 

reality.  Oil wells have been commercially drilled in the United States (US) for over 150 years 

(Dickey,  1959  and  Stevens,  2010).   Between  1949  and  2010  there  were  over  2,581,782 

exploratory, development, and dry oil and gas wells drilled in the US (US EIA, 2013a).  Of those 

drilled wells, there were 784,320 dry holes during that period (US EIA, 2013b), and these dry 

wells  are  normally  plugged  and  abandoned  (P&A).   There  were  over  one  million  actively 

producing oil and gas wells in the US as of 2010, per the US Energy Information Agency (US 

EIA. 2013c, and World Oil, 2011).  Since Unfortunately, the total number of wells drilled since 

the beginning is unknown because detailed record keeping was not established for many decades 

after initial well drilling.  Part of the total number of wells includes some quantity of P&A wells. 

The P&A wells were abandoned for a variety of reasons, including dry wells, and wells that have 

been shutdown for economic or other  reasons.   There are  at  least  tens  of thousands of lost, 

orphaned, and abandoned wells whose locations and integrity are unknown.  Orphaned wells are 

those wells that were abandoned by an operator that likely went out of business, but may still be 

productive at a very small level.  In general, this large number of wells, old, new, orphaned, lost, 

and abandoned, have a wide variety of states and conditions, because the technology of drilling 

and completing wells of all types has changed over the years of industry activity.  Additionally, 

depending on the well  operator,  different materials  and technology may be used to complete 

wells in locations that cross widely different formations.  It should be noted that wells are made 
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of materials that will degrade over time, and therefore the older the wells are, the higher the risk 

of eventual well integrity failure.  This leaves room for a great deal of uncertainty concerning 

well integrity and the potential for both surface and subsurface contamination of drinking water 

supplies.   This  uncertainty fuels  heightened public  concern  and opposition  over  oil  and gas 

industry operations.

Unfortunately,  along with the public concern over well  integrity,  there is a great deal of 

mistrust about the information that is being provided by the oil and gas industry.  When it comes 

to subsurface contamination of drinking water supplies, significant portions of the public have 

been convinced, by the movie Gasland, directed by Josh Fox (2010), that there are numerous 

instances of gas leaking into drinking water aquifers, and that it is caused by natural gas drilling 

and hydraulic fracturing.  In general, the oil and gas industry explains that drinking water aquifer 

contamination cannot be caused by hydraulic fracturing,  or drilling and completion practices 

because of the measures taken to ensure well integrity, and the numerous safety measures that are 

used during well construction.  Both the opposition to the oil and gas industry, and the industry 

itself are employing public communications tactics that do not directly address the real problem. 

One side pushes the highly dangerous,  and risky nature of modern oil  and gas development 

methods, and calls for more regulations or out right prevention of oil and gas extraction, while 

the other side makes claims of complete safety, excellent control, and proper regulations.  Reality 

is  somewhere  between  the  claims  of  absolute  danger  and  absolute  safety.   This  extreme 

divergence of claims is driven by several factors, including values based visions of the future of 

the world, politics, energy demand, and money.  However, what is missing in the argument is real 

data that actually affirms or denies the danger.  Therefore, what is needed is data.  
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Aside from leak checking a well, and monitoring annulus pressure, the oil and gas industry 

does not have technology that can directly confirm or deny intrusive fluid and/or gas leakages 

into  aquifers  during  the  whole  lifespan  of  a  well,  including  during  the  abandoned  phase. 

Therefore, a knowledge gap exists concerning the industry's ability to conclusively demonstrate 

to the public  that  no harm is  being done to subsurface water  resources during all  phases of 

industry operations, including post well operations abandonment.  This is because the methods 

being used by the industry to prove no harm in all cases, are not up to the task of detecting and  

localizing well leakages in real-time (except for relatively severe problems) during crucial phases 

of well construction, well operations, and ultimately during well abandonment.  In the long term, 

wells may develop leakages due to a variety of causes, during the different phases of a well's 

lifetime, including the very long time of the abandonment phase.  

 1.1 NSF-IGERT and the CSM SmartGeo Fellowship Program

I was granted a SmartGeo Fellowship at CSM starting in the fall of 2010.  The SmartGeo 

Fellowship Program at CSM is funded through the Integrative Graduate Education Research 

Traineeship Program at the National Science Foundation (NSF).  The objectives of this NSF 

program are to combine interdisciplinary science, engineering, technology, and social science 

training  with  the  chosen  discipline  of  students  to  expand  their  foundations,  and  with 

collaborative research, generate the science, engineering, and technology leaders of the future. 

The SmartGeo Program at CSM is focused on the development of new science, technology, and 

engineering leaders that are capable of developing intelligent geosystems.  Intelligent geosystems 

are engineered and natural earth structures that are capable of sensing and adapting to changes in 

the system to improve performance.  The SmartGeo Program adds formal leadership and team 
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building training to develop and enhance the leadership skills of the students.  Crucial to the 

program are specific multidisciplinary courses in addition to the chosen disciplinary coursework 

of the students.  Importantly, in the SmartGeo Program, the social science education aspect of the 

program teaches the students about the interactions of science, technology, and society and the 

interactions  of  science,  technology,  engineering,  and  policy  (STEP)  through  a  STEP minor 

and/or certificate program.  

The SmartGeo students are organized into multidisciplinary collaborative research groups 

that focus on different sets of geotechnical problems.  I joined the Intelligent Geoconstruction 

Team in fall semester of 2011 due to my change in direction to the hydraulic fracturing research. 

The Intelligent Geoconstruction Team focuses on advancing engineered geoconstruction methods 

by developing new technology that allows for greater data collection and adaptive use of the 

information.  Constructing geothermal, oil and gas, waste injection, and carbon sequestration 

wells  is  an  engineered  geoconstruction  process,  and  developing  technology  to  monitor  and 

provide  feedback to  those processes  fits  well  into  the  SmartGeo Intelligent  Geoconstruction 

Team project scope.

 1.2 Research Motivation

I was motivated to perform the research during my 2011 internship at ConocoPhillips.  I was 

hired as an intern to identify new methods of determining the extents of the borehole connected 

hydraulic  fracture  induced  fracture  network.   ConocoPhillips  was  interested  in  finding  new 

methods  to  detect  fracture  networks  because  microseismic  methods  were  insufficient  at 

adequately resolving the entire borehole connected fracture network.  At ConocoPhillips, based 

on my training at CSM, I realized that electrical potential methods could be used to delineate the 
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connected fracture network through the exploitation of a variety of electro-kinetic and electro-

chemical based geophysical phenomena.  I employed the well known and validated mathematical 

constructs for the electro-chemical phenomena and demonstrated through numerical modeling 

that  there  could  be  measurable  signals  at  depth  that  could  be  exploited.   After  that,  I  was 

convinced that the geophysics was correct, that the signals were present, and that a voltage based 

data acquisition system could measure and verify the phenomena.  I requested permission from 

ConocoPhillips to freely continue the research into the electrical phenomena related to hydraulic 

fracturing as my PhD subject, and they consented.

After  my internship,  I  returned to  CSM to  find  research  facilities  and capability  at  the 

school.   I  was  directed  to  the  laboratory  based  hydraulic  fracture  research  for  geothermal 

resource  enhancement,  funded by the  DOE,  and run  by Dr.  Marte  Gutierrez,  with  graduate 

students Jesse Hampton and Luke Frash.   I  explained to them that I  wanted to measure the 

surface  electrical  potential  on  the  test  specimens  during  hydraulic  fracturing  to  detect  the 

electrical  current  densities  that  are  generated  by  the  forced  fluid  movements  within  the 

specimens during the fracturing process; they agreed to allow me to participate in their research. 

The instrumentation I added to their experiments produced a significant amount of data during 

some of the preparatory efforts, and later during hydraulic fracturing experiments on a granite 

block.  During the preparatory experiments I managed to serendipitously acquire data during a 

progressive injection tube seal failure that resulted in a leak, not the hydraulic fracture of the 

sample.   After  closely looking at  the data,  I  immediately recognized the significance of the 

results of the experiment with regards to well integrity, and proceeded to continue the research in 

that direction.  The data was subsequently used for leak localization and the publication of a 

paper  in  Geophysics.   These  accidental  results  have  strongly motivated  me  to  continue  the 
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research and apply this new knowledge to help close the data gap associated with subsurface 

drinking water resources and oil and gas well integrity matters.

 1.3 Dissertation Organization

In this Dissertation, research will be introduced that will demonstrate methods that could be 

applied to help detect and localize leaks in the relatively shallow and isolated aquifer zones of 

wells of all types, states of usage, ages, and conditions.  These methods will help provide clarity 

concerning the unknown conditions of the wells that pass through subsurface drinking water 

resources.  These methods may be able to close some of the knowledge gap and uncertainty that 

defines the controversy over subsurface contamination of drinking water supplies.  

The technical  side of this  dissertation is  a collection of published journal articles,  when 

combined together,  that provide methods to get the data that is missing from the subsurface 

drinking water portion of the oil and gas controversy.  The policy side of this dissertation shows 

that  scientific  information  must  be  communicated  to  the  public  in  a  way  that  minimizes 

ambiguity and is helpful rather than instilling fear and mistrust into the public.  The final part of 

the dissertation describes the need for more research into methods and systems that can be used 

to help define and reduce perceived risks, find, locate, and assess dangerous conditions, and help 

control and remediate hazardous conditions related to subsurface drinking water supplies.

This Dissertation contains eight chapters that provide some background for the research, 

introduce the relevant performed research from a technical perspective, provide a policy basis, 

introduce a call for more research into the subject, and close the dissertation with a conclusion.  

CHAPTER 2 describes the existing state-of-the-art in well integrity measures and issues related 

to well integrity determination during the lifetime of wells of all types and purposes.  Several  
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different methods of leak detection are described and assessed for utility in aquifer monitoring. 

It is noted that most all of the well integrity assessment methods are based on in-well methods, 

and that most of these techniques do not constitute monitoring methods, and are only used once a 

problem is found.  In some cases the detection of a leak may be too late to prevent damage to the 

aquifer.  

CHAPTER  3 is a paper that was published in  Geophysics in 2013, and reveals electrical 

phenomena that shows correlated evidence of well leakage during a laboratory experiment of 

hydraulic fracturing.   The leak in this  experiment was detected using simultaneous,  spatially 

distributed electrical potential measurements, and the electrical potential data was used to locate 

the source of the fluid leakage within the experiment volume.  This chapter is important because 

it reveals an external to the well observable electrical phenomena that can be exploited to detect 

and localize outside the casing well leaks.  

CHAPTER4 is a paper, published in  Water Resources Research in 2009, that revealed, for 

the first time, the electrical phenomena that is generated during two phase fluid flow in porous 

media.  In this paper, the two phase flow that was observed was the displacement of water with 

air  during the drainage of a  test  tank filled with sand.  This paper  is  important  because the 

phenomena is  most  pronounced during drainage types  of  events,  and may be an exploitable 

signal that can be used to detect and localize gas leaks that displace water.  Importantly, this 

phenomena  will  occur  wherever  the  gas  displaces  water,  and  as  such  may be  able  to  help 

delineate the extent of an active gas intrusion into an aquifer.  

CHAPTER  5 is  a  paper,  published  in  Geophysics in  2010,  that  describes  a  laboratory 

experiment that explains the measurement, modeling, and localization of electrical signals that 

are generated during a leak of saltwater from a simulated retention pond into into a freshwater 
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aquifer.  This leakage experiment shows the electrical current densities and measured temporal 

voltage responses that are generated by a gravity driven salt  plume as it descends through a 

freshwater saturated sand tank.  The voltage measurements are used to invert for the position and 

extent of the salt plume as a function of time as it descends into the tank.  This paper is important 

for the detection and localization of leaks along with the evaluation of the extents of possible 

leakage damage caused by fluid intrusion into an aquifer.  Pressure driven leaks from damaged or 

leaky wells may cause fluids to intrude into an aquifer, causing damage.  It is most likely that  

there  will  be  some  sort  of  chemical  composition  and  density  differences  between  upward 

migrating fluids and native aquifers, and therefore it is important to be able to determine  the 

extents  of  damage.   This  paper  provides  additional  evidence  for  new  leak  detection  and 

localization technology that can be used outside the well casing.  

CHAPTER 6 explores the influence of scientific information during a public controversy in 

2012 over the drilling of eight new gas wells in sight of two elementary schools in Erie, CO.  

The authority of science, scientists, and agency, the roles of scientists, the norms of behavior for 

scientists, and agency policies are explored to establish some Science Technology, and Society, 

and Science Technology and Policy concepts for application to the controversy.  This chapter 

reveals a public dispute over values, and shows how non-peer reviewed scientific information, 

openly presented for  the first  time before a  body of  lawmakers by a  scientist  from a world 

renown US government  scientific  agency,  influenced policy decisions  by town officials  and 

altered the image of the Town of Erie, CO.  It is demonstrated in this chapter that the scientific 

information was influential, and was required to be peer reviewed before disclosure to the public, 

per  agency  regulations.   This  chapter  also  shows  that  there  are  after  effects  and  residual 

influences from scientific knowledge disputes that can require significant effort to overcome. 
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This chapter shows that there are policy implications for scientific information, and that through 

inference,  the  technical  research,  the  resulting  data,  and  proposed  future  research  described 

herein can also have policy implications with regards to well  integrity and the protection of 

subsurface drinking water resources.  

CHAPTER  7 provides closure to the Dissertation by tying everything together, providing 

discussion, and analysis of the potential impact of this research.
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CHAPTER 2 

BACKGROUND OF LEAK DETECTION IN WELLS

 2.0 Introduction

Leak detection in wells of all types is a crucial process.  The aquifer monitoring and leak 

detection concepts that are proposed in this Dissertation are for the early detection of leaks in 

wells that may be difficult to detect in a timely manner with other methods.  For this chapter, we 

are only concerned with leaks at shallow depths that result in the displacement of native aquifer 

fluids with fluids and/or gases from different, isolated zones within a well.  Leaks inside of the 

casing that do not present a direct risk of aquifer contamination are not of interest.  

The well leak detection and localization concepts explored through the research documented 

in this dissertation must be placed into the context of existing well leak detection technologies. 

This chapter looks at various technologies that are used for leak detection throughout the life of a 

well.   Nearly all,  if  not all  of the current  leak detection methods involve technology that  is 

directly deployed into the well, or is closely associated with parts of the well.  Very few methods 

are available for external to the well leak detection and localization.  Figure 2.1 shows a notional 

vertical well system that places well leakage into context.

 2.1 Some Causes of Well Leakage

There are numerous mechanisms for well integrity failure, and some are more common than 

others.   Figure  2.2 shows  some  of  the  problems  with  leaks  in  and  around  casing.   Plug 

permeation,  or  failure  b)  in  Figure  2.2,  and  plug  microannulus  bypass  c)  in  Figure  2.2 are 

associated with the internal functioning of the plug in plugged and abandoned wells, and as such 
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are not possible to detect external to the well.  Poor cement composition, or voids in the annulus 

are included e) in Figure 2.2.  

Figure 2.1: A notional vertical well schematic.  Cement annuli may not be cemented all the way  
to the surface of the well.   Surface casing is required to extend below the aquifer zone, and  
cement is required to fully isolate the zone.  The red circled items are the focus of this research.  
(not drawn to scale)

 2.2 Primary Leak Detection

Oil and gas wells  penetrate through a variety of formations and zones that may contain 

different fluids and gases, and as such, these zones must be isolated from each other.  These 

various zones may contain freshwater, brines, gas, oil, and combinations of oil, gas, and water. 

Additionally, formation permeability and pressures may vary substantially from one formation to 

another for a variety of reasons, and as such may present serious problems for well control.  
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Without zonal isolation,  these different zones may contaminate each other.   Well  casing and 

associated well construction practices are the primary methods that are used to provide isolation 

between these various zones.  During well construction, numerous measures are used to maintain 

well control during the drilling processes; however, the shallower end of the well construction 

Figure 2.2: a) Microannulus leakage outside of and adjacent to the casing, b) well plug bypass  
along and inside the casing, c) leakage directly through the cement, d) leaks through the casing,  
e)  leakage  through  cracks  in  the  cement,  and  f)  microannulus  leakage  outside  the  casing  
between the cement and protected formation (Celia, M.A., Bachu, S., Nordbotten, J.M., Kavetski,  
D., and Gasda, S.E. (2005)).

process related to aquifer protection is of interest in this dissertation.  Figure 2.1 shows a notional 

vertical well.  Each casing shown in Figure 2.1 is actually a connected series of pipes, each 25 to 

40 feet in length, with threaded junctions that extend to a desired depth.  This series of pipes is 

called a casing string.  After the surface casing string and its cement is set, isolating the aquifer  

formation  from  further  drilling  activities,  a  casing  integrity  test  is  conducted  to  determine 
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whether the surface casing is leaking.  Part of the casing integrity test is to monitor the cement 

annulus  pressure,  or  casing  annulus  pressure.   This  test  involves  pressurizing  the  well  and 

holding the pressure constant for some time to validate pressure stability.  A decline in pressure 

inside the casing over time signifies that there is a leak somewhere in the surface casing system, 

requiring leak location and repair, prior to the commencement of further drilling.  A build-up of 

pressure in annulus may be an indication of a leak, may indicate communication between the 

inside of the casing and the formation, and should be fixed prior to drilling commencement. 

Upon drilling commencement after setting a casing string, the well is drilled a bit deeper, and 

another  pressure  test  is  performed  to  check  the  casing  shoe for  leaks.   Additional  tests  are 

performed to establish other drilling parameters, and then drilling is commenced.  Each of the 

subsequent  casing  installation  operations  undergo the  same tests.   These  tests  constitute  the 

primary well integrity establishment procedures during well construction.  

During  well  operations,  production  tubing,  and  all  casing  and  annulus  pressures  are 

monitored.   Unexpected  or  sudden  loss  or  reduction  of  production  and  production  tubing 

pressure,  and  changes  in  casing  and  annulus  pressures  are  all  indications  of  possible  leak 

scenarios that require intervention to locate the cause, control the leak(s), and repair.  In Figure

2.1,  pressure  changes  in  Annulus  A may indicate  production  tubing  related  issues,  whereas 

pressure changes in Annulus B, C, and/or D may indicate leakage pathways that are outside the 

well.  

 2.3 Historical Leak Localization

Since oil and gas wells have been around for a very long time, leaking wells are not a new 

phenomena.  In fact, production logging was developed to locate production related problems, 
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including leaky wells.  So, how have leak in wells been detected and located in the past, before 

high technology methods were available?  What tools were available to the operator and well 

service companies to detect  and solve well  production problems?  The most traditional leak 

detection method is temperature logging.  The first documented use of a temperature logging 

dates back to the 1930s (McKinley, and Thornhill. 1994).  Combination tools were developed in 

the  1940s  that  used  temperature,  pressure,  and  flow  measurements  to  detect  problems 

(McKinley, 1982).  In the early days, these tools were memory tools that recorded and stored the 

measurements.  These forms of memory; however, were not digital, and did not use what is now 

considered to be memory; a variety of mechanical recording devices were used.  Eventually, it 

became clear that these types of memory devices were not providing data in a timely manner,  

and in the late 1940s and early 1950s, surface reading instruments were developed.  In the early 

1960s, grease injection heads for inserting wireline tools became available, and full electrical 

production logging became safer, and easier to perform in pressurized wells (McKinley, 1982).

The noise log was introduced in 1973 by McKinley, Bower, and Rumble, by describing the 

unique audio band noise spectra that was present for a variety of leaks.  They also demonstrated 

that noise logging was capable of detecting leaks that the traditional temperature logging could 

not  discern.   The  use  of  noise  logging  was  further  encouraged  in  1976  by Robinson,  and 

McCullough,  and  again  for  more  production  assessment  related  applications  in  1979  by 

McKinley, and Bower.  

 2.4 Overview of Leak Physics

The following sections introduce the principal generally accepted physical concepts behind 

current leak detection and localization methods.  The physical concepts include classical leak 
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detection and localization methods that are considered traditional, have been established in the 

industry as reliable, and are the classical go-to methods for leak detection.  Unexploited physics 

is introduced in the following sections, allowing the consideration of new leak detection and 

localization methods that are not classical, and are currently untried.

 2.4.1 Classical Leak Localization Physics

There  are  a  few  physical  principals  at  work  that  make  leak  detection  and  localization 

feasible.  Leaks alter the pressure regime within the well as described in the section above, and 

as such, pressure changes are an important part of leaking.  The historical temperature log relies 

on a few principals.  First, if a leak is fast enough to transport hot fluids from deeper formations 

to higher elevations in the well, then the temperature contrast between the higher temperature 

fluids and the local temperature will generate a high temperature anomaly at the shallower depth. 

If  the  leak  is  gas,  then  the  expansion  of  gas  through  a  leak  orifice  will  generate  a  Joule-

Thompson cooling effect that will generate a low temperature anomaly on a temperature log.  It 

is  considered  that  leaking  fluids  will  also  generate  turbulence  as  it  flows  through  the  leak 

channels thereby generating acoustic noise.  For gas,the concept is that moving gas will also 

generate acoustic noise in the leak channels and orifices.   Flow logging will  also detect the 

thieving of fluids from the production tubing, measuring different flow rates above and below 

the leak zone.  

These three physical processes are the principal methods that are used for leak detection. 

However, there are some other physics processes that are used to find leaks.  Large leaky can be 

detected through the use of a “pony tail,” a frayed nylon rope end, or other mechanical wagging 

device that can detect rapidly flowing fluid or gas through an opening in the casing.  
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Nuclear  detection  methods  can  also  be  employed  in  some  circumstances.   Employing 

gamma ray detectors with a radioactive tracer laced fluid pumped through the casing or into the 

annulus and leaking areas, will increase the gamma ray detector count above the natural gamma 

ray background in those zones.  A gamma ray detector with a neutron source will provide another 

leak  detection  method.   Forcing  a  nonradioactive  boron laden fluid  compound down a well 

casing  or  into  an  annulus  and  ultimately  into  a  leak  zone  will  allow for  enhanced  neutron 

moderation and capture, and the release of gamma rays caused by resulting neutron activation. 

This will allow the use of gamma ray detectors for leakage channel behind the casing detection.  

Neutron activation and resulting gamma ray detection can also be used without boron when 

water or oil is present in the behind the casing leakage channels.  The additional gamma rays 

produced  by  neutron  activation  increase  the  total  gamma  ray  count  above  the  natural 

background, generating an anomaly in the gamma ray detector response.

 2.4.2 Unexploited Physics

There are some other physical principals that have not been exploited for leak detection and 

localization.  Principally, this is because all of the methods described thus far are borehole based 

techniques, and such, no external to the borehole methods have been developed.  Here we briefly 

consider some other geophysical concepts that merit consideration.  In the light of the research 

described in this dissertation, it would seem that some external to the borehole leak detection and 

localization methods might merit some consideration.  Considering that leaks into aquifers are of 

most interest in this dissertation, making sure leaks into aquifers are detected, and located before 

they become a problem is essential.  Some physics that exploits fluid movement has already been 

described, but electrical potential methods that exploit fluid and gas movement in the cement 
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annulus zone (Figure 2.2) are of particular interest.  These types of fluid and gas movements 

interact with saturated porous media in a manner that produces an electrical  current density. 

Figure 2.3 explains the generation of the streaming current in conductive porous media and the 

resulting  opposing  conduction  current.   The  electrical  current  flowing  through  the  bulk 

conductivity of  the porous material  generates  a  voltage drop that  diffuses  outward from the 

current source, and this voltage can be measured at a distance from the source current density 

Figure 2.3: The source of streaming current in porous material.  The charged mineral grain  
surface forms an electrical double layer through the attraction of dissolved ions in the pore  
water that is present.  The movement of the pore water through a direct pressure gradient driven  
flow, and/or the displacement of the water with another fluid, or a gas will drag the diffuse layer  
ions  and  generate  an  electrical  current  density.   To  maintain  charge  neutrality,  a  bulk  
conductivity current flows in the reverse direction.  (modified from Revil, et al., 2007)
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with non-polarizing electrodes.  It is this signal that can be exploited for leak detection.  Haas, et  

al., 2013, found just this sort of leakage generated voltage signal external to an injection “well” 

in a laboratory hydraulic fracturing experiment.  This current density generation phenomena can 

also be related to the flow of fluid in annulus fractures, and micro-annulus that forms between 

the  cement  and  the  formation,  and  the  cement  and  the  casing  as  identified  in  Figure  2.2. 

Importantly, the faster the fluid flows, the higher the electrical current density, and consequently, 

the higher the voltage that is generated.  Also, under geometrical configurations that are constant, 

repeated flowing of the fluid through the fractured cement annulus and/or micro-annulus allow 

the repeated stacking of the sensed signals, building up the signal to noise ratio to allow for 

lower noise leak localization computations.

 2.5 Surveillance Methods

Other methods can be used that provide additional assessment data, but do not provide direct 

evidence of leakage.  These methods include the use of cement bond logs, eddy current imaging,  

borehole televiewer, and visible video camera techniques.  These methods represent a variety of 

techniques that use different physics principals to form images of the interior of the casing or 

production tubing.  

The cement bond log is an ultrasonic sonar method that transmits ultrasonic waves into the 

casing and measures the refracted return signal from the cement annulus and formation.  A good 

cement  bond  will  pass  the  ultrasonic  signal  through  the  casing,  the  annulus,  and  into  the 

formation with little refraction resulting in a low signal (Pardue, et al., 1963).  A poor cement 

bond, to the casing and/or formation will produce strong signals from the transmitted ultrasonic 

pulses.  Additionally, if there are voids or cracks in the cement annulus, these will also produce 
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strong signals.  The cement bond log provides information concerning possible leakage pathways 

and channels, but is not conclusive evidence of actual active leakage.

Various  electrical  imaging  methods  can  also  be  employed  to  locate  suspect  leakage 

locations.  Magnetic flux leakage measurement is a DC magnetic flux imaging technique that is 

used to survey the integrity of the casing and/or production tubing, by measuring changes in the 

thickness  of  the  metal  as  a  function  of  position  withing  the  tubulars  (Sharar,  Cuthill,  and 

Edwards,  2008).   DC  magnetic  fields  are  transmitted  into  the  casing  or  tubing  through  an 

electromagnet; the resulting magnetic field in the casing or tubular will leak magnetic flux if 

there is a disturbance in the thickness of the metal.  The magnitude of the leaked flux is higher 

for a reduced casing thickness, and this change in flux is picked up by a magnetic field sensor.  

In this way, corrosion induced thickness variations, and holes or voids in the tubular metal can be 

detected.  Eddy current imaging is a tubular surface inspection and imaging technique that relies 

on higher frequency AC magnetic fields to induce eddy currents onto the near surface (tool side) 

of a  tubular  (Bigelow, 1993).   This eddy current  induces  an opposing magnetic  field in  the 

tubular that is a function of the surface condition.  The opposing magnetic field reduces the 

effective  magnetic  field  in  the  drive  coil  causing  a  lower  current  to  flow through  it.   The 

magnitude of the opposing magnetic field will vary depending on the surface roughness of the 

tubular; higher surface roughness, voids and holes will disturb the eddy currents, reducing the 

opposing magnetic field, resulting in a higher current in the field coil.  This higher current is 

detected and indicates the presence of a surface defect at the location of the change in current. 

This method will detect holes, cracks, and surface depressions in the tubulars.  

The  borehole televiewer is another ultrasonic sonar method that can be used in cased and 

open holes.  This sensor system provides surface images of the borehole, and is usable in gas free 
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liquids of all types including clear water, drilling mud, and oil.  In cased holes, the sensor system 

can detect holes fractures, and pits in casing (Zemanek, et al., 1969).  

Visible imaging systems are also used to discover problems, but they can only be used in gas 

free, clear fluid or all gas environments.  Active leaking, where fluid is flowing into the casing in 

a fluid free environment may directly provide evidence of leakage, and the source of gas bubbles 

leaking into the casing may also be direct evidence of gas leakage, but these situations may not  

be common.  Visible imaging systems can also provide evidence for a variety of well ailments  

including  tubing  collapse,  casing  shoe  displacements,  cracks,  packer  problems,  and  other 

physical problems.

Figure 2.4: a. Cement bond log schematic diagram (modified from Pardue, et al., 1963), and b.  
magnetic flux leakage hole visualization that shows a hole in a recovered casing section (Sharar,  
Cuthill, and Edwards. 2008).

Other tools may also be used to survey the conditions in the well, such as multi-arm caliper 

tools, resistivity, and more.  However, none of these techniques provide direct evidence of fluid 

or gas movement, but may be able to reveal holes or other physical problems of the casing or 

production tubing such as casing collapse, casing shoe displacements, cracks, packer problems, 

some types of behind the casing issues, and other physical problems.  
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 2.6 Sustained Casing Pressure

Of all this leak detection and pressure monitoring, thousands of wells have pressure in one 

or more of the annuli that is not able to be bleed off.  This pressure is called sustained casing 

pressure  (SCP)  (Xu,  and  Wojtanowicz,  2001,  and  Xu,  and  Wojtanowicz.  2003).   The  SCP 

remains because there exists some pathways from the source of the SCP through to the annuli 

that  register  SCP.   This  means  that  the  methods  currently  in  use  for  leak  detection  and 

localization are not able to find the cause of SCP.  Ultimately, this means that not all of the leaks 

in the wells with SCP have been found and repaired.  This means that newer methods that have 

higher sensitivities, remove uncertainty, and insure leak detection and localization are needed.  

 2.7 New and Future Technologies

There are some new and more advanced techniques that are being developed.  Most of these 

newer  approaches  are  high  technology  improvements  to  existing  methods.   Most  of  these 

methods are  still  in  the  trial  phase of  industry acceptance,  and as  such have not  been fully 

adopted industry wide.  Several of these new approaches deserve note here as future technologies 

that  are  viable  solutions  for  solving  a  variety  well  integrity  problems  and  in  some  cases 

providing useful production data as well.

 2.7.1 Ultrasonic Technology

Ultrasonic  logging  technology  extends  the  passive,  audible  acoustic  noise  log  into  the 

ultrasonic part of the acoustic spectrum.  The key factor with this technology is that the sound 

source will pass through many layers of well casing, and has a shorter range within the wellbore 

(Johns, et al., 2006, and Johns, Aloisio, and Mayfield, 2011).  This also means that a leak source 

will generate a signal with a much narrower position peak during log runs.  Additionally, the 
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much higher frequency will allow the other acoustic noise sources within the wellbore due to 

tool movement and other operations to be filtered out (Julian, et al., 2007, and Johns, Aloisio, 

and  Mayfield,  2011).   The  short  range,  and  the  high  frequency  gives  this  technology  an 

advantage over the standard noise log method, because of the filtered sensor system operations 

noise, and as a result, the logging speed can be increased to normal slickline and wireline rates.

However, this tool is not a monitoring tool, and its use must be directed by another method 

that detects leaks.  To detect casing leaks, the well must be shut-down, the production string must 

be removed, and the log run.

 2.7.2 Distributed Temperature Sensors

Distributed temperature sensors (DTS) perform the same function as a temperature log, but 

instead of being installed in a sonde for deployment into a well through a slickline or wireline, 

are typically implemented using specialized fiber-optic cable technology, and function over the 

entire length of the well simultaneously.  The distributed temperature sensor is a length of fiber-

optic  that  is  intrinsically  sensitive  to  temperature  along  its  entire  length.   The  temperature 

detection  process  operates  on  the  temperature  dependent  anti-Stokes  Raman  back-scatter 

phenomena  (Julian  et  al.,  2007).   A pulsed  laser  is  used  to  interrogate  the  sensor,  and  the 

reflected,  back-scattered  optical  (near  infrared)  radiation  is  detected  and  measured  with  an 

electro-optical sensor and data acquisition system.  This type of sensor is simply a thin, armored 

cable with a fiber-optic inside of it.  The temperature sensitivity is a function of the laser pulse 

amplitude, the number of pulses integrated to build up the signal relative to the noise.  High 

temperature sensitivity means longer integration time, and as such more laser pulses.  The spatial 

resolution of the sensor system is also a function of the laser pulse length.  The sensor also has a  
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wide range of operating temperatures, from about -90ºC to about 500ºC, depending on cable 

construction (Julian et al., 2007).  

There are a few different deployment options for this sensor.  It can be inserted into the 

production tubing through the slickline adapter at the well head and pumped to the desired depth 

within the well; the sensor can also be strapped to the production tubing for a more permanent 

installation.  The sensor can also be pumped into the inside of the casing in much the same 

manner as being pumped into the production tubing, and finally, the sensor can be strapped to 

casing string for a permanent installation.  

This particular sensor system approach offers a new capability for well integrity assessment 

in  terms  of  continuously  monitoring  the  temperature  profile  of  a  well.   Other  types  of 

temperature analysis become possible when the DTS is permanently installed in the well.  Long 

term  assessments  of  changes  in  temperature,  transient  temperature  events,  shut-in  versus 

transient flow, and more.  To the extent that spatially located temperature changes can be used to  

identify leaks and well integrity issues, this system would be a valuable technology for the oil 

and gas industry.

 2.7.3 Distributed Acoustic Sensors

Another  approach to  leak  detection  is  the  use  of  the  distributed  acoustic  sensor  (DAS) 

system, whereby the DAS concept distributes acoustic sensing elements throughout the length of 

a well.  The purpose for distributing acoustic sensors is to provide as much coverage along the 

well's length as possible to fully monitor and detect the unknown positions of acoustic emissions 

related  to  leaking  wells  during  the  well's  lifetime.   The  most  cost  effective  and  reasonable 

method to do this is with fiber-optic acoustic sensors distributed through the length of the well. 
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In most all fiber-optic sensor system architectures, the fundamental operating principal employs 

the  differential  acoustic  modulation  of  the  optical  path  length  of  an  interferometer  that  is 

interrogated with a pulsed laser.  Numerous interferometric based acoustic sensor configurations 

are plausible, ranging from mandril based dual path interferometers to Bragg grating sensors, to 

more simple Fabry-Perot interferometers.  The laser interrogation pulses and modulated return 

signals are distribution throughout the well with a fiber-optic network.  The returning optical 

signals are demodulated with a specially designed fiber-optic sensor system demodulator.  

Properly configured DAS systems can be installed in the well in the same manner as the 

DTS system.  Therefore, the DAS has the advantage of being capable of being installed for long 

term monitoring, and therefore would be able to detect acoustic based changes in the well that 

could not be determined from other measurement methods.  Its temperature sensitivity is highly 

dependent on the materials used in the construction of the interferometric sensors themselves. 

The  sensors  have  an  acoustic  bandwidth  of  operation  (system  and  sensor  construction 

dependent), and therefore are sensitive to all of the same acoustic sources as a typical noise log.  

In most all high sensitivity fiber-optic sensor systems, the sensors are discrete sized, and 

discretely positioned sensors, which is very different from DTS sensor systems.  There may be 

practical limitations concerning the number of sensors per fiber, and as such, large numbers of 

sensors, positioned throughout the well becomes a multiple fiber implementation, which in the 

end may have deployment reliability problems due to the harsh well environment.  

 2.8 Leak Detection and Localization for Abandoned Wells

There is no technology that is used to monitor abandoned wells for leakage.  There are only 

a few ways to determine with certainty if an abandoned well is leaking.  The first and most 
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obvious way is the physical observation of unusual fluids, and/or gases leaking out of the area 

surrounding a well,  not the wellhead tubing.  Another  leak detection method is  the physical 

observation of some unusual fluids and/or gases discharging from locations that are not in the 

immediate well site.  The worst case for leak detection is when oil and gas industry related fluids 

and/or  gases  show up  in  drinking  water  and/or  irrigation  wells.   For  multiwell  pads,  these 

methods may be insufficient to determine which well is leaking.  These methods are likely to be 

manifestations of long term problems that have already established leakage pathways and have 

caused  damage  to  the  surrounding  surface  formations  and  possibly  the  subsurface  aquifers. 

These  particular  observational  leak  detection  techniques  do  not  provide  information  on  the 

specific location of the leak, and therefore other methods are needed to locate and ultimately 

repair the leak.  Any leaking abandoned well must be repaired, and therefore it is imperative to  

intervene in the abandoned phase of the well, reestablish connection to it, remove the plugs, and 

use some of the previously described leak detection methods to survey the well, and locate the 

leak.  

 2.9 Conclusion

Aquifer  contamination  may  also  occur  any  time  after  well  installation  and  completion 

operations.   Over  time,  due  to  improperly  installed  aquifer  protection  zones  during  well 

construction, or the complexities associated with aging during the entire lifetime of a well, leaks 

may  occur.   Additionally,  improper  abandonment  processes  may  increase  the  potential  for 

drinking  water  aquifer  contamination.   Currently,  there  is  no  way  to  decisively  determine 

whether cementation operations for zonal isolation of aquifers has leak-proof integrity over the 

entire  life  span of any particular  well.   The lifespan of a well  starts  with well  construction, 
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through  operations,  and  abandonment.   Once  a  well  is  established,  its  existence  in  the 

environment is permanent; therefore, the abandonment phase of a well is the longest period for 

any well of any type, and merits some careful attention. 

Current  methods  of  leak  detection  in  wells  employ  most  of  the  established  methods 

discussed above.  For new well construction, these methods may be easily used.  However, for 

non-production tubing related problems, once a well has entered into production, the use of most 

of these methods requires taking the well out of service, removing the production equipment (if 

any) from the well before the leak detection and well integrity surveillance may proceed.  Upon 

completion of the well integrity surveillance, and repair (if required), the well may be returned to 

production  status.   During  all  of  this  activity,  there  is  risk  that  something could  go  wrong, 

keeping the well off line for a much longer period of time than planned.  This is because there is 

always a finite risk that during well surveillance and work-over operations, some tool may be 

lost  in  the  well,  or  other  damage  to  the  well  may  occur,  leading  to  higher  costs  for  well  

operations restoration.  This translates to lost revenue for the operator. 

Specifically, cement bond logs only provide indications of locations for weak cement bonds, 

but do not provide proof of leakage.  Sustained annulus pressure or changes in annulus pressure, 

may or may not be an indication of a leak, but importantly, this only provides a possibility for  

detection if a leak exists.  Additionally, sustained annulus pressure may or may not be monitored 

in real-time, and may only be monitored weekly or monthly.  This type of infrequent monitoring 

will  not  allow  transient  annulus  pressure  event  detection  that  may  be  an  indication  of  the 

progressive  establishment  of  undesirable  migration  pathways  over  time.   Annulus  pressure 

monitoring  will  not  provide  specific  leak  location,  or  affected  volume  information.   Zonal 

isolation and pressure testing may find leaks of moderate size, but the affected volume cannot be 
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determined,  and  it  is  not  a  real-time  detection  method.   Radioactive  tracers  and  neutron 

activation  methods  can  locate  leaks,  and  provide  some  flow  direction  indication,  but  these 

methods may not be suitable for finding leaks near drinking water aquifers, and they cannot 

determine overall affected volume.  Temperature based methods can detect higher temperature, 

high pressure intrusions of fluids, and can detect the drop in temperature due to gas expansion. 

Temperature  methods  are  not  likely  to  indicate  affected  volume,  and  can  be  somewhat 

ambiguous in the interpretation of where in the borehole the leak is located.  Acoustic methods 

(including ultrasonic) can locate leaks from the sounds they make, and as a result may be able to  

locate leak sources, possibly some annulus pathway information can be discovered, but they are 

not capable of determining the affected formation volume.  Finally, the oil and gas industry has 

resorted to  physical  water  well  sampling  and chemical  testing.   Unfortunately,  the chemical 

testing method is not a real-time leak detection technique, nor does it localize any contamination 

sources; it only detects the presence of contamination.  Depending on where the water samples 

are taken, contamination could become substantial, before it is detected; it may be too late to 

prevent significant damage to the aquifer. 

Currently,  none  of  these  leak  detection  techniques,  other  than  casing  pressure  and 

temperature methods, are monitoring processes, and as such are not capable of monitoring wells 

for undesirable outside the casing fluid movement during normal operations.  If a leak develops 

in a well that is not under observation of any form, then there is no way to assess the well,  

leaving room for significant damage to subsurface drinking water resources to occur before a 

leak is detected.  A knowledge gap about well integrity, over the lifetime of wells of all types, 

becomes evident when faced with the large number of wells that are in various stages of use. 

This  knowledge  gap  leaves  room for  a  technical  solution  to  shallow,  well  integrity  related 
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problems associated with leaks that result in undesirable outside the casing fluid movement. 

Particular attention should be focused on abandoned wells, because long term well integrity 

cannot be guaranteed for a large number of these types of wells, especially for wells that have 

been constructed  with  old  well  construction  practices.   Generally,  well  abandonment  begins 

when a well is taken out of service permanently.  It is plugged, and enters the abandoned phase  

of its life.  At the time of abandonment, the well is usually considered to have good integrity, and 

is no longer monitored for integrity during the remaining period of the well's existence.  The 

abandonment phase lasts essentially forever, and it is the time period where many unmonitored 

physical changes to a well can occur as it ages, resulting in increased risk of well integrity break 

down and leakage.  The extent of this problem is unknown, and there is no method to adequately 

resolve  this  uncertainty associated  with  abandoned wells.   The  present  invention  provides  a 

solution to the complex problem of assessing whether abandoned wells are damaging aquifers. 

The  central  problem with  leaking  oil  and  gas  wells  concerns  the  well  annulus  cement 

associated with the isolation of protected zones.  Poor or improperly positioned cement may lead 

to  leakages  into  protected  zones.   This  leakage  may  occur  through  inconsistent  cement 

formulations,  poorly  cleaned  drilling  mud  from  borehole  walls,  and  improper  cement 

formulations.  Additionally, old cement may shrink away from the borehole wall, causing poor 

sealing to the formation.   The shrinkage of annulus cement may cause micro-annulus voids, 

allowing pathways for fluids and gasses to enter protected formations, such as drinking water 

aquifers.  These problems may occur at any age of a well, and as wells age, the problem may 

worsen.  Currently, there is no way to absolutely determine if leakage is present in abandoned 

wells, nor where the leakage is occurring.

In general, the real-time detection and localization of leakages into shallow drinking water 
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resources from wells of any age, type, or status is not available to the oil and gas industry.  Also, 

there are no existing methods that will determine the extents of an undesirable aquifer intrusion 

if one is found.  In other words, if a leak has contaminated an aquifer, there is no method to 

reliably determine the amount of damage that has been done.  What is needed is a technology 

that can monitor shallow drinking water aquifers in real-time, detect the occurrence of leakages 

before contamination becomes a severe problem, localize leakage sources, and aid in the well 

repair process.  

 2.10 References

Bigelow, E. 1993. “Confirmation Of A Well’s Mechanical Integrity.” In Offshore Technology 

Conference.

McKinley,  R.  M.,  and  Jerry T.  Thornhill.  1994.  Temperature,  radioactive  tracer,  and  noise  

logging  for  injection  well  integrity.  Ada,  Okla:  Robert  S.  Kerr  Environmental  Research 

Laboratory, Office of Research and Development, U.S. Environmental Protection Agency. 

McKinley, R. M. 1982. “Production Logging.” In International Petroleum Exhibition and 

Technical Symposium.

McKinley, RM, and FM Bower. 1979. “Specialized Applications of Noise Logging.” Journal of  

Petroleum Technology 31 (11): 1387–1395.

McKinley, RM, FM Bower, and RC Rumble. 1973. “The Structure and Interpretation of Noise 

from Flow Behind Cemented Casing.” Journal of Petroleum Technology 25 (3): 329–338.

Pardue, GH, RL Morris, LH Gollweitzer, and JH Moran. 1963. “Cement Bond Log-A Study of 

Cement and Casing Variables.” Journal of Petroleum Technology 15 (5): 545–555.

Revil A.,  N. Linde, A. Cerepi, D. Jougnot, S. Matthäi, and S. Finsterle (2007), Electrokinetic 

Page 30



coupling in unsaturated porous media, Journal of Colloid and Interface Science, 313(1), 

315-327, 10.1016/j.jcis.2007.03.037.

Sharar, MA, DA Cuthill, and KA Edwards. 2008. “High Resolution Casing Imaging Utilizing 

Magnetic Flux Leakage Measurements.” In 49th Annual Logging Symposium.

W. S. Robinson, NL McCullough. 1976. “Recent Application of the Noise Log.” In , 25. Society 

of Petrophysicists and Well-Log Analysts.

Xu, R, and AK Wojtanowicz. 2001. “Diagnosis of Sustained Casing Pressure from Bleed-

off/buildup Testing Patterns.” In SPE Production and Operations Symposium.

Xu, R, and A Wojtanowicz. 2003. “Diagnostic Testing of Wells With Sustained Casing Pressure-

An Analytical Approach.” In Canadian International Petroleum Conference.

Zemanek, Joseph, RL Caldwell, Glenn EE, SV Holcomb, LJ Norton, and AJD Straus. 1969. “The 

Borehole Televiewer A New Logging Concept for Fracture Location and Other Types of 

Borehole Inspection.” Journal of Petroleum Technology 21 (6): 762–774.

Johns, Joel, Curtis Blount, Jerald Dethlefs, Jennifer Julian, Mary Loveland, Marie McConnell, 

and Guy Schwartz. 2006. “Applied Ultrasonic Technology in Wellbore Leak Detection and 

Case Histories in Alaska North Slope Wells.” In SPE Annual Technical Conference and 

Exhibition.

Julian, Jennifer, GE King, Joel Johns, Janet Sack, and Daniel Robertson. 2007. “Detecting 

Ultrasmall Leaks with Ultrasonic Leak Detection, Case Histories from the North Slope, 

Alaska.” In International Oil Conference and Exhibition in Mexico.

Johns, Joel, Frank Aloisio, and David Mayfield. 2011. “Well Integrity Analysis in Gulf of 

Mexico Wells Using Passive Ultrasonic Leak Detection Method.” In SPE/ICoTA Coiled 

Tubing & Well Intervention Conference and Exhibition.

Page 31



Julian, JE, JK Sack, DA Cismoski, RO Younger, DL Brown, GA Brown, KM Richards, et al. 

2007. “Downhole Leak Determination Using Fiber-Optic Distributed-Temperature Surveys 

at Prudhoe Bay, Alaska.” In SPE Annual Technical Conference and Exhibition.

Hull, John, Lance Gosselin, and Kevin Borzel. 2010. “Well-Integrity Monitoring and Analysis 

Using Distributed Fiber-Optic Acoustic Sensors.” In IADC/SPE Drilling Conference and 

Exhibition.

Page 32



CHAPTER 3 

ELECTRIC POTENTIAL SOURCE LOCALIZATION REVEALS A BOREHOLE LEAK 

DURING HYDRAULIC FRACTURING

Haas, AK,  A Revil,  M Karaoulis, L Frash,  J  Hampton, M Gutierrez,  and M Mooney.  2013. 
“Electric Potential Source Localization Reveals a Borehole Leak During Hydraulic Fracturing.” 
Geophysics 78 (2). doi: 10.1190/geo2012-0388.1.
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A. K. Haas1, 2, A. Revil1, 3, 4, M. Karaoulis1, L. Frash5, J. Hampton5, M. Gutierrez5, and M. 
Mooney5

 3.0 Abstract

A laboratory experiment was performed to see if passively recorded electrical signals can be 

inverted to retrieve the position of fluid leakages along a well during an attempt to hydraulically 

fracture  a  porous block in  the  laboratory.   The cubic  block was  instrumented  with 32 non-

polarizing  sintered  Ag/AgCl  electrodes.   During  the  test,  several  events  were  detected 

corresponding to fluid leakoff along the seal of the well.  Each event showed a quick burst in the 

electrical field followed by an exponential-type relaxation of the potential distribution over time. 

The occurrence of these "electrical" events was always correlated with a burst in the acoustic 

emissions and a change in the fluid pressure.  These self-potential data were inverted in two 

steps: (i) using a deterministic least-square algorithm with focusing to retrieve the position of the 

source current density in the block for a given snapshot in the electrical potential distribution and 

(ii) using a genetic algorithm to refine the position of the source current density on a denser grid. 
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The results of the inversion were found to be in excellent agreement with the position of the well  

where the hydraulic test was performed and with the localization of the acoustic emissions in the 

vicinity of this well.  This experiment indicates that passively recorded electrical signals can be 

used to monitor fluid flow along the well during leakages, and perhaps monitor fluid flow for a  

number of applications involving hydromechanical disturbances.

 3.1 Introduction

Hydraulic fracturing has become a very important method to increase the permeability of 

shales and tight sandstones (Argawal et al., 1979) and to increase the production of geothermal 

fields (Kohl et al., 1979).  Hydraulic fracturing can also be used for the non-exempt solids waste 

disposal (Keck and Withers, 1979), in situ stress measurements (Kuriyagawa et al., 1989), and 

can occur  during the grouting of the foundations of  dams  (Lee et  al.,  1999).   The classical 

method  for  monitoring  hydraulic  fracturing  remains  acoustic  emissions  (micro-seismic),  and 

significant  progress  has  been made in  the  last  decade  in  using passive  seismic  in  detecting 

hydraulic fracturing events and localizing these events in heterogeneous materials.  However, 

with acoustic emissions there is generally a lack of knowledge of where the fluids are actually 

moving within the subsurface formations as well as the actual extent of the fracture network 

(e.g., Warpinski, 1991).  There is also a recognized need for methods that can be used to monitor 

fluid leakages around the walls of a borehole, which are also associated with the opening of fluid 

flow pathways in  response to  hydromechanical  stimulations.   This  is  particularly critical  for 

boreholes that traverse through fresh water aquifers where contamination is a concern (Cihan et 

al., 2011).  
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The self-potential  method corresponds  to  the  passive  measurements  of  electrical  signals 

associated with a variety of source current mechanisms in the conductive subsurface of the Earth 

including a redox-based contribution (Sato and Mooney, 1960; Mendonça, 2008; Castermant et 

al., 2008;  and Revil et al., 2010) and a streaming current contribution related to ground water 

flow (Revil and Linde, 2006; Revil et al., 2011; Ikard et al., 2012).  The self-potential inverse 

problem is similar in essence to ElectroEncephaloGraphy (EEG) in medical imaging. In the last 

decade, the recording and inversion of EEG signals has been instrumental in our understanding 

of how the brain works and in the mapping of its various functions (Grech et al., 2008; Duru et 

al., 2009).  

The  flow  of  pore  water  associated  with  hydraulic  fracturing  and  leakages  results  in 

measurable voltages both during field operation in reservoir environments (Chen, et. al., 2005, 

2007;  Chen, et  al.,  2011,  Entov,  et  al.,  2010),  in  shallow aquifers  (Wishart et  al.,  2008),  or 

associated with artificial  seismic sources (Kuznetsov et al.,  2001).  Similar conclusions have 

been reached in volcanic environments (e.g., Byrdina et al., 2003) and there is a relatively broad 

base  of  literature  on  laboratory  observations  of  electromagnetic  fields  associated  with 

hydromechanical disturbances (Moore and Glaser, 2007; Nie et al., 2009; Jia et al., 2009; Chen 

and Wang, 2011; Wang et al., 2011; He et al., 2011; Onuma et al., 2011; He et al., 2012).

For instance,  Moore and Glaser (2007) investigated unconfined and confined samples of 

granite  subjected  to  hydraulic  fracturing  in  the  laboratory.   Their  results  indicate  that  the 

principal mechanism for the self-potential response is due to the generation of a streaming source 

current density associated with the flow of the pore water (see also Wurmstich and Morgan, 1994 

and Ushijima et al., 1999).  We believe that these voltages carry information about the fracture 

network that is expected to be complimentary to the information determined from micro-seismic, 
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tiltmeter,  wellhead  pressure,  and  wellhead  flow  measurements  (Keck  and  Withers,  1979). 

Mahardika et al. (2012) recently provided a comprehensive framework to perform full waveform 

inversion of both passive seismic and electrical data to invert for the position and moment tensor 

of hydromechanical events.

In  the  present  study  we  are  concerned  with  the  time-lapse  monitoring  of  a  hydraulic 

fracturing/ leak-off experiment  in  the laboratory using the time-lapse record of self-potential 

signals.  Our goal is to show that the inversion of the electrical potential measurements can be 

used to detect and localize the streaming current disturbances caused by borehole seal failure and 

the  resulting  undesirable  fluid  migration  along  the  borehole  during  hydraulic  fracturing 

operations.  A leak-off resulted from an attempt to hydraulically fracture a porous block and our 

initial goal was to study the electrical signals associated with such fracturing event.  That said, 

the rupture of the seal  was responsible  for several  bursts  of acoustic  emissions that  will  be 

analyzed as well.

 3.2 Material and Method

 3.2.1 Equipment

The porous material used for the laboratory fracturing tests is a cement mixture (FastSet 

Grout Mix). It was cured for about 10 months before the tests proceeded.  The porous sample has 

a cubical shape (x = 30.5 cm × y = 30.5 cm × z= 27.5 cm, Figure 3.1).  After curing, several 10 

mm diameter holes (named #1 to #10 below) were drilled into the block to varying depths such 

that various tube sealing methods could be tested (see Figure 3.1).  Stainless steel tubing with 9.5 

mm outside diameter was placed into a few holes using Loctite Instant Mix 5-Minute epoxy as 

the tube sealing agent.  The voltage measurement electrodes were attached to the top and one 
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Figure 3.1:  Unconfined cement block sensor configuration.  1) Cement block, 2) 34 Ag/AgCl 
electrodes (Biosemi), 3) acoustic emission sensors (Mistras WSα), 4) plastic plate with top array  
of 16 channels of Ag/AgCl electrodes (Biosemi), 5) plastic plate with back array of 16 channels  
of Ag/AgCl electrodes (Biosemi), 6) Hole #9 high pressure fluid injection tube, 7) Hole 10, high  
pressure fluid injection tube, 8) Hole 6, high pressure fluid injection tube (not used), 9) other  
holes (no injection).

side of the block (16 electrodes on each face) using a plastic template for precise positioning.  

Acoustic emission sensors were also mounted to three faces of the block.  The electrodes were 

solid sintered Ag grains with a solid AgCl coating.  The active diameter of the electrodes was 

about  1 mm.  Each electrode has a voltage amplifier built into the electrode casing.  Each of 

these electrodes was electrically connected to the block surface through a drop of conductive gel 

usually used for EEG.

The  electrical  response  during  the  experiment  was  measured  using  a  very  sensitive 

multichannel  voltmeter  manufactured  by  Biosemi,  Inc.,  designed  for  EEG 

(http://www.biosemi.com/).   In  the  experiments,  the  electrical  potential  measurements  were 

acquired  with  32  amplified  non-polarizing  silver-silver  chloride  (Ag AgCl)  electrodes.   The 

electrode potentials were measured using the BioSemi ActiveTwo data acquisition system that is 

self-contained, battery powered, galvanically isolated, and digitally multiplexed with a single 

Page 37



high sensitivity analog to  digital  converter  per  measurement  channel.   The analog to  digital 

converters used in the system was based on a Sigma-Delta architecture with a 24 bit resolution. 

The system has a typical sampling rate of 2,048 Hz with an overall response of DC to 400 Hz. 

This measurement system has a scaled quantization level of 31.25 nV (LSB) with 0.8 μV rms 

noise at a full bandwidth of 400 Hz with a specified 1/f noise of 1μV pk-pk from 0.1 to 10Hz. 

The common mode  rejection ratio was higher than 100 dB at 50 Hz, and the amplified non-

polarizing  electrode  input  impedance  was  300  MΩ  at  50  Hz  (1012  Ohm  //  11  pF)  (see 

http://www.biosemi.com/, Crespy et al. 2008 and Ikard et al., 2012 for further explanations).  

The voltage reference for the measurements is contained within the measurement area, and 

was designed into the measurement system to be a part of the common mode sense (CMS) and 

common  mode  range  control  (DRL)  electrodes  (see  Ansari-Asl  et  al.,  2007  for  further 

information on the common mode control used in the BioSemi System and  Kappenman and 

Luck, 2010, for the effect of electrode impedance on the measured response).  The CMS and 

DRL electrodes used in combination to make a feedback control system that keeps the CMS 

electrode as close as possible to the reference voltage at the analog to digital converter.  In this 

system, the CMS electrode becomes a dynamic reference potential.  All of the digitized data is 

saved in the raw data form, and is referenced to the CMS electrode.  The data is recorded with all 

of the common mode signals and, as a result, any channel can be used as the reference channel. 

In fact, the maximum common mode rejection in the system only fully occurs when a single 

channel of choice is subtracted from all of the other channels.  In our measurements we selected 

the least active signal in the data (Channel 4) as the reference.  This type of system allows us to 

change the reference electrode as needed to correct for dynamic voltages occurring at the CMS 

electrode.  Therefore, this type of system is best suited for dynamic self-potential signals. The 
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entire system, including the computer, is operated on batteries to minimize conductive coupling 

with the electrical power system.  The flow chart used to analyze the raw electrical data is shown 

in Figure 3.2. 

Acoustic emissions were also monitored using 6 WSα sensors manufactured by Physical 

Acoustics Corporation (PAC, see position in  Figure 3.1).  All six sensors had an operational 

frequency of 100-900 kHz and a resonant frequency of 125 kHz. PAC’s Micro-II PCI-2-8 Digital 

Acoustic Emission (AE) System chassis was used to run AEwin data collection and post-test data 

and automatic offset control. Waveform streaming enables data acquisition to hard disk 

Figure 3.2. Flow chart for the processing of the electrical potential data. (1) Instrumentation of  
the  porous  block.  (2)  Data  acquisition  showing  the  BioSemi  EEG  system  and  the  laptop  
computer. (3) Signal condition of the raw data. (4) Mapping the voltage response using ordinary 
kriging. (5) Localization of the causative sources in the block.
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continuously with up to 10 MHz.  PAC’s 2/4/6 (20/40/60 dB gain) single-ended preamplifiers 

were used on each channel throughout all testing. A 60 dB gain setting was preferred in order to 

amplify micro-fracture signals and increase signal-to-noise ratios. The acoustic emission data 

were also  inverted  to  localize  the  position  of  the  source  (see  Hampton,  2012 for  additional 

details). 

 3.2.2 Experiment

The experiments were conducted on the porous block in equilibrium with the atmosphere of 

the laboratory (~30% relative humidity). Saline water was used as the injection or fracturing 

fluid  (no  proppant)  containing  10  g  of  NaCl  dissolved  into  1000  ml  of  deionized  water 

(conductivity of 1.76 S m-1 at 25°C).  Note because lower salinities implies higher electrokinetic 

signals,  we place ourselves in the most difficult  conditions we could meet in the field.   We 

demonstrate below that even in such high salinity conditions, the self-potential signals can be 

easily observed.  The fluid control system injects fluid through stainless steel tubes (Figure 3.1) 

using a computer controlled Teledyne Isco 100DX syringe pump that is able to control flow rate 

or pressure.  The injection tube was designed to have an open end at the bottom; there were no 

side ports for fluid to flow through.  The system has a total fluid capacity of 103 ml, and is 

capable of achieving pressures up to 68.9 MPa and maintaining constant flow rates of 0.001 to 

60 ml/min.  In this experiment, the injection tubes were initially pressurized to a PID controlled 

1.17 kPa with the fracturing fluid and maintained at that pressure for a period of time to be sure  

that the system was maintaining pressure and to measure the fluid flow rate.  A constant fluid 

flow rate of 1 ml/min was then imposed on the system with the intent of inducing hydraulic 

fracturing.  Under constant flow, the cement block or the tubing seal would eventually fail.  
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The test procedure began by preparing the cement block for high pressure injection (see 

Frash and Gutierrez, 2012, for details).  The injector was filled with the saline solution described 

above  and  coupled  to  the  injection  tube  that  was  also  filled  with  the  saline  solution.   The 

injection system was purged of air, and then subjected to constant pressure of 1.17 kPa for about  

30 minutes to monitor leak-off to be sure that there was no pressure loss.  For the experiment 

associated  with  Hole  #9,  a  60  second  pre-injection  (termed  Phase  0)  electrical  potential 

measurement  period  was  acquired  (Figure  3.3a).  The  goal  of  this  phase  was  to  establish 

individual  channel  offsets  and drift  trends  for  use  during  post  acquisition  signal  processing. 

Constant pressure fluid injection at 1.17 kPa (termed Phase I) was initiated at T0 = 60 s and 

terminated at T1 = 1632 s. This phase was followed by Phase II, a 1 ml/min constant flow rate  

initiated at T2 = 1795 s (note that fluid pressure was maintained, but not actively controlled 

between T1 and T2.).  Fluid injection was terminated well after the end of the electrical data 

acquisition, when seal failure was confirmed through the appearance of water on the surface of 

the block near the injection hole.  For this experiment, self-potential data acquisition terminated 

at  2086 s,  prior  to  completion of Phase II  injection due to an accidental  interruption of the 

streaming data because of a poor USB 2.0 connection.  This did not affect the raw data saved or 

any subsequent use of the data.

 3.3 Observations

 3.3.1 Electrical Potential Data

Figure 3.3 shows the temporal evolution of the electrical potential for all of the electrodes, 

including the occurrence of bursts in the electrical potential that are similar in shape (but much 

larger in amplitude) to the electrical field bursts observed by Haas and Revil (2009) for Haines 
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Figure 3.3. Self-potential time series related to Hole #9 saline water injection.  a) Full  time 
series data set showing the different fluid injection time periods during data acquisition (T0, T1,  
and T2).  Note the significant change in electrical response after T2 that is bounded by region  
b).   b) Zoom  highlighting  the  background  normalized  electrical  response  showing  distinct  
electrical impulses related to the start of constant flow injection at T2 with selected peak events.  
c) Zoom in region c) highlighting the first series of impulsive signals with selected peak events  
E2, E3, and E4 with temporal reference to  E0 and E1.   d) Zoom in region d) showing the  
temporal noise leading up to event E1, with a voltage background time slice at E0.  Note the  
change in potential after E1.
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jumps  during  the  drainage  of  an  initially  water-saturated  sandbox.   Figure  3.3a  shows  the 

entire2086 s record, while Figure 3.3b, c and d zoom in on specific areas of interest.  There are 

seven major events of which three are highlighted (Events E1 through E3), and two will be used 

below to test our localization procedure.  These events are shown in the time series of  Figure

3.3b,  c,  and d.  All  major  electrical  potential  events  occurred  during  Phase  II  constant  flow 

injection. During Phase I, the measured electrical potential gradually increases as fluid is being 

injected  into  the  cement  block.   No  bursts  in  the  electrical  field  were  observed  during  the 

constant pressure phase (Phase I). 

Each major event is characterized by a rapid change in the electrical potential time series 

followed  by a  slower  exponential-type  relaxation  of  the  potential  with  a  characteristic  time 

comprised between several seconds to several tens of seconds.  This relaxation is believed to be 

associated with the relaxation of the fluid pressure as shown later. Because the relaxation of the 

potential distribution is relatively slow after each event, a sequence of overlapping events causes 

a superposition of the potentials from each event in the sequence to varying degrees (see Figure

3.3b and  Figure 3.3c).  We term the superposition of a past event decay response with a new 

event a residual potential superposition.  It can be clearly seen from Figure 3.3 that the degree of 

residual potential superposition is dependent on event physics (hydroelectric coupling), event 

magnitudes, event spatial distribution, time of occurrence, and event decay rate.  Each of these 

factors is variable, and to localize and characterize individual impulsive events, the influence of 

residual  potential  superposition  must  be  accounted  for,  and  removed  to  complete  a 

comprehensive analysis of the data. 

Figure  3.4 and  Figure  3.5 show the  spatial  evolution  of  the  electrical  potential  on  the 

monitored faces of the test block, starting with Snapshot #E0 taken prior the occurrence of 
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Figure 3.4. Self-potential spatial voltage distributions for the snapshot E0 and the Event E1.  
Each panel is a kriged contoured distribution of the electrical potential on the top and back  
panels (ordinary kriging).  The black dots denote the position of the electrode positions, the  
dashed circles represent the positions and sizes of other holes within the test block, and the  
dashed lines represent projections of the positions and depths of Hole 9 and Hole 10 onto the  
back face of the block (present in all spatial voltage distribution figures).  a) and  b) Spatial  
electrical potential distribution for Snapshot E0 showing the spatial variations associated with  
the background noise.  Note the very small color bar voltage scale (+0.08 mV to -0.06 mV).  c) 
and d) Voltage distribution for Event E1 showing the burst of the electrical field associated with  
the first hydraulic pulse taking place during constant flow injection.  Note the voltage polarities  
in the spatial distributions and the much larger color bar voltage scale (+0.25 mV to -0.1 mV).  

Events E1 and E3.  For these snapshots, ordinary spatial kriging was performed on each face 

separately.  It can be seen in Figure 3.3d, Figure 3.4a and b that the snapshot E0 shows random 

spatial electrical potential fluctuations associated with the temporal noise that can be seen in 

Figure 3.3d.  In these figures, Channel 13 is noisier with respect to the rest  of the channels  
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possibly from poor contact between the electrode and the cement block. Event E1 in Figure 3.4c 

and d shows an initial voltage distribution with a small negative potential on the top surface of 

the block and a bipolar signal on the side of the block.  This voltage distribution implies that 

there is a current source density possibly near Hole 9 (see position in Figure 3.1) that is pointing 

mostly downward into the block.  The time series in Figure 3.3d shows the onset of this small 

peak (Event E1), followed by a quick decay and reversal of the polarity of the current source 

density as indicated by Event E2 as shown in Figure 3.3c and Figure 3.5a and b.  We consider 

that the polarity reversal may be described by a sequence of events. First, a brief pressure drop 

(E1p), seen in  Figure 3.6 just before the E1 peak, indicates some sort of pulse flow of fluid 

occurred, that may have lead up to the E1 peak.  The following reversal of polarity that peaks at 

E2 is correlated with another pressure drop (Figure 3.6, E2p) just prior to the peak at E2.  This 

indicates that the initial fluid flow direction at E1 was in a downward direction, possibly an 

indication of the initial  downward direction of a plastic  failure in the epoxy seal  before the 

reversal of flow direction due to other seal failures with higher volumes and mostly vertical flow 

directions.  It is possible that the impulsive nature of these failures was unique to this particular 

epoxy seal technique that caused plastic seal failure. Additionally, gas pockets inside the epoxy 

interface with the hole wall could be an explanation of the burst nature of the seal failure.  This 

could have been caused by unequal distribution of the epoxy along the hole wall. The rupture of 

each gas pocket would produce a drop in pressure followed by an increase in the fluid flow along 

the hole wall, and an electrokinetic response.  As we will show later, the direction of the current 

density corresponding to event E2 is mostly pointing upward and grows in magnitude in an 

impulsive manner  as the fluid injection proceeds.   The magnitude of  the electrical  potential 

grows from Event E2 onward, and maintains the spatial voltage distribution/polarity throughout 
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the remainder of the data acquisition.  This implies that fluid is moving upward in a persistent 

manner, somewhere in the vicinity of Hole 9 during and after Event E2.

Figure 3.5. Self-potential spatial voltage distributions of Events E2 and E3.  a) and b) Event E2 
voltage distribution showing the peak voltage associated with the second hydraulic pulse during  
constant flow injection.  Note the voltage polarities in the spatial distributions and the color bar  
voltage scale (+2.5 mV to -2.0 mV).  Event E2 represents the first of a series of electrical field  
bursts.  Panels a) and b) show a reversal in polarity and increase in peak magnitude relative to  
Figure 3.4 panels c) and d).  c) and d) Event E3 spatial voltage distribution showing the peak  
voltage associated with the highest magnitude pulse during constant flow injection.  
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 3.3.2 Pressure and Acoustic Emission Data

The Hole 9 fluid pressure change (sampled at 5 Hz) response during constant flow injection 

(Phase II) is shown in Figure 3.6 along with the acoustic emission hit count versus time 

Figure 3.6. Fluid pressure, acoustic emissions, and electrical potential changes during a given  
time window.  a) The Acoustic Emission (AE) data and pressure change correlation.  The red  
asterisks denote the located acoustic emission events. b) The trend removed pressure changes. c) 
The voltage responses at all 32 measurement points. The events labeled E0p - E5p represent the  
same events in each panel of the figure. The acoustic emission hits, the pressure changes, and  
the voltage data all align, indicating that there is a relationship between these phenomena. 

Page 47



histogram is shown in  Figure 3.6a.  The acoustic emission hit counts peak very close to and 

during the pressure changes. This indicates some sort of breakage is occurring resulting in a 

momentary pressure drop during these times.  The sequence is highly temporally correlated, and 

indicates breakage followed by periods of low acoustic emission activity.  The acoustic emission 

hit counts close to event E1p, peak at 108 hits; the E2p count peaks at 477 hits; the E3p event 

peaks at 270 hits; the E4p hit count peaks at 532 hits, and the hit count at E5p is complex having 

three peaks, with a maximum count above 680 hits.  The hits are based on exceeding an acoustic 

emission threshold level on each channel in the acoustic emission detection system.  Only a few 

of  the  hits  contain  enough signal  to  noise  ratio,  and channel  to  channel  correlation  without 

overlap to allow hit  localization.   If hits  are localized,  then they turn into acoustic emission 

events.  Figure 3.6a also shows the temporal correlation of the located acoustic emission Events. 

Figure 3.6b shows the trend removed pressure change data along with the event correlations, and 

Figure 3.6c shows the voltage response and pressure change event correlations.

This  figure  shows that  the  observed bursts  in  the  electrical  field  are  directly  related  to 

pressure changes that were measured in the injection system and  acoustic emission  hits.  The 

pressure data indicate that there were some sharp changes in the flow regime inside Hole 9 and 

the leakages were only occurring inside the block (the occurrence of electrical data shows that 

the fluid that  moved was in contact  with porous media; no electrokinetic phenomena would 

occur outside the block and directly in the hole).  The large number of temporally correlated 

acoustic emission  hits  indicate that something was breaking at the times of the pressure and 

voltage changes. 

Note that the pressure data shows only small pressure fluctuations in the early phases of the 

seal failure around Hole 9 while the pressure continues to build.  The drops in pressure and 
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correlated increases in voltage indicate that fluid is moving in the system.  The drops in pressure 

indicate that the fluid flow rate through the seal failure is momentarily higher than the fluid  

flowing into the system.  This higher fluid flow rate depletes the fluid volume and pressure in the 

fluid injection system until the pathway associated with the seal failure closes.  Flat pressure 

response  during  seal  failure  may be  expected  if  the  seal  failure  were  to  achieve  a  state  of 

equilibrium over a short period of time, and that the volume of flow into the system was equal to 

the volume of flow out of the system.  This is clearly not the case here as we are dealing with a  

highly dynamic hydromechanical system.  If pressure measurements were the only observations 

of  these  events,  then  these  fluctuations  could  not  be  directly  attributed  to  a  seal  failure 

mechanism.  However, the existence of electrical data and acoustic emissions shows that there is 

a mechanism other than induced block fracturing going on.  The electrical  data provides  an 

information related to the flow process during the series of events in progress.  The electrical  

data implies seal failure, and the pressure data confirms fluid  movement.  The electrical data 

actually provides more detail of the early development of the seal failure process and we will 

show that the electrical field can be used to localize these events indicating an imminent seal 

failure.  Each of the pressure drops in shown in Figure 3.6 indicates that the seal is progressively 

failing (not full  failure for  each event),  resulting in  the burst  like behavior  described in  the 

previous section.  Only when the pressure decreases precipitously (E5p in  Figure 3.6) can full 

seal failure be identified from the pressure data. 

This combination of observations shows the strong correlation between mechanical effects 

and electrical responses, indicating the breakage of material along with the movement of fluid in 

the system.  Each observation by itself is insufficient to explain the physical processes occurring 

within the block; however, the combination of the measurements strengthens the understanding 
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of the physical changes within the block.

 3.3.3 Electrical Potential Evidence of Seal Failure

The persistent voltage distribution shown in Figure 3.5 indicates the effects of upward fluid 

migration somewhere near Hole 9.  We believe that this set of observations provides a leading 

indicator  of  the  borehole  seal  failure.  This  seal  failure  was  further  confirmed through fluid 

pressure measurements (see previous sub-section) and the leakage along the borehole was later 

visually confirmed through the observation of water flow at the top surface of the block in the 

vicinity of Hole 9.  The temporal electrical signatures in Figure 3.3 shows numerous impulsive 

events that grow as the seal failure progresses.  The hypothesis for the explanation of this data  

considers that the epoxy seal failed in a plastic manner beginning with the onset of seal failure 

with subsequent repeated blockage and breakthrough events having a valve like behavior until 

the  end  of  the  data  acquisition.   The  seal  failure  occurs  in  the  epoxy-filled  annulus  of  the 

borehole between the steel tube and the cement; as more fluid contacts the cement walls of the 

borehole  with  higher  and  higher  velocities,  the  magnitude  of  the  electrical  response  grows 

accordingly.   The  approximate  position  of  the  fluid  contact  with  the  borehole  wall  can  be 

determined from the data.  The position of the positive anomaly recorded by the top array is not 

centered on Hole 9, but is displaced, from the center of the hole, possibly because of the position 

of the electrodes and the electrical boundary conditions around the borehole.  

The  data  from the  side  face  electrical  potential  array also  contains  source  location  and 

orientation information, indicating that the fluid flow encountered porous media somewhere well 

above the  bottom of  the  borehole,  also  a  potential  indication  of  borehole  seal  failure.   The 

observations imply that the fluid flow is occurring along a pathway following the borehole and 
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close  to  the  lower  right  corner  of  the  top  array.   The  electrical  boundary conditions  in  the 

borehole  is  insulating  between the  borehole  wall  and the  stainless  steel  tubing,  causing  the 

reflection of the electrical potential away from the borehole center.  These electrical potential 

measurements are consistent with the subsequent observations of fluid leakage at the test block 

surface near Hole 9 due to borehole seal failure.  These electrical observations occurred several 

minutes before surface fluid leakage was visually observed on the top surface.

 3.4 Source Localization Algorithms

Our goal in this section is to apply a dipole based inversion algorithm to localize the source of 

the electrical  disturbances in the block for the various events  discussed above.   We start  by 

specifying  the  physical  problem  for  the  occurrence  of  the  quasi-static  electrical  potential 

distribution. Then we develop our inversion as follows: (i) We apply a gradient-based inversion 

with reduction of the volume of the source (compactness) followed by (ii) a genetic algorithm 

localization to refine the position of the source. 

 3.4.1 Field Equations

The coupling between the hydromechanical equations and the electromagnetic equations is 

described in Mahardika et al. (2012) including dynamic terms. The governing equation for the 

occurrence  of  self-potential  signals  is  obtained by combining a  constitutive  equation  with a 

continuity equation.  The constitutive equation corresponds to a generalized Ohm's law for the 

total current density j (in A/ m2),

Sσ= +j E j (3.1)

where σ denotes the low-frequency electrical conductivity of the porous material (in S m-1), E = 
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ϕ∇−  the electrical field in the quasi-static limit of the Maxwell equations (in V m-1),  ϕ  the 

electrical potential (in V).  The source current density is given by ˆ
S VQ=j u  where u denotes the 

Darcy velocity and  ˆ
VQ  the excess of charge (of the diffuse layer) per unit pore volume of the 

porous or fractured material (in C m-3) that can be dragged by the flow of the pore water. At high 

flow rates, the flow can be influenced by the value of the Reynolds number; the case of high 

Reynolds numbers has been analyzed by Bolève et al. (2007).  Equation 3.1 can be combined 

with the following conservation equation for the charge in the quasi-static limit of the Maxwell  

equations,

0=⋅∇ j (3.2)

Combining Equation 3.1 and Equation 3.2 yields a Poisson equation for the self-potential ϕ  

(expressed in V), 

( ) ℑ=∇⋅∇ ϕσ (3.3)

where ℑ  denotes the volumetric current density (in A m-3).  This volumetric current density is 

given by, 

ˆ ˆ
S V VQ Qℑ ≡ ∇ ⋅ = ∇ ⋅ + ∇ ⋅j u u (3.4)

The electrical potential distribution at an observation point P is given by:

( )1 1 ( )( ) ln ( )
2 ( , ) 2 ( , )

S M MP dV M dV
x P M x P M

ϕ ρ ρ
π πΩ Ω

∇ ⋅= + ∇ ⋅∫ ∫
j E

(3.5)

where x denotes the distance from the source at position M to the electrode located at position P 

where  the  electrical  potential  signal  is  recorded.   In  Equation  3.5,  the  two  contributions 

associated with the primary field (first  term of the right-hand side of Equation 3.5) and the 

secondary potential (the second term of the right-hand side of Equation 3.5) are separated.  The 
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primary source term is due to the hydromechanical disturbances while the second term is due to 

the heterogeneities in the resistivity distribution of the resistive block.  

Another possibility is to write the solution in a more compact form as,

( ) ( , ) ( )SP P M M dVϕ
Ω

= ∫ K j (3.6)

where  K(P,  M) is called the kernel or the leading field and  dV is a small volume around the 

source point M.  We use this equation in the computations below in our attempt to localize the 

causative source of the electrical  bursts.  Generally,  the elements of the kernel are the Green 

functions connecting the self-potential data at a set of measurement stations, P, located at the 

measurement surface and the sources of current density at a set of source points located in the 

conducting volume.  The kernel computation accounts for the electrical resistivity distribution 

and for the boundary conditions applied to the system. In the following computations, we will 

use a uniform resistivity distribution within the domain volume, not including the holes drilled 

into the block.  Indeed,  these holes  represent  infinite  impedance zones  within the volumetric 

resistivity  distribution,  and  are  explicitly  accounted  for  in  the  computation  of  the  kernel.  

Accounting for the presence of the holes within the volume is crucial to properly compute the 

kernel and localize the source current density.  Figure 3.7 shows the 729 positions used for the 

computation of the kernel in the block.

 3.4.2 Inversion Phase 1: Gradient-based Deterministic Approach

Equation 3.6 can be written in the following matrix form,

d=Km (3.7)

where  d denotes  the  N-vector  of  the  observed  electrical  potentials,  at  each  time  step,  at  N 

electrodes, The vector m is a (3M)-vector containing the M source current density terms (times 
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three because we are dealing with a vector in a 3D cartesian coordinate system), K denotes the 

kernel matrix. 

The inverse problem is solved in 7 steps, which are described below in detail.

Step  1. Computation  of  the  kernel.  For  each  cell  (numbered  from 1  to  M),  we  assign  an 

elementary dipole in the three directions (x,  y,  z) (so three elementary dipoles in total) and we 

compute the resulting distributions of the potential at each of the N recording electrodes. In each 

case, we remove the potential at the position of the selected reference electrode. Indeed, as 

Figure 3.7. Comsol model showing the distribution of points used to compute the coarse kernel  
matrix  (blue  points,  729  positions)  and  the  voltage  measurement  points  (red  points,  32  
positions).  The model geometry includes each of the 10 holes that were drilled into the block  
(black cylinders) considered to be perfect insulators.  The arrows labeled x, y, and z indicate the  
positive directions of the corresponding axes in the figure for the Cartesian coordinate system. 
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explained in details in Jardani et al. (2008), the computed kernel should respect the potential at  

the selected reference electrode.  The kernel is composed of three matrices  [ , , ]x y z=K K K K  

each of these matrices ( , , )i i x y z=K  is a N×M matrix so K  corresponds to a N×3M matrix. The 

sources will be described by the current dipole moment vector  I=m D  where  D denotes the 

displacement vector pointing in the direction of the flow of the current (in the direction of the 

electrical field) and m the current dipole moment vector (this is equivalent to the current density 

vector divided by the volume of the cell). The current dipole moment is therefore expressed in 

Am.

Step 2. The number of unknowns is 3M (three component for the current density times the 

number of cells). We have 3M >> N, the inverse problem is therefore strongly underdetermined. 

The inverse problem is solved with a gradient-based deterministic approach.  The roles of data 

misfit and model objective functions are balanced using Tikhonov regularization (Tikhonov and 

Arsenin, 1977; Hansen, 1998; Jardani et al., 2008) through a global objective function, ( )Pλ m , 

defined as, 

2
( ) ( )P sλ λ= − +m d Km m (3.8)

where  λ  denotes  a  Lagrange  regularization  parameter  ( 0 λ< < ∞ ) and  ( )s m  denotes  the 

(stabilizing) regularizer.  The vector  m is the a vector composed of three vectors, one for each 

components ( , , )x y z : ( , , )T
x y z=m m m m  where the superscript T means transpose. 

Step 3. The solution needs to be scaled with respect to the distance between the sources and 

the receivers. A depth weighting (3M×3M) diagonal matrix J  can be computed from the kernel 

as, 
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0 0
0 0
0 0
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z

 
 =  
  

J
J J

J
(3.9)

where each of the ( , , )i i x y z=J  is a (M×M) diagonal matrix computed with,

, , , ,

1

N
x y z x y z
ii ij

j
J K

=

= ∑ (3.10)

, , ( ) 0x y z
ijJ i j≠ = (3.11)

For compact source inversion, we seek to find one model with the minimum volume of the 

source current density. As shown by Last and Kubik (1983) and modified by Minsley et al (2007) 

to incorporate depth weighting, the stabilizing functional is expressed as,

0 0
0 0
0 0

x

y

z

 
 =  
  

Ω
Ω Ω

Ω
(3.12)

where  each of  the  ( , , )i i x y z=Ω  is  a  (M×M)  diagonal  matrix.   The  elements  of  these  three 

matrices are,

, ,
, ,

, , 2

x y z
x y z ii
ii x y z

i

J
m β

Ω =
+

(3.13)

, , ( ) 0x y z
ij i jΩ ≠ = (3.14)

where  β  is a support parameter (our choice of β is  explained further below).  Zhdanov et  al. 

(1994), showed an efficient way to calculate the minimum support parameter β, while Minsley et 

al. (2007) discussed the role of multiple regularization parameters.

Step 4. We form the new normalized kernel matrix,

K *=[K*
x  ,K *

y  , K*
z ] (3.15)
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K *
x , y ,z=Kx ,y , zΩ−1

x , y , z (3.16)

where K * is a (N×3M) matrix. 

Step 5. We solve the following system of equations:

[K*

λ I]m*=[da ] (3.17)

where I is the (3M×3M) identity matrix,  d is the (N×1) vector of electrical potential data,  *m  

denotes the scaled (3M×1) vector of model parameters, and a denotes a (3M×1) vector with only 

zero. 

Step 6. We need to unscale the solution to produce the (3M×1) vector m  obtained by,

m=[mx  ,my  , mz]
T (3.18)

mx , y , z=Ω−1
x , y , z mx , y , z

* (3.19)

The solution is found in terms of the current dipole moment expressed in A m.  We use a 

small initial support parameter of β = 10-12.  Then for this value we compute the "best" value of 

the  regularization  parameter  λ using  the  L-curve  approach.   If  the  solution  is  not  compact 

enough, we multiply the previous value of β by 10 and repeat the process.

Step 7. The solution is thresholded to keep only the main dipoles that explain most of the 

solution.  A threshold is applied to the model vector to remove all of the dipoles that were below 

the final value of  β.   The large number of low magnitude dipoles that are generated by the 

gradient  inversion  process  represent  a  purely mathematical  solution  to  the  source  inversion. 

Therefore, it is considered that these small sources do not represent real sources, and are not 

likely to be physically present during the event generation process.  Thresholding these widely 

spread small dipoles removes the nonphysical, mathematical only contributions to the solution, 

allowing the comparison of the principal elements of the inversion with the real data.  This helps 
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to realistically quantify the inversion process and source localization error but does not affect the 

main components of the solution.  Indeed, we expect the solution to be rather compact, and not 

broadly distributed.  Thresholding does bias the solution; however, we expect the solution to be 

in the vicinity of Hole 9 without components spread throughout the block volume.

The  grid  used  for  the  previously  described  gradient-based  approach  combined  with 

compactness is actually pretty coarse (see Figure 3.7).  This is to reduce the computational effort 

and time to find a preliminary position for the source.  As shown in the next section (see Figure

3.8 thru Figure 3.12), the inversion of the data leads to a source localized in the vicinity of Hole 

9 (as expected).  Once this is done, we switch our inversion to the genetic algorithm on a refined 

grid located in the vicinity of the solution found by the gradient-based approach.  The genetic 

algorithm used for this second inversion phase is described in the next section.

 3.4.3 Inversion Phase 2: Genetic Algorithm Approach

Following the gradient-based approach, we use a single dipole GA (Genetic Algorithm)-

based search through a new and finer kernel matrix with 360 positions (Figure 3.13).  This single 

dipole is assumed to represent the overall effect of pore water flow during the experiment.  This 

assumption is expected to be good enough to locate the volume where the leak is occurring.  The 

genetic algorithm is  used as follows; a population of candidate solutions is  used to  find the 

solution of the inverse problem.  This population has to evolve toward solutions that minimize 

the data misfit function,

2
( )dP = −m d Km (3.20)

where  2
.  refers  to  the  L2  norm.   The  evolution  starts  from the  population  of  randomly 

generated individual solutions in the area found by the deterministic gradient-based algorithm 
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described above. For each generation, the goodness of fit is evaluated through Equation 3.20, and 

multiple individuals are stochastically selected from the current population and modified to form 

a  new  population.  This  new  population  is  then  used  at  the  next  iteration.   The  process  is  

continued until a predetermined number of generations has been reached or a satisfactory data 

misfit has been reached for the population. 

Figure 3.8. Initial and compacted dipole inversion results for Events E2 and E3.  In these cases,  
the  compact  inversion  of  Events  E2 and E3  yields  one  dipole  that  dominates  the  response  
through a higher magnitude. Note that Event E3 is localized at a shallower depth than Event E2,  
showing that the causative source is moving closer to the top surface of the block in the vicinity  
of Hole 9.  a) Event E2 Results of the source distribution after gradient-based inversion. b) Same 
after 40 iterations in compacting the support of the source. c) d) Same for Event E3. 
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The model vector m contains 360 × 3 = 1080 elements (the number 3 represents the three 

components of the current dipole moment vector).  The 360 positions of the kernel matrix are 

positioned on three concentric cylindrical surfaces centered around Hole 9.  Each cylindrical 

surface (radii = 0.0105, 0.0125and 0.0145mm) contains 10 z-axis levels with 4.4 mm spacing 

between levels, and 12 points in the x-y plane at each z-axis level equally spaced at 30 degree 

increments (see details in Figure 3.13).  The kernel matrix was computed in the same way as the 

coarse kernel matrix, and resulted in a kernel matrix that was (360×3)×32, or 1080×32 elements. 

The genetic algorithm we used is the one found in the Matlab (Global optimization toolbox, 

Mathworks  (R2012a).  http://www.mathworks.com/products/global-optimization/ functionga.m, 

see for details:  http://www.mathworks.com/products/global-optimization/description4.html).  It 

should  be  noted  that  Comsol  Multiphysics  renumbers  the  dipole  points  during  its  internal 

geometry point scan, and the dipole numbers listed here are aligned with this  Comsol point 

sequence.

 3.5 Results of the Inversion

 3.5.1 Results of the Gradient-Based Inversion

For Phase 1 of the inversion, the model vector (2187 × 1 elements) represents the current 

dipole moment (magnitude in A m) at the 729 dipole positions in the model (at each location, the 

current dipole moment is characterized by three components along x, y, and z axes).  The initial 

model vector solution of the gradient inversion process generates a large number of dipoles that 

are distributed throughout the volume of the model with dipole moments that are consistent with 

the electrical  potential  distribution  in  the  data.   The compaction  process  changes  the  dipole 

moments, reducing the magnitude of most of the dipoles in the process.  This results in a few 
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(one or two) dominant dipoles with the rest of the points in the solution containing dipoles with 

very low magnitudes.  Step 7 thresholds these small dipoles to make them equal to zero. Indeed, 

the large number of low magnitude dipoles represent a nonphysical mathematical solution to the 

inversion and therefore are not likely to be physically present during the event generation process 

that is expected to be quite localized.

To check how the thresholded solutions compares with the measured data, we look at the 

differences (using the L2 norm) between the respective model solutions and the real (measured) 

data.  The forward modeled predictions of the data are called synthetic data below.  

Figure  3.8 shows  the  comparison  between  the  initial  inversion  results  per  1  iteration 

(without compaction, Figure 3.8a and c) and the compacted solutions after 40 iterations (Figure

3.8b and d) for Events E2 and E3, respectively.  Each small cone in Figure 3.8 represent a dipole 

at a kernel matrix point, pointing in the direction of the electrical current at that point.  The 

compacted inversion (Figure 3.8b and d) results for both events shows a single dipole pointing 

mostly in the +z direction. This solution is consistent with the hypothesis of seal leakage induced 

fluid flow based on the observations of the electrical potential distribution (see Figure 3.5).  Also 

the current is expected to occur in the direction of the fluid flow (via the drag of an excess of  

charge in the fluid flow direction with a current flowing in the direction of the cations).  Table

3.1 shows the L2 norm of the difference between the real data and the forward modeled full 

model  vector  (see  Equation  3.20),  as  well  as  the  measured  data  and  the  forward  modeled 

thresholded model vector.  Table 3.2 shows the localization and dipole moment parameters for 

the events.  
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Table 3.1: Data RMS error (L2 Norm) comparison for Events E2 and E3.
Event Coarse Kernel Matrix Model Type L2 Norm Number of Dipoles

E2 Full Model Vector 3.46 e-10 729
E2 Thresholded Model Vector 1.73 2
E3 Full Model Vector 6.12 e-10 729
E3 Thresholded Model Vector 9.63 2

Table 3.2: Dipole locations from inverted coarse dipole point location matrix for Events E2 and  
E3.

Event Dipole Status
Model 
Vector 

#

Dipole
#

X 
Location(

m)

Y 
Location(

m)

Z 
Location(

m)

Magnitude 
(mA m) Direction

E2 Main Dipole 1967 509 0.2135 0.0915 -0.1375 0.196 z-axis
E2 Minor Dipole 2050 592 0.244 0.0915 -0.0825 0.017 z-axis
E3 Main Dipole 1968 510 0.2135 0.0915 -0.11 1.56 z-axis
E3 Minor Dipole 1332 603 0.244 0.122 -0.0825 -0.144 z-axis

An in-depth analysis of Event E2 is shown in Figure 3.9 and Figure 3.10.  Figure 3.9a shows 

that  the  forward  modeled  full  model  vector  (with  compaction  and  without  thresholding) 

reproduces the real data nearly perfectly.  Figure 3.9b shows the full model vector solution, and 

the  inset  shows the  magnitude  range for  the  minor  dipoles.   The  thresholded  model  vector 

consists of only two dipoles (the rest of the thresholded model vector locations have negligible 

magnitudes) and is not shown here.  It can be seen that the removal of all of the minor dipoles 

causes the L2 norm to increase substantially, making the thresholded model a poorer fit to the 

data.  That said, the main characteristics of the data are preserved.  Figure 3.10a and b shows the 

spatial voltage distribution generated by the full dipole model. These forward modeled results 

match extremely well with the krigged distribution of measured data shown in Figure 3.5a and b.

The use of compactness in the inversion focuses the dipole solutions at the kernel points that 

are the closest to Hole 9 (Figure 3.10c and d).  Figure 3.10e and f show the voltage spatial 

distribution that results from the forward modeled thresholded model vector.  Comparing Figure
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3.10e and f with  Figure 3.10a and b shows some minor differences between the distributions. 

However, the main features are preserved. This indicates that the solution points generally to the 

correct location and direction near Hole 9 for Event E2.  

The  same  analysis  was  carried  out  for  Event  E3  (Figure  3.11 and  Figure  3.12).   The 

fundamental results for Event E2 apply to Event E3 with a notable difference.  The main dipole 

shown in Figure 3.12c is positioned at the same x-y location as the dipole responsible for Event 

E2 in Figure 3.10c.  However, the z-axis position of the main dipole shown in Figure 3.12d has 

Figure 3.9. E2 compacted inversion results and forward modeled comparison with a thresholded  
forward model.  a) Comparison of the real data with the forward model calculations using the  
full inverted model, and a thresholded model derived from the full inversion model.  b) The full  
model vector that was found through inversion and compaction.  The inset shows the multitude  
of minor dipoles spread throughout the model vector that were generated by the inversion and  
compaction process.  c) Thresholded model.  Note that the located dipoles are in close proximity  
to each other. 
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Figure 3.10. Spatial  distributions  and dipole  location  comparison for  inverted  and forward  
modeled results for event E2.  a) and b) Forward computation results using the full model vector  
(all the minor dipoles included).  c) and d) Thresholded model vector dipole positions (there are  
actually two dipoles in these panels) showing the orientation and position of the main dipole  
(visible).  e) and f) Forward computation results using the thresholded model vector. 
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moved up along Hole 9.  This is consistent with a hydromechanical disturbance related event 

moving  upward  along  Hole  9  over  time.   As  discussed  later,  it  is  also  consistent  with  the 

evolution of the position of the acoustic emissions over time.  

Table 3.1 and Table 3.2 summarize the coarse dipole matrix gradient inversion results.  From 

these data it can be seen that the full model inversion vectors produce excellent matches to the 

Figure  3.11. E3  compacted  inversion  results  and  forward  modeled  comparison  with  a  
thresholded forward model.  a) Comparison of the real data with the forward model calculations  
using the full inverted model, and a thresholded model derived from the full inversion model.  b) 
The full model vector that was found through inversion and compaction.  The inset shows the  
multitude  of  minor  dipoles  spread throughout  the  model  vector  that  were  generated  by  the  
inversion  and  compaction  process.   c) Thresholded  model  showing  zero  values  everywhere  
except at the model locations where the dipoles were localized.  Note that the located dipoles are  
in close proximity to each other. 
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Figure 3.12.  Spatial  distributions  and dipole  location  comparison for  inverted  and forward  
modeled results for event E3.  a) and b) Forward computation results using the full model vector  
(all the minor dipoles included).  c) and d) Thresholded model vector dipole positions (there are  
actually two dipoles in these panels) showing the orientation and position of the main dipole  
(visible).  e) and f) Forward computation results using the thresholded model vector. 
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real data, but are not physical because we expect a localized source.  The thresholded models get  

rid of the non-physical dipoles, but yield, as expected, a solution that fits the data with a larger  

data RMS error. This increase in RMS error is expected because the coarse physical positions of 

the kernel matrix points used in this inversion do not perfectly match the true position of the 

source current density of the actual hydromechanical disturbance. 

In conclusion, the result of the gradient-based inversion approach used in Phase 1 provides 

reasonable estimation for the current dipole source locations at different times.  We know from 

acoustic emissions (not shown here) and pressure data that there was no fracturing of the block 

during the experiment reported in this paper.  Therefore all dipole solutions located far from Hole 

9 are considered not to have a physical cause, given that the current source is expected to be  

compact.  The coarse nature of the inversion process calls for refinement, therefore this first set 

of  solutions  is  used  to  direct  the  refinement  of  the  source  localization  using  the  genetic 

algorithm.

Figure 3.13. Comsol  geometry used for  the fine  geometry  kernel  matrix  computations  (360  
positions).   a) Finer  resolution  cylindrical  kernel  matrix  point  distribution  along  with  the  
measurement points used with the genetic algorithm.  b) Close up of the kernel matrix point  
distribution. 
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 3.5.2 Results of the Genetic Algorithm

Figure 3.14 shows the results of the genetic algorithm single dipole search for Event E2. 

Figure 3.14a shows a plot of the data misfit error per Equation 3.20 for each dipole position (the 

best solution is highlighted by the small red circle, Dipole #42).  The black line in the figure 

represents  the  minimum of  the  data  misfit  error  for  comparison  with  other  dipole  position 

optimizations.   This figure also shows how several other  dipole positions come close to the 

minimum value of the data misfit error.  These other points are at  positions 11, 12, and 41. 

Because of the Comsol  point  sequence,  these point  positions  represent  spatially adjacent,  or 

nearly adjacent positions.  Figure 3.14b shows the comparison of the real data with the forward 

model of the dipole that represents the minimum of the objective function.  The synthetic data 

reproduces all of the major features of the real data with an improved L2 norm relative to the 

coarse gradient inversion results.  The model vector for Dipole #42 is shown in  Figure 3.14c. 

Note  the  three  positions  that  have  nonzero  values.   These  values  represent  the  orthogonal 

components of the dipole moment found by the genetic algorithm.  It can be seen that the dipole 

moment orients the dipole in a direction other than exactly along the z-axis of the block, which is 

slightly different from the results of the gradient inversion.  

As shown in Figure 3.15, there are other dipoles that have objective function values that are 

close to the data misfit minimum obtained with Dipole #42 (Figure 3.15).  This indicates that 

other solutions may yield equivalent or better results if more than one dipole is considered in the 

inversion process.  Figure 3.16 shows the forward modeled results with Dipole #42 only.  The 

position of Dipole #42 is located at 210° from the right side, on the second ring.  The moment of 

the dipole (Figure 3.16e and f) generates aspatial distribution of the voltage that is tipped in a 

similar manner to the real data shown in Figure 3.6a and b.  This orientation of the dipole implies 
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Figure  3.14. a) Shows  the  E2 related  genetic  algorithm localization  misfit  values  for  each  
position in the kernel matrix.  The red circle represents the minimum value and therefore the best  
fit for the measured data, given the inversion constraints.  b) Comparison of the real data and  
the genetic algorithm based model vector forward computation.  c) The genetic algorithm based  
best fit model vector.  Note that there are three points on the vector where there are values that  
are greater than zero.  These points are exactly 360 elements apart, representing a single dipole  
moment orthogonal components. 
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Figure 3.15. Zoomed in misfit for all the observations of the genetic algorithm search algorithm  
of event E2.  This figure shows that there are dipole positions that are close to the minimum of  
the misfit function, which is shown by the small open circles. The position marked by  x = 12 
represents another possible location that is only slightly greater than the minimum found at 42.  
There are other points that are spatially adjacent to 42, including 11, and 41.

that the axis of fluid flow is flowing mostly upward along the hole annulus with a slight flow 

direction away from the hole.   This may be due to the way the epoxy is blocking the flow, 

causing a diversion of the flow away from Hole 9.  

Figure 3.17 shows the results of the genetic algorithm single dipole search for Event E3. 

The  misfit  for  this  event  shows  a  minimum at  position  47  (Dipole  #47)  with  a  significant 

departure from the minimum as the dipole positions increase away from this position.  There are 

some other dipoles that come close to the minimum; these dipoles are all spatially very close to 

Dipole #47, and at  positions 17,  18, 48,  77, and 78.  The spatial  voltage distribution of the 

inversion also shows a slight tilt on the back array that is similar to the tip shown in Figure 3.5, 

Figure 3.6c, and Figure 3.6d.  This GA-based inversion places the event E3 dipole higher than 

for the dipole of Event E2, with an orientation of the dipole moment that indicates the fluid flow 

axis is mostly upward along the hole with a slight tipping toward a tangent like trajectory along 

the hole.  It should also be noted that Dipole # 47 is in a position that is directly above the Dipole 
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Figure 3.16. a) and b) Event E2 forward modeled voltage distribution of the genetic algorithm  
located dipole.  b) and  c) Spatial location of the dipole within the concrete block.  e) and  f) 
close-up of the dipole location showing the off vertical orientation of the dipole moment.  
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#42 position indicating that the flow between Events E2 and E3 is likely to be mostly vertical.  It  

should be clarified here that the other impulses in the data may localize to different points along 

the hole, and may show other shifting of the flow pathway and therefore great care should be 

used  in  not  over-interpreting  the  results  of  the  inversion.   Because  of  the  relatively  coarse 

resolution  of  this  finer  point  spread,  and  the  non adjacency of  the  selected  time  slices,  the 

subtleties of the fluid flow along the annulus of the hole cannot be resolved from this analysis.  

However, the dipole moments of these events may indicate unresolved fluid flow complexity.

Table 3.3 and Table 3.4 summarize the genetic algorithm inversion results.  Results with a 

fine grid dipole position matrix improves the localization, and helps to characterize the fluid flow 

directions that occurred during the seal failure. Comparing the dipole location data in Table 3.4 

with  those  of  Table  3.2 shows  that  the  single  dipole  inversion  using  the  genetic  algorithm 

reproduces a similar degree of fit as the thresholded gradient inversion.  Analysis of the position 

data from the two inversions show a high degree of consistency, with all of the genetic algorithm 

located point coordinates falling inside the range of ±1/2 point spacing of the coarse dipole point 

matrix.   This degree of location consistency is seen in the three columns on the right side of 

Table 3.5.

Table 3.3: Genetic Algorithm fit parameter comparison for events E2 and E3.
Event Fine Kernel Matrix Model Type L2 Norm Number of Dipoles

E2 Single Dipole Model Vector 1.03 1
E3 Single Dipole Model Vector 9.05 1

Table 3.4: Genetic algorithm inverted dipole locations for events E2 and E3.

Event
Model 
Vector 

#

Dipole 
#

X 
Location 

(m)

Y 
Location 

(m)

Z 
Location 

(m)

Moment 
X

(A m)

Moment 
Y

(A m)

Moment 
Z

(A m)
E2 42 42 0.2187 0.08625 -0.1196 -0.0207 -0.0256 0.1910
E3 47 47 0.2187 0.08625 -0.0976 0.08104 -0.0884 1.44
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Figure 3.17. a) E3 related genetic algorithm localization misfit values for each position in the  
kernel matrix.  The red circle represents the minimum value and therefore the best fit for the  
measured data, given the inversion constraints.  b) Comparison of the real data and the genetic  
algorithm based model vector forward computation.  c) The genetic algorithm based best fit  
model vector.  Note that there are three points on the vector where there are values that are  
greater than zero.  These points are exactly 360 elements apart, representing a single dipole  
moment orthogonal components. 
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Figure 3.18. Localization of the causative source of current. a) and  b) E3 forward modeled  
voltage distribution of the genetic algorithm located dipole.  b) and  c) Spatial location of the  
dipole within the concrete block.  e) and f) close-up of the dipole location showing the vertical  
orientation of the dipole moment.  
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Table 3.5: Dipole position changes for E2 and E3 for coarse and fine point locations.

Event
Model 
Vector 

#

Dipole 
#

X 
Location 

(m)

Y Location 
(m)

Z 
Location 

(m)

X 
difference 

(m)

Y 
difference 

(m)

Z 
difference 

(m)
E2 (1) 1967 509 0.2135 0.0915 -0.1375 ∆x/2= 0.01525

∆y/2= 0.01525
∆z/2= 0.01375E3 (1) 1968 510 0.2135 0.0915 -0.11

E2 (2) 42 42 0.2187 0.08625 -0.1196 0.00517 -0.00525 0.0179
E3 (2) 47 47 0.2187 0.08625 -0.0976 0.00517 -0.00525 0.01

(1) Coarse Dipole Matrix
(2) Fine Dipole Matrix

 3.5.3 Noise and Position Uncertainty Analysis

A noise analysis was performed on the voltage and the pressure data sets, and the results 

show a very good signal-to-noise ratio for both of these data sets.  The base signal to noise ratio  

for the pressure data was computed during the constant pressure phase of the experiment, before 

the pressure increases in the constant flow phase of the experiment.  This portion of the signal 

had a mean pressure of 1169.8 kPa with an RMS noise contribution of 1.4 kPa.  This noise is  

what is used to compute the signal to noise ratio of the pressure fluctuations that caused the  

leakage  that  was  detected  electrically.   The  smallest  pressure  change  during  an  event  was 

observed during the transition from the constant  pressure period to  the constant flow period 

(E0p) at time 1796 s (Figure 3.6).  This event had a pressure increase of 13.3 kPa, resulting in a 

signal to noise ratio (SNR) of 9.8.  All other events had higher SNRs, ranging from about 22 at 

E3p to 108 at E5p.  This results in the conclusion that all of the observed pressure changes were  

due to a physical change in the system and was not due to noise.  Combined with the electrical 

data, it is clear that the pressure changes were caused by seal breakage events that lead to a burst 

like fluid movement.  
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A noise analysis of the electrical potential signals was also performed.  The noise baseline 

was established after DC offset and trend removal, reference channel subtraction, and after the 

constant flow was initiated, but before the onset of rapid electrical activity.  Note that when the 

reference  channel  was  subtracted,  all  residual  correlated  noises  were  removed,  but  the 

uncorrelated noise added in quadrature.  This resulted in a net reduction of overall noise in all 

channels but channel 13 where the uncorrelated noise was dominant over the correlated noise 

component; the reference channel removal caused the noise in this channel to increase slightly. 

The mean RMS noise level for all channels was computed, resulting in the observation that the 

noise level on channel 13 was more than 9 times greater than the mean of the noise of all the 

other channels.  The noise level on channel 13 is computed to be 0.121 mV RMS, and the mean  

noise level of all channels (with the exception of channel 13) is 0.0134 mV RMS.  Inspection of 

the waveforms shown in  Figure 3.3 shows clearly that the main events of interest have high 

voltage values relative to this calculated noise level.  Since each channel represents a spatial 

measurement point on the cement block, only the channels that contribute to the peak voltage 

response are relevant to the SNR calculations.  Events E2 and E3 have peak channel SNRs of 

over 200 and over 1900 respectively.  We conclude that the signal to noise ratio of these channels 

does not contribute significantly to dipole location uncertainty.

Positional  uncertainty analysis  of  the  E2 GA current  dipole  solution  was  performed by 

adding Gaussian noise to the computed forward solution using the E2 dipole moment model 

vector.  This new noisy measurement vector was used as the input to the genetic algorithm, 

where a new dipole solution would be computed.  The new solution would be compared with the 

initial solution.  Three levels of noise were used in this analysis, 1%, 5%, and 10% noise levels 

were  used.   These  noise  levels  were  computed  at  as  a  random  Gaussian  additive  voltage 
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computed from the mean voltage of each channel.  Solutions for the three noise cases were found 

at the following dipole point positions: 2 for 1%, 62, for 5%, and 61 for 10% noise.  These 

solution points have a displacement from the initial solution of one radial dipole point in the 

position from the initial  solution point in the matrix.   The new point solutions are generally 

biased  in  the  positive  y direction  (see  Figure  3.19).   The  results  of  this  noise  analysis 

demonstrates the robustness of the solution method by showing the volumetric clustering nature 

Figure 3.19. Localization of the causative source of current and noise analysis. a) b) These 
figures show the spatial positions of the dipoles found during the localization uncertainty test.  
Note that the solutions cluster near the initial solution found during the inversion process.  The  
bias in the +y and -z directions may indicate that the true solution may be between the solutions  
with noisy data and the solution found initially.

of all of the solutions in the same general area.  The bias in the computed noise solutions may 

indicate that the true solution for the problem resides somewhere in between the initial solution 

and the noise based solutions.  The coarse nature of the point matrix forces solutions that are on 

the point matrix grid, and therefore this is a significant contribution to the degree of error in the 

solution misfit, as well as the simple dipole approximation assumption.  
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 3.6 Discussion

 3.6.1 Comparison with the Acoustic Emissions

The  acoustic  emission  hit  count  data  (see  Figure  3.6a)  indicates  nominally  progressive 

increases in breakage intensity around the times of the pressure changes.  The localization of the 

acoustic  emissions  is  shown in  Figure 3.20.   Some of the  acoustic  emission  hits  are  due to 

activity far from Well #9.  These acoustic emission hits could be associated with stress changes 

and the reactivation of existing fractures in the block.  Indeed, because the block is unconfined,  

there may be numerous surface events that would be generated by the cracking of the block 

surface  as  it  expands  under  increased  internal  fluid  pressure.   This  type  of  event  is  highly 

localizable because associated with clear arrivals in the acoustic emissions. 

Figure 3.20. Localization of the acoustic emissions with respect to the time window shown in  
Figure 6. The events localized far from Well#9 are probably associated with the reactivation of  
small cracks. Note that only a tiny fraction of the AE hits shown in Figure 6 are localizable.  

The events associated with the seal rupture along the Hole 9 are difficult to localize for two 

reasons: (i) there are too many overlapping events to localize them, (2) some events have likely a 

tremor type signature which makes localization difficult.  It seems however that  a number of 
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events localized close to well #9 progresses further up over time along the well in agreement 

with the localization of the source current density associated with the burst in the electrical field. 

Note that the latest AE localizations occur near the top of the injection hole at the time where the 

seal failure was confirmed through the appearance of water on the surface of the block and 

indicate surface breakthrough. This is showing the possibility in the future to perform a joint 

localization  of  the  electrical  and  acoustic  emission  data  to  improve  the  localization  of  the 

hydromechanical disturbances.

 3.6.2 Nature of the Coupling Mechanism

The second point to address concerns the nature of the coupling mechanism.  We define the 

sensitivity coefficient of the voltage with respect to the fluid pressure changes as, 

0

C
p
ϕ

=

 ∂=  ∂  j
(3.21)

When the coupling process is electrokinetic in nature (i.e.,  related to a relative displacement 

between the solid skeleton and the pore water), the coupling coefficient scales with the pore 

water conductivity (e.g.,  Revil  et  al.,  2003).   In the present case,  the coupling coefficient is 

roughly estimated to be on the order of -20 mV MPa-1 from the data shown in Figure 3.6b and c 

(typically 3 to 6 mV variations for 0.2-0.3 MPa of pore fluid pressure changes) at a pore water 

conductivity of 1.7 S m-1.  In  Figure 3.21, we plotted the data of Revil et al. (2003) with the 

result of the present estimate (roughly -20 mV MPa-1).  The present estimate of the coupling 

coefficient matches the trend for electrokinetic data implying that the mechanism we observed is 

likely to be electrokinetic in nature. 
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Figure 3.21. Comparison between the coupling coefficient inferred from the block experiment  
(this study) and the experimentally measured streaming potential coupling coefficients reported  
by Revil et al. (2003). The consistency between the data indicates that the observed coupling  
mechanism is likely to be electrokinetic in nature.

 3.7 Potential Applications

The  results  presented  here  have  several  applications.   In  the  oil  and  gas  industry,  the 

extension of these laboratory observations to field applications can help close the knowledge gap 

associated with the risks of drilling, completion, and hydraulic fracturing operations.  This can be 

accomplished by electrically monitoring drinking water aquifers with an aquifer safety system 

designed to detect undesirable leaks of fluids or gases in their very early stages, before damage 

can occur.   This type of system would be able to detect and localize annulus flow of fluids 

upward in the well system, or the displacement of fluids by gases.  In older oil and gas wells, it  
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may be possible to assess the presence of microannulus and its connectivity to protected aquifer 

formations.   For old,  reentrant oil  and gas fields,  old plugged and abandoned wells  may be 

assessed  for  integrity  and  microannulus  issues  associated  with  protected  aquifer  formations. 

Additionally, it may be possible to monitor aquifer systems for potential long term problems by 

employing continuous  aquifer  monitoring  based on the  physical  principals  and some of  the 

measurement concepts used for these experiments.  

These results also indicate that fluid flowing in the annulus of the well (in contact with  

porous media such as concrete, or natural formations) and can be somehow connected to pore 

water flowing in a network of cracks.  As such, this pore water flow would produce electrical 

signals similar to those observed in these experiments.  This could lead to the ability to help 

characterize fractured rock systems through the movement of the fluids within them.  This opens 

up  a  new  area  of  fractured  rock  characterization  through  passive  electrical  potential 

measurement,  and may lead to the characterization of the fracture networks that  open up in 

hydraulically fractured formations.  

A number of very near surface civil and environmental applications could also benefit from 

the findings presented here. For example, injection grouting is commonly used to fill voids in 

soil and rock, strengthen weak soil,  and slow water seepage, e.g.,  in dams and levees.  One 

significant limitation in current practice is the inability to track the movement of grout during 

injection. Passive electrical potential measurements could be employed to address this challenge. 

Further,  environmental  applications involve tracking fluid flow associated with injection and 

pumping  gallery remediation  techniques.  Passive  electrical  potential  measurements  could  be 

used to  check for  biofouling of  the screens or  ports  on the relevant  wells  or other  relevant  

changes to the flow field.  This can improve system efficiency by detecting reduction in flow 
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rates or changes in the flow pattern through ports in gallery wells or within the formation. It is 

also possible to apply these techniques to water wells of a diverse variety to check for a variety 

of situations such as determining the source or direction of the water, fouling or failure of water 

uptake or injection systems, and other issues related to well integrity. 

 3.8 Conclusions

Two important observations have come from the experimental data.   First,  borehole seal 

failure during hydraulic fracturing generated electrical current densities and measurable electrical 

potentials when fracturing fluid flowed into the annulus between the hole wall and the casing and 

came in contact with the borehole wall.  Second, we have shown that the source current density 

associated with the seal leak can be located using a self-potential tomography technique.  From 

these data, the concept of detecting non-intrusively well system leakages can be developed.  

Further  work  with  these  data  will  be  to  combine  the  electrical  data  with  the  acquired 

pressure,  and acoustic emission data (different data acquisition systems) and perform a fully 

integrated  analysis.   An additional  follow-on step  will  be  to  perform a  4D inversion  using 

temporal regularization to develop a temporal fluid flow history of the leakage. A possibility 

could be to use the Active Time Constrained (ATC) approach developed by Karaoulis  et  al. 

(2011a, b) for that purpose. We plan also to develop field scale experiments at various scales 

(from few meters to several  kilometers) to  check how this  approach can be applied in  field 

conditions. 
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CHAPTER 4 

ELECTRICAL BURST SIGNATURE OF PORE-SCALE DISPLACEMENTS

Haas,  Allan,  and  Andre  Revil.  2009.  “Electrical  burst  signature  of  pore-scale  displacements.”  Water 
Resources Research 45 (W10202) (October 16). doi:10.1029/2009WR008160.

http://dx.doi.org/ 10.1029/2009WR008160

A. Haas1 and A. Revil1,2

 4.0 Abstract

Electrical field bursts are passively observed when a non-wetting fluid displaces a wetting 

fluid  in  a  porous  material  (drainage)  as  well  as  during  imbibition  experiments.  A sandbox 

experiment  was  conducted  to  study  these  electrical  disturbances  using  a  network  of  very 

sensitive non-polarizing electrodes located at the top surface of the tank. Drainage exhibits much 

more electrical bursts, with a higher magnitude, than imbibition. These events are only observed 

during  drainage  or  imbibition,  not  prior  to  or  after  the  water  is  flowing  inside  the  porous 

sandbox. We point out the possible relationship between the formation of Haines Jumps and the 

occurrence of these electrical bursts. These bursts show a powerlaw distribution during drainage 

with a power law exponent of about -1.7, in agreement with a previous published study using 

acoustic and hydroacoustic events. Imbibition does not display such a power law relationship. 

Keywords: self-potential, drainage, Haines jump, streaming potential.

 4.1 Introduction

Drainage an immiscible non-wetting phase like air of porous media initially saturated by a 

wetting phase like water takes place under a process called invasion percolation [Aker et al., 

1 Colorado School of Mines, Dept. of Geophysics, Golden, CO, USA.
2 INSU-CNRS LGIT UMR 5559, Université de Savoie, Equipe Volcans, Le Bourget du Lac, France.
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2000; Crandall et al., 2009]. In a granular material like a sand, large pores are connected by 

smaller throats. The invading non-wetting fluid (air) will get held up at the throats between the 

pores where the capillary forces are greatest.  As the wetting phase (water in the experiments 

reported below) is continuously removed from below, the air/water interface at the throat with 

the largest radius will become unstable. Finally when the capillary entry pressure of the throat is 

exceeded, the throat at the synapses between neurons when ionic channels are enabled to allow 

the transport of ionic compounds. 

It  is  reasonable  to  assume  that  Haines  jumps  should  generate  electrical  current  bursts. 

Indeed, in a porous material all minerals in contact with water develop a surface charge through 

chemical reactions. Part of this charge is neutralized by sorption of counterions in the so-called 

Stern layer. The neutrality is achieved by the presence of an excess of charge in the vicinity of 

the  mineral  surface  through  Coulombic  interaction  with  the  charge  attached  to  the  mineral 

framework. This process is known as the electrical double layer. It implies that the pore water 

carries a net amount of charge, generally positive [Leroy et al., 2007]. The displacement of this 

positive charge by the flow of the pore water is equivalent to a source of current (charge moving 

per unit surface area per unit time) called the streaming current. The associated electrical field is  

called the streaming potential.

In  the present  paper,  we are  looking to  observe,  for  the first  time,  streaming potentials 

associated with Haines jumps, and briefly compare the electrical burst trends we observed with 

acoustic burst trends previously studied by  Di Carlo et al., [2003]. A test apparatus, initially 

developed for electroencaphalography, was used by Crespy et al. [2008] to observe in real time 

the spatial distribution of very small voltages over the surface of a saturated sandbox during very 

small fluid pumping and infiltration tests. In the present paper, we apply this approach to detect 
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the dynamic of electrical bursts associated potentially with Haines jumps during drainage and 

imbibition experiments. 

 4.2 Material and Methods

The test system consists of a 20 gallon (0.075 m3) sandbox filled with an unconsolidated 

sand (mean diameter in the range 425-600  µm) filled to saturation with tap water (electrical 

resistivity of 650 ohm m at 25°C, measurements made at 22°C). The data acquisition system is 

composed of 32 amplified non-polarizing silver-silver chloride electrodes placed on a 5.1 cm by 

5.1 cm grid forming a 5 x 7 network of electrodes at the top surface of the sandbox (Figure 4.1).

Figure 4.1: Sketch of the experiment. The sandbox is filled with sand saturated by tape water.  
CM corresponds to the common mode range control node (reference) of the non-polarizing (NP)  
electrodes. The  non-polarizing  electrodes  are  Ag/AgCl  electrodes  with  amplifiers.  All  the  
electrical potentials are recorded relative to the potential of the reference (CM) electrode. 

The  data  acquisition  system  was  a  self-contained,  battery  powered,  galvanically  isolated, 

digitally multiplexed, amplified electrode, high sensitivity voltage measurement system with a 

single analog to digital converter per measurement channel. The measurement system had a 24 
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bit resolution with a sample rate of 2,048 Hz having an overall response of DC to 400Hz (system 

filtered). The digitization part of the system had a sampling process with <10 ps skew among 

channels  and 200 ps  sample  rate  jitter.  The digitally  multiplexed signals  were  subsequently 

serialized into a bit wide data stream and sent through a fiber-optic cable (to achieve galvanic 

isolation) to a USB based computer interface. 

The scaled quantization level was 31.25 nV (LSB) with 0.8 µV rms noise (5 µV peak to 

peak) full bandwidth. The amplified non-polarizing electrode input impedance is 300 MΩ at 50 

Hz  (see  Crespy  et  al.  [2008]  for  further  explanations).  The  voltage  reference  for  the 

measurements  was  contained  within  the  measurement  area,  and  was  designed  into  the 

measurement system as a common mode range control and voltage reference (CM in Figure 4.1). 

All  voltages  measured  by this  system are  relative  to  the  CM electrode.  The  entire  system, 

including the  computer  was operated on batteries  to  minimize conductive  coupling  with the 

electrical power system.

After turn on, the electronics was allowed to stabilize thermally for about 15 minutes.  This 

minimized  the  thermal  drift  in  the  signal  due  to  electronics  temperature  stabilization.   The 

electrodes  were also  allowed to  stabilize  during  this  time.  Additionally,  the  experiment  was 

accomplished relatively quickly, typically less than 5 minutes, and the thermal mass of the sand 

and water was very large and responds very slowly relative to any room temperature fluctuations.

The gravity driven drainage started by turning on the control valve, allowing water to flow 

out of the main tank into the drainage tank (the opposite for imbibition). The drainage tube (0.6 

cm vinyl  tube) was connected near the bottom of the main tank and near the bottom of the 

drainage tank (Figure 4.1).  Water was imbibed into or drained from the sand through a porous 

body at the bottom of the sandbox. In the drainage experiment, the head difference between the 
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saturated surface of the sand and the water level in the drainage tank was 30.5 cm. 

A Matlab code was written to  read the  data  file  generated  by the voltage measurement 

system (BDF file format), perform digital-signal processing (DSP, using various functions from 

the Matlab Signal Processing Toolbox, MSPT),  reorganize the data into the relative physical 

electrode locations, and display it in a variety of graphical formats for visual analysis. The DSP 

portion  of  the  code  was  accomplished  on  a  channel  by  channel  basis  and  included  DC 

normalization (not with MSPT),  window function application for Fourier transform analysis, 

Butterworth based Infinite Impulse Response (IIR) narrow band reject filtering (to suppress 60 

Hz and related harmonics), and a high order linear phase Finite Impulse Response (FIR) 1Hz 

high-pass filter for low frequency trend removal process. Matlab nonlinear curve fitting tools 

were used to generate the fits to the threshold counted data.

The post data acquisition signal processing and analysis sequence is as follows: (1) the data 

in the BDF file is read into memory; (2) a single channel was selected and used to perform 

spectral analysis of the data to determine what filters were needed to filter the power system 

related and other undesirable sinusoidal spectral content, and low frequency trends from the data; 

(3)  the  needed  filters  were  designed;  (4)  the  data  was  filtered  to  remove  the  undesirable 

sinusoidal spectral content; (5) the data was then DC normalized; (6) the resulting filtered and 

DC normalized data  was spectroscopically assessed to  confirm filtering results  and the time 

series data was plotted versus voltage; (7) the high pass filter was applied to the data to remove 

all low frequency trends leaving only the impulses in the data, and this filtered time series data 

was plotted as a function of voltage; (8) the data was then passed to a thresholding process where 

the  signal  voltage  level  was  compared  to  a  threshold  voltage  level  (positive  and  negative 

thresholds).  Every time the signal voltage passed a threshold value a counter incremented a 
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threshold value bin.  This process generated a list of counts versus threshold that was used to 

determine the power trend through nonlinear regression and then the result was plotted.  This 

process was applied to both drainage and imbibition data.

Video  recordings  of  displacements  show  that  individual  pore  dewatering  take  place  in 

Haines jumps [Lu et al., 1994]. Figure 4.2 shows example Haines jumps during the drainage 

Figure  4.2: Haines  jumps.  Pictures  showing  instabilities  in  the  position  of  the  meniscus  
(outlined by the plain lines) during drainage. The two pictures show that the meniscus labeled 1  
is jumping while the meniscus labeled 2 is stable. The opposite situation occurs for the two  
bottom pictures (fps stands for frame per second). 

process for the sand used in the following experimental investigations. These pictures show that 

there  are  places  where  there  are  sudden  jumps  in  the  displacement  of  the  meniscus  during 

drainage while there are other areas were the position of the meniscus is stable over the same 

period of time. 
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 4.3 Results and Discussion

Drainage was begun by opening the control valve and terminated by closing the control 

valve (Figure 4.1). The phase preceding the drainage is labeled Phase I below while Phase II 

corresponds to the drainage experiment itself,  and Phase III corresponds to the post-drainage 

relaxation. Each phase has different electrical signatures (Figure 4.3). The channel by channel 

DC properties of the records were normalized in Phase I, making most channel responses near 

zero in this region. This region is electrically characterized by relatively stable trends with a low 

RMS noise. 

Figure  4.3: Electrograms  for  a  selected  set  of  channels.  Phase  I  corresponds  to  the  data  
recorded before starting the drainage. Phase II corresponds to the drainage experiment. Phase  
III  corresponds  to  the  post-drainage  data  and  the  relaxation  of  the  water  table.  A typical  
negative event is shown in the insert (voltages are in mV). These anomalies are characterized by  
a drop in the electrical potential (characterizing the magnitude of the event) and a relaxation  
tail. 
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The drainage region shows the expected self-potential trend as a positive voltage response 

during  water  table  lowering  (drainage).  This  low-frequency dynamic  behavior  was  modeled 

recently by Revil et al. [2008]. However, bursts in the electrical potential were also observed on 

top of these expected low-frequency behaviors.  The signals of most interest are the transient 

signals that are observed in this region. It should be noted that the drainage was started from a 

completely saturated sand volume (saturated to the surface), and the electrical characteristics at 

the beginning of the drainage are different from the electrical characteristics displayed later in 

the drainage process. The drainage region times of 10 to 25 s are electrically and acoustically 

quieter than later time sections. Since the water was drained through one port, it is expected that 

the water table will achieve a non-flat surface that is higher at the end farthest from the drain,  

and lowest directly above the drain. Enough water drains away from the surface by 30 s for the 

onset of the electrical and acoustic noise behavior of interest. This noisy behavior continues until  

drainage was terminated.  

The relaxation region (Phase III) shows a significant DC offset with a negative trend on 

most channels, indicating that the water table surface is relaxing to a constant hydraulic potential 

surface. It can be seen in Figure 4.3 that data acquisition was terminated before relaxation was 

completed.  It should be noted that the AC electrical and acoustic properties of this region are 

quiet except for a few straggling transient events (Figure 4.4). These straggling events suggest 

that  the  sand  volume  may  be  undergoing  a  localized  process  of  consolidation  during  the 

relaxation of the water table.

Figure 4.3 shows how the signal characteristics change as drainage proceeds from being 

dominated  by  purely  fluid  flow  to  the  invasion  of  air  as  it  begins  to  enter  pores  initially 

containing  water.  In  Phase  II,  the  noise clearly begins  at  a  much lower  level  and increases 
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dramatically with mostly negative excursions, which dominate as time increases (Figure 4.4). 

Phase II is dominated by a series of different types of electrical events, but most prominent are

Figure 4.4: High pass filtered self-potential data showing the level of electrical noise produced  
during drainage. The full 195 s electrogram is shown. In phase II, the electrogram exhibits large  
negative voltage spikes with decaying tails. The negative voltage spikes typically involve only  
few channels implying that they are located not too far from these electrodes.

the negative voltage leading edge with a long (up to 1 s) tail. Most of the negative voltage spikes 

do not have a coincident signal offset; however, some of them show various types of offsets 

(Figure 4.3). The cause of the variety of these offsets has not been determined but could be 

suggestive of a localized process of consolidation of the sand near the lesser compacted surface 

or within the volume. Video recording show movement of sand grains near the surface during 

drainage lending support to the consolidation suggestion as an explanation of the observed signal 

offsets. 

Similar data have been obtained for an imbibition experiment (not shown here). However, 

the amplitude and the number of electrical bursts are observed to be both much smaller than for  

drainage. The most important events are positive excursions in the self-potential signals. These 

observations are consistent with Haines jumps during imbibition described in the Materials and 

Method section.  

As explained above, the sudden movement of the meniscus during drainage experiments has 

been documented in a number of studies (Aker et  al.  [2000]). The invading fluid (air  in the 
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present case) is found to suddenly invade a larger region of the pore space. These bursts of flow 

(Haines jumps) are characterized by large fluctuations in the pore water pressure and acoustic 

emissions [Sethna et al., 2001;  Di Carlo et al.,  2003]. In our drainage experiment, crackling 

acoustic emissions were easily discerned by human ears and were heard at the same time that the 

electrical noise occurred. However, the acoustic and electrical noises phenomena have not been 

correlated yet. Haines jumps seem to be the source of the signals we observed. 

The difference  in  magnitude  distributions  for  drainage  and imbibition  is  a  result  of  the 

difference in the types of pore-filling processes as explained in the Materials and Method section. 

Figure 4.5 shows the number of  events counted versus event magnitude for both drainage and 

imbibition. Note that the magnitude of the self-potential events is much larger on drainage than 

on imbibition. On drainage, the magnitude of the electric events shows a power-law distribution 

with an exponent of -1.7 ± 0.1 fitting the data well over the complete range of event magnitudes. 

These results are in agreement with the seismic data analysis of DiCarlo et al. [2003] who also 

found a power law exponent of -1.7 ± 0.2. 

For imbibition, basically no large events are seen and the spectrum of event sizes drops off 

much steeper with a fit exponent of -2.0 ± 0.4 (the seismic data of DiCarlo et al. [2003] show an 

exponent of -2.6 ± 0.4).  Additionally, our results are comparable with the pressure fluctuations 

modeled  by  Aker  et  al. [2000].  In  their  case,  the  pressure  fluctuations  have  a  power  law 

distribution during slow drainage with a power law exponent of -1.9. It is interesting to note that  

the Haines Jump phenomenon works down to liquid helium temperatures.  Lilly et al. [1996] 

observed avalanches in He4 at temperatures of about 1.5 K.

Another  possibility to  explain  the  electrical  fluctuations  we observed would be that  the 

observed electrical disturbances may result from the seismoelectric conversion of the  seismic 
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waves. This possibility can be dismissed because acoustic signals are typically on the order of 

0.1 Pa [DiCarlo et al., 2003]. With a typical streaming coupling coefficient of -106 V/Pa for tap 

water, the order of magnitude of the co-seismic electrical signals would 10 -4 mV, much below the 

amplitude of the signals we detected (above 0.1 mV). 

Figure 4.5: Frequency of electrical burst for both drainage and imbibition versus the magnitude  
of the events. a. In the case of drainage, the data follow a power law distribution with a fitting 
exponent of -1.72.  b. The imbibition data show a drop off that is much faster with increasing  
event magnitude because fewer numbers of pores are involved in the formation of Haines jumps. 
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 4.4 Concluding Statements

High-frequency monitoring of a drainage experiment reveals a complex dynamic behavior 

of the streaming potential response. In addition to the low frequency dynamic behavior analyzed 

recently by Revil et al. [2008], a higher frequency response was also observed. During imbibition 

experiments,  the acoustic noise and electrical  noise were reduced, although still  present to a 

somewhat smaller degree. These electrical disturbances are consistent with Haines jumps. Self-

organized critical systems that evolve in bursts (from landslides to earthquakes) predict that these 

types of systems should exhibit discrete impulsive events spanning a broad range of sizes with a 

power-law behavior  [Sethna et  al.,  2001];  the  analysis  of  our  data  shows that  the  electrical 

signals caused by the drainage of porous media is agreement with this. The use of self-potential 

localization methods (see  Crespy et al. [2008]) could be used to locate these events inside  the 

sandbox, and their use will be investigated in a future work. Electromagnetic emissions like the 

one described in the present study could be used to characterize percolation invasion processes in 

these systems when the discrete impulsive events result in pulse current events. 
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CHAPTER 5 

SELF-POTENTIAL MONITORING OF A SALT PLUME

Martinez-Pagan, P., A. Jardani, A. Revil, and A. Haas. 2010. “Self-potential monitoring of a salt 
plume.” Geophysics 75 (4): WA17. Doi: 10.1190/1.3475533.

http://dx.doi.org/10.1190/1.3475533

P. Martínez-Pagán1,2, A. Jardani2, A. Revil2,3, and A. Haas2

 5.0 Abstract

Monitoring  non-intrusively  the  spread  of  contaminants  in  real  time  with  a  geophysical 

method is  an important  task in  hydrogeophysics.  We have developed a sandbox experiment 

showing that the self-potential method is able to locate both the source of leakage and the front 

of a contaminant plume. We monitored the leakage of a plume of salty water from a hole at the 

bottom of a small tank located at the top of a main sandbox. The sand was initially saturated by 

tap water. At a given time, a hole was open at the bottom of the tank allowing the salty water to  

migrate by diffusion and buoyancy-driven flow in the main sandbox. The bottom of the sandbox 

contained a network of 32 non-polarizing silver-silver chloride electrodes with amplifiers and 

connected to a multichannel voltmeter. The self-potential response associated with the migration 

of the salt plume in the sandbox was recorded over time. A self-potential anomaly was observed 

with an amplitude varying from few millivolts at the start of the leak to few tens of millivolts  

after  few  minutes.  The  self-potential  data  were  inverted  using  a  time-lapse  tomographic 

algorithm in order to reconstruct the position of the volumetric source current density over time. 

A positive volumetric source current density was associated with the position of the leak at the 

1 Technical University of Cartagena, Dept. of Mining, Geology and Surveying, Cartagena, Murcia, Spain.
2 Colorado School of Mines, Dept. of Geophysics, Green Center, 1500 Illinois street, 80401 Golden, CO, USA.
3 LGIT, UMR 5559, CNRS, Equipe Volcan, Université de Savoie, 73376 Le Bourget-du-lac Cedex, France.
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bottom of the leaking tank while a negative volumetric source current density was associated 

with the salinity front moving down inside the sandbox. These poles were well reproduced by 

performing a finite element simulation of the problem. Using this information, we estimated the 

speed of the salt plume sinking inside the sandbox. Therefore the self-potential method can be 

used to track, in real time, the position of the front of a contaminant plume in a porous material. 

 5.1 Introduction

Ponds and lagoons lined with electrically resistive plastic liners are often used to store toxic 

and hazardous wastes or large quantities of solid and liquid wastes world-wide (Frangos, 1997; 

Darilek and Laine, 2007). In recent years, there has been an increasing amount of works showing 

the usefulness of electrical resistivity as a method able to locate leakages from plastic liners. 

Since many stored wastes have a high electrical conductivity contrast with soil water, resistivity 

methods  have  been used  in  a  number  of  studies.  Parra  (1988)  and Parra  and  Owen (1988) 

described for instance the use of a pole-dipole array making voltage measurements inside the 

pond to  detect  a  current  being  driven  through  the  leak  (mise-à-la  masse  method)  (see  also 

Frangos,  1997,  and Darilek  and Laine,  2007).  Binley  et  al.  (1997)  proposed a  tomographic 

electrical  leak imaging system as a tomographic variant  of traditional,  permanently-installed, 

electrical leak location methods.  Binley and Daily (2003) evaluated a scale model with forty 

eight stainless steel electrodes for electrical imaging of both a leaking landfill liner and a leaking 

landfill cap. Daily et al. (2004) used electrical resistance tomography (ERT) to map the spatial 

variations  of  electrical  resistivity owing to any plume existing in  the soil  using an  array of 

electrodes in boreholes around a storage tank.
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In the present work, we investigate the usefulness of the self-potential method to locate a 

leakage of highly conductive saline water from a tank. The self-potential method is a passive 

geophysical  method  evidencing  the  existence  of  electrical  currents  in  the  ground.  The 

distribution of the electrical potential is passively recorded using a network of non-polarizing 

electrodes. The in situ source of current responsible for the self-potential anomalies can be due to 

redox processes (Fox, 1830; Castermant et al., 2008), ground water flow (Fournier 1989; Birch 

1993; Aubert and Atangana 1996; Suski et al., 2004; Crespy et al., 2007), or the gradient in the 

chemical potential of the ions in the salty water (Revil and Linde, 2006). The self-potential has 

been barely used for monitoring the leakage from waste lined ponds. Nevertheless some works 

have been successfully made to delineate contaminant plumes from landfills (Hämman  et al. 

1997; Naudet et al. 2003; Naudet et al. 2004; Weigel 1989; Arora et al., 2007) and hydrocarbon 

contaminated areas (Perry et al. 1996; Buselli and Lu 2001). 

In the present paper, we present a diffusion/infiltration (buoyancy driven) experiment where 

we evaluate  the  capabilities  of  the  self-potential  method to  locate  the  front  of  a  salt  plume 

leaking from a small container in a sandbox experiment. We develop the fundamental equations 

to simulate the self-potential signals associated with the transport of a plume of salty water. The 

resulting  partial  differential  equations  are  solved  with  the  finite  element  code  Comsol-

Multiphysics  3.5  to  perform  a  forward  simulation  of  the  problem  that  agree  with  the 

observations. In addition, we proposed a time-lapse tomographic algorithm to locate the front of 

the salt plume. 
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 5.2 Self-potential Monitoring of a Salt Plume

We first recall the transport equations for the migration of a salt plume in a porous material. 

This problem requires the solution of the following set of equations (e.g.,  Olteana and Buès, 

2002), 
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where  v is the mean velocity of the pore water in the pore space (m s-1),  k is the permeability 

tensor (in m2),  φ  porosity,  p is the pore fluid pressure (Pa), fη  is the dynamic viscosity of the 

pore fluid (in Pa s), fρ  is the solute bulk density, 0
fρ  is the bulk density of water (in kg m-3), g is 

the acceleration of the gravity (in m s-2),  SQ  is a source term (in s-1),  Cm is the solute mass 

fraction,  0
mC  is the solute mass fraction in the source term,  γ  is a constant coefficient for the 

density  law,  1τ ,  2τ ,  and  3τ  are  the  empirical  constants  for  the  viscosity  law.  Equation  5.1 

represents the constitutive equation for the flow of the pore water (Darcy's law). Equation 5.2 is 

a continuity equation for the mass of the pore water.  Equation 5.3 is the field equation for the 

salt concentration.  Equation 5.4 and Equation 5.5 are empirical equations connecting the mass 

density and the dynamic viscosity of the pore water to the salinity. 
Page 107



In the widely used Fickian model, the effective hydrodynamic dispersion tensor D (m2 s-1) 

entering Equation 5.4 is given by, 

[ ] L T
m TD v

v
α αα −= + +D I vv (5.6)

where Dm is the molecular diffusion coefficient of the salt (in m2 s-1) (see),  I is the unit tensor, 

and Lα  and Tα  are the longitudinal and transverse dispersivity (in m), respectively. Revil et al. 

(1996) and Revil (1999) developed a rigorous analysis of this coefficient generalizing the Nernst-

Hartley equation for the diffusion of a binary salt in water to brine-saturated porous media. For a 

sodium chloride solution, Dm is typically comprised between 1.60x10-9 m2 s-1 at infinite dilution 

to 1.44x10-9 m2 s-1 at high salinities.

In the case of a salt plume moving in a porous material, there are two contributions of the 

source current density generating self-potential signals. The first contribution is associated with 

the flow of the pore water due to the gravity force and driven below by the difference of density 

between the salt plume and the surrounding fresh water. This contribution corresponds to the so-

called streaming current density (e.g., Fournier 1989; Birch 1993; Aubert and Atangana 1996; 

Revil  and Leroy 2001).  The second contribution  is  related to  the gradient  of  the  salinity.  It 

depends on the gradients of the activity of the charge carriers (ions) that are present in the pore 

water (e.g., Maineult et al., 2004, 2005, 2006; Revil and Leroy 2004; Revil and Linde, 2006).

The total electrical current density j is given by (Sill, 1983)

Sσ= +j E j (5.7)

0=⋅∇ j (5.8)

where E is the electrical field ψ− ∇=E , ψ  is the electrical potential (in V), σ  is the electrical 
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conductivity of the porous material (in S m-1), and  Sj  is the source current density (in A m-2). 

Equation 5.7 is a generalized Ohm's law and Equation 5.8 is the continuity equation for the 

charge in the low-frequency limit of the Maxwell equations. The total source current density is 

given by (Revil and Linde, 2006),

1

ln{ }
N

i
S V b

i i

tQ k T i
q
σ

=

= − ∇∑j u (5.9)

where T  is the absolute temperature, bk  is the Boltzmann constant, VQ  is the effective charge 

per unit  volume that can be dragged by the flow of the pore water,  u  represents the Darcy 

velocity, iq  is the charge of species i dissolved in water, ti is the microscopic Hittorf number of 

the ionic species i  in the pore water (that is the fraction of electrical  current carried by this 

species in the water phase), and { }i  represents the activity of the ionic species i (concentration 

times the activity coefficient). In the case reported below, the salt plume is characterized by two 

ionic species Na+ and Cl- resulting from the total dissociation of NaCl. The first term of the right-

hand side of Equation 5.9 corresponds to the streaming current density while the second term 

corresponds to the diffusion current density. 

Revil  (1999)  showed  that  in  a  diffusion  problem,  one  may replace  the  gradient  of  the 

logarithm of  the  activity  of  the  salt  by the  gradient  of  the  logarithm of  the  activity  of  the  

conductivity of the salt.  Using this approach, we can rewrite the total source current as,

( )( )2 1 lnb
S V f

k TQ t
e

σ σ+= − − ∇j u (5.10)

where e  is the elementary charge of the electron, ( )t +  is the microscopic Hittorf number of the 

cation  (see  values  in  Revil,  1999,  ( )t + =0.38  for  a  sodium  chloride  solution),  fσ is  the 

Page 109



conductivity of the pore water, which is proportional to the salinity at a given temperature. In a 

clean  sand  at  low  Dukhin  numbers  (e.g.,  Crespy  et  al.,  2008;  Bolève  et  al.,  2007),  the 

conductivity of the sand is given by the following well-know relationship,

f

F
σ

σ = (5.11)

where F is the electrical formation factor (dimensionless). The formation factor is usually related 

to porosity φ by Archie's law mF φ −=  where m is the cementation exponent (typically 1.3 for a 

well-sorted clean sand). From Equations 5.10 and 5.11, the total source current density can be 

rewritten as,

( )( )2 1b
S V f

k TQ t
Fe

σ+= − − ∇j u (5.12)

Combining Equations 5.7 and 5.8, the self-potential  field  ψ  is the solution of the following 

Poisson equation,

( ) Sσ ψ∇ ⋅ ∇ = ∇ ⋅ j (5.13)

where the source term (the right-hand side of Equation 5.13) can be directly related to the Darcy 

velocity field u and to the gradient of the conductivity of the pore water through Equation 5.12. 

Both the Darcy velocity and the salinity are obtained by solving Equations 5.1-5.6 (the so-called 

primary flow problem) with appropriate boundary conditions. 

 5.3 Sandbox Experiment

We performed a sandbox experiment to analyze the self-potential response resulting from 

the leakage of salty water from a tank into a sandbox. The experimental setup is shown in Figure

5.1. The sandbox was open at the top and partially filled with a well-sorted silica sand infiltrated 

with tap water with an electrical resistivity of 650 ohm m at 20°C. The mean grain radius was 
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0.35 mm. Prior to introducing the sand in the sandbox, we setup a plastic sheet on the bottom of 

the sandbox with a network of non-polarizing electrodes attached to it and covering an area of 

12.7  cm x  7.62  cm (Figure  5.1a  and c).  The self-potential  signals  were  monitored  with  34 

sintered  active  Ag/AgCl  connected  to  a  very  sensitive  voltmeter  initially  designed  for 

electroencephalography (Crespy  et  al.,  2008).  The  electrodes  were  connected  to  a  precision 

digital voltmeter having a capacity of up to 256 sensor-signals that are digitized with 24 bit 

resolution. Each channel the voltmeter consists of a low noise DC coupled post-amplifier, with a 

Figure 5.1: Sketch of the experimental setup.  a. Side View.  b. Picture of the plastic tank.  c. d. 
Top view with the position of the electrodes. CMS is the reference for the self-potential network  
of electrodes. Note the position of the two profiles: Profile 1 and Profile 2. 

first order anti-aliasing filter, followed by a 24 bit Delta-Sigma modulator based analog to digital 

(AD)  converter  having  an  oversampling  rate  of  64  and  a  final  maximum sampling  rate  of 

2048Hz,  achieved with a  post  modulator  decimation  filter.  The digital  output  of  all  the AD 

converters are digitally multiplexed into a serial  data stream and sent to the PC via a single 
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optical fiber  through a fiber to USB interface without any compression or other form of data 

reduction. The data is acquired with software that receives the serial data, demultiplexes it, and 

processes  it.   The  software  also  controls  the  voltmeter,  displays  the  data  in  real  time  on  a 

computer  screen,  and  generates  BDF formatted  data  files.  Depending on the  final  data  rate 

selected,  decimation  may  be  applied  to  the  received  data  stream;  a  5th order  bidirectional 

decimation filter may be applied to the data prior to decimation and writing the data out to a file. 

This voltmeter has a resolution of ∼0.1 µV, a maximum frequency of acquisition of 2.048 kHz, a 

bandwidth from DC to 400Hz, with an input impedance for the electrodes of 300 Mohm at 50 Hz 

(see Crespy et al., 2008 and Haas and Revil, in press in Water Resources Research for additional 

details). For this experiment, a data rate of 128Hz was chosen and therefore a post acquisition 

decimation filer was applied to the data through the data acquisition code. The data was further 

decimated  to  a  final  decimated  sample  rate  of  32Hz  in  the  data  reduction  software.  This 

decimation process used the Matlab internal decimate function using a 13th order Chebyshev 

Type I filter, applied to the data forward and backward directions to remove phase distortions 

introduced by the decimation filter.

The sintered electrodes used in the experiment had very low noise, low offset voltages, and 

very stable DC performance. The electrodes had very low output impedance and therefore all 

problems with regards to capacitive coupling between the cable and sources of interference were 

minimized (Crespy et al., 2008). These electrodes were also water-proof and their size was close 

to 1 mm so they were treated as point measurements. 

Because the data acquisition system was designed to have a large dynamic range, electronic 

circuits were designed into it to minimize the effects of common mode signals appearing at the 

electrode  inputs.  These  circuits  employ 2  electrodes,  the  Common Mode  Sense  (CMS)  and 
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Dynamic Reference Level (DRL) electrodes. These electrodes are used together in a feedback 

loop to keep the potential of the sand close to the reference level of the AD converters used in the 

system. All electrode voltages measured are referenced to the CMS electrode. The DRL electrode 

is the only driven electrode in the measurement system and provides the signal return path for all 

of the electrodes with a current limit of 50μA. These 2 electrodes form a dynamic reference level 

circuit that is used in the system to improve common mode voltage rejection (Figure 5.1a and c).

On the top of the saturated sand surface,  we setup a  plastic  container  called the "tank" 

hereinafter. The tank acts as a little pond with an impervious and insulating (plastic) boundary 

(Figure 5.1b). This container was placed in a manner such that the salty water level inside the 

tank and the tap water in the sandbox were maintained at the same level (Figure 5.1b). On the 

bottom of the tank, a hole was made with a diameter of 1.25 cm (see position in Figure 5.1). The 

hole was initially sealed with a sticky tape before starting the measurements. Consequently, the 

tank did not have any leaks before the start of the measurements.

Prior to removing the tape and starting, the self-potential signals were recorded over 193 s 

(Figure 5.2). The signals were stable inside 0.1 mV. In this phase termed Phase I, all of channels 

had values ranging from -200 µV to +200 µV with a constant mean. The second measurement 

phase (Phase II below) started with the opening of the hole (quickly removing the sticky tape 

covering the hole). This resulted in the formation of a salty plume sinking in the tank. At the start 

of Phase II,  all the channels showed a significant and progressive change in their self-potential 

values (Figure 5.2). The highest changes were recorded approximately below the position of the 

hole (see Figure 5.3). Figure 5.3 shows maps of the self-potential distribution at times 211 s, 303 

s, 382 s, and 421 s, respectively (the leakage starts at t = 193 s). 
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 5.4 Self-Potential Tomography

Recently,  new  self-potential  inversion algorithms  have  emerged  using  Tikhonov 

regularization  algorithms to  reduce  the  non-uniqueness  of  the  self-potential  inverse  problem 

(Jardani et al., 2007, 2008; Minsley et al., 2007a, b; Linde and Revil, 2007; Castermant  et al., 

2008; Mendonça, 2008; Jardani et al., 2009). We use this type of tomographic algorithm to invert 

the causative source of  the self-potential  signals in  terms of  the source current  density.  The 

difference with previous works is that we perform below a time-lapse tomography of the self-

potential causative sources to follow the salinity front over time.

Figure  5.2: Display  of  the  electrical  potentials  versus  time  for  some  selected  electrodes  
(electrodes # 7,16, 18, and 25, see position Figure 5.1c) located at the bottom of the sandbox. 
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We invert the self-potential distribution recorded at the bottom of the sandbox to determine 

the 3D distribution of the volumetric source current density, 

Sℑ = ∇ ⋅ j (5.14)

(expressed in in A m-3) inside the sandbox. The volumetric source current density distribution 

corresponds to a vector m of consisting of the model parameters. This implies that at each time 

step t, we can use as a prior volumetric current density model the model optimized at time (t-1). 

Consequently, the cost function to minimize at time t is given by,

( ) ( ) ( ) ( )T TG(t)= (t) (t) (t) (t) (t) (t-1) (t) (t-1)λ − −d md - Km W d - Km + m m W m m (5.15)

Figure 5.3: Self-potential maps at the bottom of the tank versus time at four different times  
following the start of the leak at t = 193 s (Phase II). The distribution before t = 193 s is zero  
everywhere with an uncertainty of 0.2 mV. "Ref" Indicates the position of the reference electrode  
(0 mV). These data show that the saline plume has a positive self-potential signature at the  
bottom of the tank with a magnitude growing over time. 
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where K is the kernel of the Poisson operator (see Jardani et al., 2008, for a detailed description 

of its computation and how to incorporate resistivity information if available), 

Wd=diag { 1/ε 1 , ... , 1/ε N } (5.16)

is a square diagonal weighting N x N matrix (elements along the diagonal of this matrix are the 

reciprocal  of  the  standard  deviation  σi squared,  εi =  σi
2), Wm is  the  differential  Laplacian 

operator,  ( -1)tm  represents the vector of the model parameters, that is the distribution of the 

volumetric source current density, inverted at time (t-1).  The bulk conductivity is required in 

order to compute the correct Poisson kernel for each time-lapse inversion (Jardani et al., 2008). 

Indeed,  The  kernel  of  the  Poisson  operator  in  Equation  5.13 is  dependent  upon  the  bulk 

conductivity distribution which must change dramatically with time in the plume area because of 

the change in the salinity. Errors in the bulk conductivity distribution will lead to errors in source 

current inversion. However, in the present case we do not know the distribution of the resistivity 

in the tank. Therefore, to stay conservative we used the resistivity as equal to the background 

resistivity. There are two ways to solve this problem. One would be to use a stochastic approach 

rather  than the  approach considered here  and with such an  approach we could  simulate  the 

change in the distribution of the resistivity from the change in the distribution of the salinity. The 

second approach would be to perform a joint inversion of time-lapse electrical resistivity and 

self-potential data together in the way done by Linde et al. (2006) for georadar and resistivity. 

However, this would work only for a relatively slow salt migration process, by this we mean that 

the characteristic time scale of the salt migration process need to be much longer than the time 

needed to take a resistivity tomography snapshot. For this experiment, the salt migration process 

is  relatively fast  compared to  the time required to  measure the resistivity,  and therefore this 

method is not applicable here.
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The  initial  model  is  inverted  for  the  location  of  the  volumetric  source  current  density 

distribution  using  the  result  from  an  extension  of  the  dipolar  cross-correlation  algorithm 

proposed by Revil  et al.  (2001) and Crespy  et al.  (2008)  while accounting for the boundary 

conditions  of  the problem (insulating on all  external  boundaries).  We did not  use  any other 

constraints or prior knowledge regarding the position of the hole acting as an initial source of 

current once opened. The algorithm was written as a Matlab routine. The solution of the previous 

problem  is  given  by  the  minimization  of  the  cost  function  G  with  respect  to  the  model 

parameters. This yields,

( )1

1* ( ) ( ) ( ) ( )T T T T T T
t d d m m d d d m m tλ φ λ

−

− = + + m K W W K W W K W W W W m (5.17)

The regularization parameter λ is chosen according to the L-curve criterion (Hansen, 1998).

The results of the time-lapse inversion of the self-potential data is displayed in Figure 5.4 

and Figure 5.5.  Figure 5.4 shows the full result of the inversion while Figure 5.5 shows 

Figure 5.4: Full result of the inversion showing the distribution of the volumetric source current  
density at t = 421 s after the beginning of the experiment. The leak starts at at t = 193 s. 
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Figure 5.5: 3D time-lapse tomography of the source current density resulting from the inversion  
of the self-potential signals recorded at the bottom of the sandbox. The contour lines correspond  
to  -4 mA/m3 and  2 mA/m3 levels in the volumetric current density  Sℑ = ∇ ⋅ j . The position of  
Profiles 1 and 2 is shown in Figure 5.1d.

threshold values in the volumetric current density. At each time step, the fit of the self-potential 

data was characterized by R2 > 0.98.  Figure 5.5 shows the results of the 3D inversion on two 
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planes that are normal to each other and passing through the position of the hole (see Profiles 1  

and 2 in  Figure 5.1d). The result of the inversion shows, at each time step, two poles in the 

volumetric current density. One pole is negative (with values typically comprised between -4 and 

-7 mA m-3. The contribution of this pole is located along the bottom surface of the tank and its 

position agrees with the position of the hole in the tank. The second pole is positive. It has a 

magnitude  that  is  smaller  than  the  negative  pole  (typically  0.5  to  3 mA m -3)  but  its  spatial 

extension is more important. This positive pole is moving downward with time as shown by 

Figure 5.6. The mean velocity is typically 2.5x10-4 m s-1. It is tempting to believe that this 

Figure 5.6: Evolution of the depth of the positive volumetric current density versus elapsed time  
since the beginning of the leakage. The positive pole of the volumetric source current density is  
determined  from  the  self-potential  tomograms  (see  Figure  5.4)  and  the  straight  line  is  
determined from the three first  tomograms of  Figure 5.4. The depth is considered below the  
plastic tank containing the saline water.  We observe that the positive pole of the volumetric  
source current density sinks nearly linearly with time. SPT stands for self-potential tomography.
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positive pole is associated with the front of the saline plume and the negative pole with the leak 

from the tank. This will be discussed in the following section.  

 5.5 Discussion

In this section, we want to determine why the inversion algorithm is able to retrieve the 

position of the saline front. Therefore, we performed a 2D numerical model of the self-potential 

response associated with the transport of a salt plume. We solved Equations 5.1 through 5.6 with 

no source term in Equations 5.2 and 5.3 (QS = 0) and using the finite element method. The initial 

concentration at the top surface of the system is 285.7 kg m -3 in the area of leakage. The initial 

concentration of the salt in the sandbox outside the leaking area is 10 kg m -3. The porosity of the 

sand in  the  sandbox is  0.40.  The  permeability  tensor  is  k =  k I with  k =  5x10-13 m2.  The 

dispersivity is 3.56x10-6 m2 s-1. The initial hydrostatic pore pressure is  p =1010x9.81x(0.8 -  z) 

(reference pressure) and the side boundaries are considered to be impervious to the flow of the 

pore water and to the solute. 

For the electrical modeling, we use insulating boundary conditions on all boundaries in 

agreement with the sandbox experiment performed in the section "Sandbox Experiment" above. 

The conductivity of the sand,  σ, was computed from the salinity according to  Equation 5.11 

where fσ , the conductivity of the pore water, is known to be directly proportional to the salinity 

(see for instance Revil, 1999). We use a porosity φ  = 0.38 (random packing of spherical grains), 

and m = 1.3 (cementation exponent for a sand). The computations were performed with the finite 

element code Comsol Multiphysics 3.5. 

Figure  5.7 shows  a  plot  of  the  self-potential  distribution  associated  with  the  plume 

sinking inside the modeled porous sandbox. The self-potential anomaly is positive in agreement 
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with  our  experimental  result  and  of  the  same  magnitude.  Another  result  of  the  numerical 

modeling consistent with our observations is that the self-potential signals decreases very quickly 

Figure 5.7: Finite element simulation of the self-potential signals associated with a sinking salt  
plume. The self-potential distribution results from both the Darcy's velocity distribution and the  
diffusion current density associated with the gradient in the electrical conductivity of the pore  
water. The arrows on the right-hand side plots represent the Darcy velocity.

outside the position of the boundary of the plume. This is consistent with the steadily increasing 

of the self-potential response over time observed after the opening of the hole (Figure 5.2). The 

numerical simulation is used to compute the volumetric source current density in the sandbox. 

The distribution of the source current density is shown in Figure 5.8. We found that the area of 

leakage (the source of the salty water plume) is marked by a strong, well-localized, negative pole 

in the volumetric source current density.  The front of the saline plume is characterized by a 

weak, diffuse, positive pole in the volumetric source current density. This is consistent with the 

experimental data reported above and analysed with the time lapse self-potential tomographic 

algorithm described above (Figure 5.5).  The slight  difference in the shape of the volumetric 

current  density  may be  due  to  two  possibilities  (1)  the  anisotropy  of  the  permeability  and 
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dispersion tensors of the sand in the sandbox and (2) the fact that we used a constant resistivity 

for the inversion of the self-potential data. 

Figure  5.8: Threshold  of  the  volumetric  current  density  Sℑ = ∇ ⋅ j  determined  from the  2D 
forward numerical modeling of a sinking plume of saline water. The sandbox is filled with a sand  
characterized by isotropic permeability and dispersion tensors and constant porosity.

Figure 5.9 shows the result of the inversion of the self-potential data computed at the bottom 

of the sandbox for the synthetic case discussed above. Only threshold values in the volumetric 

current source density are shown. We took a constant resistivity model for the inversion so the 

inverted volumetric source current density ignores the true resistivity distribution of the model. 

Comparing Figure 5.8 and Figure 5.9, we can say that our algorithm works very well in 
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Figure 5.9: Result of the inversion the synthetic data. The figure shows the positive and negative  
thresholds in the value of the volumetric source current density  Sℑ = ∇ ⋅ j  inverted using the 
electrical potential information at the bottom of the tank and the time-lapse algorithm described  
in the main text in the section entitled "Self-Potential Tomography".

retrieving the position of the leak and the position of the front of the plume. The reason is that 

the drop in the resistivity distribution is colocated with the position of the boundary of the plume 

where the current is generated. So the true resistivity distribution, in this case, is not of prime 

importance to locate correctly the source of the self-potential signals.
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 5.6 Conclusions

A leakage experiment resulting in the formation of a salty water plume was monitored using 

the self-potential method. From this experiment, the following conclusions have been reached: 

(1) Clear self-potential signals were measured and shown to result from the plume sinking in 

the sandbox over time. The amplitude of these anomalies amounted to a few millivolts at the start 

of the leakage to few tens of millivolts after a few minutes. Two mechanisms for the generation 

of these anomalies are the combined streaming potential and the diffusion potential related to the 

flow of the pore water, and the gradient in the chemical potential of ionic species, respectively. 

(2) A self-potential tomography algorithm was developed based on Tikhonov regularization 

and applied to the time-lapse self-potential data to localize the source of current density in the 

tank. 

(3)  We  found  that  this  inversion  algorithm  produces  two  types  of  detections.  One  is 

consistent with the position of the leak and the second can be used to determine the position of 

the front of the saline plume over time. This result is confirmed by the forward modeling of the 

whole problem using a finite element code that simulates the hydrodynamic dispersion of the salt 

driven by the buoyancy force with the resulting volumetric source current density. 

The next step will be to use a more sophisticated stochastic algorithm to invert the transport 

properties of the porous material  using for instance a Markov-Chain Monte-Carlo algorithm. 

Because resistivity and self-potential data are complementary methods, we expect that the joint 

time-lapse inversion of self-potential and resistivity data could improve our ability to monitor 

contaminant  plumes  in  the  ground  and  to  predict  their  future  evolutions.  In  addition,  the 

equations developed in the present paper could be used in a reverse mode to use electroosmosis 

for remediation purpose. 
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CHAPTER 6 

RESIDUAL FOOTPRINTS OF RESOLVED SCIENTIFIC KNOWLEDGE DISPUTES

 6.0 Introduction

This  chapter  is  part  of  the  Science,  Technology,  Engineering,  and  Policy  minor  and 

SmartGeo Fellowship Program requirements.   Part  of the program requirements is  to  find a 

policy topic that is somewhat related to the technical research in the Dissertation.  As is shown in 

prior  chapters,  the  technical  research  describes  new  techniques  that  can  be  applied  toward 

resolving  the  risks  to  subsurface  drinking  water  resources  during  oil  and  gas  resource 

development, and this chapter concerns the use of scientific information and its adverse effects 

during a local controversy over oil and gas resource development.  The research presented in this 

chapter focuses on a set of related political, technical, and scientific events that started in 2009 

and came to a climax in 2012.  

Oil and gas industry drilling for shale gas in Erie, Colorado, became a public controversy 

early in January 2012, and lasted through February 2013.  The controversy was complex and 

included  participants  from  citizen  groups,  Town  of  Erie  policymakers,  scientists,  State  of 

Colorado and US government officials, and the public in general.  While this is a rich case from 

a scholarly and policy perspective, the scope of  research for this chapter is limited to only one 

aspect  of  the  controversy.   As  such,  this  chapter  establishes  the  context  of  one  knowledge 

boundary dispute – a dispute between parties over what constitutes scientific fact -- in the frame 

of  the  controversy,  along  with  the  important  policy  decisions  that  were  influenced  by  this 

particular  boundary dispute  and  its  aftermath.   The  relevant  STP and  STS concepts  in  this 
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controversy include knowledge boundary transgressions (an unwarranted claim of factuality) and 

resulting boundary disputes, and the influence of the epistemic authority of science, scientists, 

and scientific agency on the controversy and public policies established by policymakers.  In the 

process, the chapter develops a new STP/STS concept: the notion of residual footprints.

Residual  footprints  can  be  described  this  way:  Even  after  a  boundary  dispute  is 

“officially” resolved to restore the boundary to the pre-transgression position where the disputed 

knowledge is no longer considered fact, there appears to be residual public acceptance of the 

disputed  knowledge  involved  in  the  boundary  transgression,  as  fact.   This  residual  public 

acceptance is a residual impression, or “residual footprint,” of the factual nature of the disputed 

information  and  associated  inferences.   These  residual  footprints  may  have  left  incorrect 

impressions of fact that are difficult to remove, and may require deliberate, scientific, economic, 

and social  efforts to try to correct.   In other words, even after the scientific community has 

resolved the factual status of information, “residual” misunderstandings may persist in affected 

communities,  and  can  prove  particularly  difficult  to  dislodge.   This  research  presents  the 

controversy in Erie, CO, as a case for the existence of this residual footprint, and describes the 

efforts employed by the officials  of the Town of Erie, CO, to correct the public record, and 

remove the public influence of the residual footprint on the town (see Figure 6.1).

To show this residual footprint effect, a textual analysis was used.  This analysis reviewed 

the video recordings of the public meetings of the Town of Erie Board of Trustees from January 

through May of 2012, and news coverage from January of 2012 through May of 2013.  These 

texts were chosen because the controversy became widely public in January of 2012 and had 

discernible  policy implications  through September  of  2012.   However,  the  main  part  of  the 

scientific information’s influence during the controversy played out between January and May of 
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Figure 6.1: Location of the Town of Erie, Colorado.  The black lines and names are the county  
boundaries and county names in the area.  The Town of Erie straddles both Boulder and Weld  
counties (COGCC. 2013).

2012.  The textual analysis method was used for data collection because enough data could be 

gleaned  from  the  public  record  to  demonstrate  the  residual  footprint  concept.   Personal 

interviews of the participants were beyond the scope of this chapter, and therefore were not done. 

The textual analysis reviewed the Town of Erie public record, video recordings, meeting 

minutes, and other publicly available documentation.  The video record constituted a substantial 

portion  of  the  analysis,  and as  such notes  were  taken concerning the  statements  of  the  key 

participants, and the resulting reactions of the Town of Erie Board of Trustees.  Each scientist 

presentation during the February 21st Board of Trustees Study Session was bookmarked and 

reviewed  for  information  content.   The  video  analysis  included  looking  at  how  scientific 

information  was  presented,  how the  scientists  were  describing  their  data,  the  questions  and 

statements by the Board of Trustees, and answers by the scientists.  The statements made by the 

members of the Board of Trustees and the scientists were arranged in chronological order, and 

important  comments  were  logged.   Important  comments  by the  Board  of  Trustees  included 
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descriptive  statements  concerning  the  apparent  credibility  of  the  scientist,  and  the  scientific 

information presented, descriptions of the public reaction to the disclosed scientific information, 

and the policy related statements.  Important statements by the scientists were noted concerning 

the technical support for the data,  the details,  and statements that invoke or evoke scientific 

authority.  

Textual  analysis  of  the  news  articles  included  looking  for  participant  interviews  and 

statements that were not available in the official Town of Erie public record.  This consisted 

mostly of third party reporter interviews of the participants.  During this time frame, the Mayor  

of  Erie  provided  several  editorial  comments  that  were  published  by  the  local  news  paper.  

Important data gleaned from news sources included the revelation of previously undisclosed 

relationships among participants, and positions on the controversy.  The news articles also led to 

additional comments by the participants that provided information about participant conclusions 

and motivations.  A larger study would code these sources of information in order to provide a 

more rigorous analysis of the data, but for the purposes of this study, an impressionistic review of 

the data supports the presence of the residual footprint concept.

This controversy centers around what scientific information is considered to be factual and 

relevant concerning various forms of environmental hazards.  My initial impressions of the use 

of scientific information by the different factions in the controversy renders an observation that 

there was significant misuse, intentional or otherwise, of scientific information at a variety of 

different levels.  This misuse of scientific information includes information presented by Town of 

Erie  citizens  and  supporting  organizations  that  oppose  oil  and  gas  industry  activities,  and 

information presented by individuals, corporations, and organizations in support of oil and gas 

industry activities.   Both  sides  of  the controversy misused scientific  information.   The anti-
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industry advocates used scientific information to emotionally appeal to the public about how 

dangerous oil and gas activities are, whereas the industry proponents tried to assure the public 

that everything was just fine.  In this research, the misuse of scientific information primarily 

constitutes the deliberate omission of key information that would place the disclosed scientific 

information  into  an  appropriate  context  for  assessment  by the  public  and policymakers.   In 

general, all of the parties employed scientific information in a way that was designed to sway 

policymakers and the public to take favorable action for their particular cause.  

 6.1 Background

A brief background for the controversy is important to establish a trigger and local context 

for the controversy.  The first section begins with the trigger for the overall controversy, followed 

by some of the political actions.  Then the structure of the Town of Erie Board of Trustees and 

the public meetings that are held to conduct the Town's business.  The background section ends 

with a brief description of the knowledge dispute.  

 6.1.1 Controversy: The Canyon Creek Well Pad and Red Hawk Elementary School

In  2009,  Encana  Oil  and  Gas  USA,  Inc.  applied  for  and  received  the  appropriate 

authorizations to drill eight wells at the Canyon Creek multi-well pad (identified in Figure 6.2). 

The permitting process included applying for and getting a Special Land Use permit from the 

Town of Erie that allowed the drilling to proceed.  At that time, Red Hawk Elementary School 

did not exist; however, both Erie Elementary School and Erie Middle School did (see  Figure

6.3).  Encana provided notice of intent to drill eight wells on the pad on May 10, 2010, informing 

the residents that it would take up to 60 days to drill the wells on the site.  This was an advance 

courtesy notice to the potentially impacted residents.  By the time Encana was ready to proceed 
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with well construction, the Red Hawk Elementary School was constructed on a site that was 

about 2,000 feet south-southwest of the well pad.  All of the standard processes for proceeding to 

drill were met, and notification of the date for drilling went out to the residents that would be 

potentially impacted by the drilling, with information (again) that it would take up to 60 days to 

drill eight wells on the site.  The drilling was planned to begin during the winter months of 2011 

– 2012.  

Figure 6.2: Controversy over oil and gas operations originates with Encana Oil and Gas USA,  
Inc. plans to drill eight wells at the location on the map surrounded by the blue circle.  Another  
multi-well pad, the SOSA A (5 wells, drilled in 2007) is off the map to the northeast, and is 1,860  
feet away from Erie Elementary School, and 1,380 feet from Erie Middle School (Base map,  
COGCC. 2013).

Red Hawk Elementary School was developed and constructed as a “green” school under the 

Leadership in Energy & Environmental Design (LEED) building design criteria.  The school 

building was certified to be LEED compliant by the U. S. Green Building Council, an advocacy 

group  for  “green”  buildings  and  construction  practices,  and  “sustainability”  (Red  Hawk 

Elementary. 2013a).  The LEED building criteria includes the use of proper building orientation 
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to  take  advantage  of  natural  lighting  and  heating,  skylights,  a  “super  insulated”  building 

construction,  water  conservation  methods,  low  energy  lighting  fixtures,  and  other  “green” 

features  (Red  Hawk  Elementary.  2013a).   The  and  heating,  skylights,  a  “super  insulated” 

building  construction,  water  conservation  methods,  low  energy  lighting  fixtures,  and  other 

“green” features (Red Hawk Elementary. 2013a).  The curriculum at the school is designed to be 

more progressive than other elementary schools, with a strong program in math, science, and 

Figure  6.3:  The  wells  closest  to  the  Erie  elementary  schools,  with  status  and dates  of  last  
activity.  This shows the development of wells over time in the vicinity of the schools (Base map,  
COGCC. 2013).
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technology as well as the fundamentals.  The school also promotes a “sense of environmental 

responsibility”  with  the  students.   The  “sense  of  environmental  responsibility”  is  defined 

holistically,  including  “physical  development  and  well-being”  and  the  respect  for  multiple 

perspectives (Red Hawk Elementary. 2013b).  

It is important to know that oil and gas resource development activities have been ongoing 

in the Town of Erie for the past 35 years at a minimum.  Much of the drilling in the past 10 years 

has been multiwell pad directional drilling.  There was only one horizontal well drilled in the 

Erie area, and it was drilled in late 2011 on some land that  was less than 2,000 feet from Erie 

High School (COGCC, 2013).  There was a vertical well drilled immediately behind Erie High 

School in 2010, and two multiwell directional pads were drilled in 2009 that were less than 2,000 

and less than 1,000 feet from the high school, and a third multiwell pad, less than 1,800 feet from 

the school,  was drilled in  2013 (COGCC, 2013).   Prior  to  2000, most  wells  were vertically 

oriented.   It should be noted that nearly all oil and gas wells drilled in the last 10 years or more  

have been hydraulically fractured.  

Importantly, other multi-well pad drilling activities, including the well pad named SOSA A 

as noted in the Figure 6.2 caption, have occurred in the past in relative close proximity to Erie 

Elementary School (roughly the same distance as the Canyon Creek well pad is to Red Hawk 

Elementary).  Figure 6.3 shows the oil and gas industry activity in relative close proximity to the 

schools.  Figure 6.2 shows that the Canyon Creek well pad is closer to Erie Elementary School 

than to Red Hawk Elementary.  It seems as though there may have been somewhat less concern 

over Erie Elementary relative to Red Hawk Elementary.  The concept of progressive education 

with  environmentalism and green building  facility construction  with  sustainability  as  a  core 

value perhaps clashed meaningfully with the proposed (at the time) oil and gas drilling activities 
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within direct sight of Red Hawk Elementary School.   The presence of the wells  and related 

activity presents a values contrast/conflict that was difficult for the parents that have children 

attending the Red Hawk Elementary School to reconcile with the progressive objectives of the 

school.  

 6.1.2 Public Opposition and Public Policy

Considering  the  parents'  interests,  and  the  educational  goals  of  Red  Hawk  Elementary 

School, a group of Erie residents banded together to form an opposition to the proposed drilling 

of wells so close to the new Red Hawk Elementary School.  This group called themselves Erie 

Rising.  Initially, Erie Rising was/is based on opposition to the conflict of values that the oil and 

gas industry activities presented relative to the school's purpose, and the perceived health issues 

that the oil and gas development activities presented.  Erie Rising chose to oppose Encana, its 

proposed site development, and the associated industrial processes related to oil and gas drilling, 

by using the schools as an example of where a hazardous, industrial activity that is very close to  

children should not be done (Aguilar, 2012b, Campbell, 2012a, and CBS4. 2012).  The primary 

complaints  include opposition to  specific  activities  such as  hydraulic  fracturing,  heavy truck 

traffic, high noise levels, and air pollution, to mention a few of the issues, as being hazardous to 

the children attending Red Hawk Elementary.  Initially, the Erie Rising activists employed an 

emotional appeal and lots of e-mail to the Town of Erie Board of Trustees to try to get them to 

stop the drilling activities.  

Shortly after the notification to the community of the intent to conduct well construction, 

Erie Rising organized various activities to oppose the well construction and operations at that site 

and other sites within the Town of Erie.  The situation rapidly transitioned to a controversy over 
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hydraulic fracturing, and all oil and gas development and operations that were to be done at the 

Canyon Creek  well  site.   Specifically,  the  opposition  is  centered  on  what  scientific,  factual 

information defines the degree of hazardous chemical exposure, the health risk, and quality of 

life the community experiences in relation to oil and gas resource development operations.  

The public policies made by the Town of Erie Board of Trustees during this controversy 

were framed by the use of influential scientific information by the stakeholders.  A controversial 

180 day moratorium on the acceptance of applications for special land use permits for oil and gas 

mining operations was passed by the Erie  Board of Trustees on March 7,  2012, partially in 

response to citizen concerns, and partially in response to the scientific information presented 

before the policy making body.  

 6.1.3 Board of Trustees Meetings

The Town of Erie Board of Trustees is an elected body of decision makers and law makers, 

and by legal authority decide on multiple, different matters that are presented before the body for 

authorization and/or approval.  The Town of Erie Board of Trustees is composed of seven elected 

officials, including the Mayor, a Mayor Pro Tem, and five trustees.  The Town of Erie holds 

public Board of Trustees Meetings every other Tuesday evening, which have a specific structure 

that is designed to attend to various town business activities requiring Board of Trustees votes 

and decisions.  In addition to the regular town business, the meeting structure includes a 45-

minute session for people to make impromptu public comments. This session is named Public 

Comment, where three minutes is allocated for each commenter. Each slot to speak is signed up 

for just before the start of the meeting.  Another session for more formal presentations, called 

Proclamations and Presentations, allows 15 minutes for each presenter.  In the meeting Agenda, 
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the Public Comment session comes before the Proclamations and Presentations session.  Both of 

these sessions are part of the public participation in the town governmental process, allowing for 

citizen comments to be entered into the official town record.  There are also other board meeting 

parts where town business is discussed in public.  All of the Board of Trustees meetings are 

recorded on video and streamed live on the web.  

A type of Board of Trustees meeting called a “Study Session” is occasionally held so that the 

Board of Trustees can learn more details about a particular subject.  During any particular Study 

Session, information may be presented to the body by citizens, companies, organizations, and 

governments for educational and informational purposes only, to aid the body in making future 

legal matter related decisions concerning the town and its citizens.  Study Sessions are held at the 

direction of the Board of Trustees, and often involve invited presentations.

A textual analysis of the Board of Trustees video recordings is a major source of information 

for this research.   However,  a complete description of the relevant Board of Trustees videos 

between January 10th and May 8th constitutes about 30 to 40 hours of video review and dialog, 

and coding this footage would require a more significant study.  Instead, this study references a 

highly summarized, impressionistically analyzed version of the data.  The important data related 

to the controversy is interspersed throughout these videos with regular, non-controversy related 

town business.  The video recordings of the meetings were studied and analyzed for controversy 

relevant data.  

 6.1.4 Boundary Transgression and Restoration

In this controversy, scientific information was used in many different ways, in attempts to 

define  what  is  considered  to  be  hazardous  chemical  exposure  within  the  community.   One 
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specific and highly influential  use of scientific information generated a knowledge boundary 

dispute (Pielke, 2007) over whether publicly presented scientific information is evidence of a 

high degree of air pollution in the Town of Erie.  This scientific information originated from a 

series of scientific experiments that were conducted at the Boulder Atmospheric Observatory 

(BAO),  located  about  4km  from  downtown  Erie.   These  experiments  were  conducted  by 

scientists  employed  by  the  world-renowned  and  highly  regarded  US  government  scientific 

research institution, the National Oceanic and Atmospheric Administration (NOAA), located at a 

facility in Boulder, Colorado, along with collaborators from various universities across the US. 

The experiment was conducted at about a 10m elevation on the BAO tower, from February 18, to 

March 7, 2011.  Some of the results from these experiments were publicly disclosed at a citizen-

attended Town of Erie Board of Trustees Study Session on February 21, 2012, in combination 

with other presentations of scientific information from other organizations.  

During  this  meeting,  a  NOAA  scientist  generated  a  scientific  boundary  dispute  by 

presenting and describing new and influential scientific information concerning air pollution, and 

volatile organic compound concentrations in the air, in and around Erie, CO, and the broader 

Front Range region. This influential scientific information was presented, for the first time in any 

public forum, during the public Town of Erie Board of Trustees Study Session on February 21,  

2012.  During the presentation, some comparative data was disclosed and described, comparing 

atmospheric test results from Pasadena, CA, Houston, TX, and Erie, CO.  This comparative data 

presentation led to the general impression, by the public and Town of Erie Board of Trustees, that 

the Town of Erie had an air pollution problem that was worse than that of Pasadena, CA, and 

Houston, TX, and that the pollution was caused by the oil and gas industry (Aguilar, 2012a). 

Particularly, the concentrations of propane and benzene were the atmospheric constituents that 
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generated the most concern within the town (Krieger, A. J. as recorded in Town Clerk, 2012k). 

After the presentation by NOAA, this new scientific information led to a high degree of concern 

within the community, and a high degree of confusion about what this information meant in 

terms  of  the  degree  of  hazardous  chemical  exposure,  health  risk,  and  quality  of  life  in  the 

community (Krieger, A. J. as recorded in Town Clerk, 2012k).  

This  disclosure  of  scientific  information  fell  outside  the  normal  scientific  knowledge 

determination process, and resulted in an non-peer reviewed public presentation of a compilation 

of scientific data with interpretations, causing a public relocation of the boundary concerning 

what  is  scientific  fact.   This  boundary relocation  was pushed back into its  original  position 

officially by NOAA through a formal notification to the Town of Erie Board of Trustees and the 

Town Administrator  in  a  document  that  was  dated  March 14,  2012 (NOAA, 2012b).   This 

document stated that the data presented was preliminary in nature (among other statements), and 

that as soon as it was published in a peer reviewed journal, the town officials would be notified. 

However,  even  though  the  boundary  between  scientific  fact,  and  preliminary  information, 

supposition, personal opinion, and inference was officially restored by NOAA, the citizens in 

Erie were most likely not aware of the NOAA boundary restoration.  Erie citizens may not even 

know  what  constitutes  a  scientific  knowledge  boundary,  and  what  a  transgression  of  the 

knowledge boundary means.   

The  data  presented  by  the  NOAA scientist  was  considered  to  have  high  credibility  by 

members of the Board of Trustees and the public (Town Clerk, 2012e, Town Clerk, 2012g, Town 

Clerk,  2012k, Aguilar,  2012d).   This resulted in the interpretation of the presented scientific 

information by the policymakers and the public that the knowledge conveyed was scientific fact 

(Town Clerk,  2012g).   Immediately after  the February 21 meeting,  news of the presentation 
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spread  rapidly  throughout  the  region,  and  even  nationally  (in  a  limited  sense--explain), 

conveying the “fact” that the Town of Erie had air that was more polluted than Pasadena, CA and 

Houston, TX (Aguilar, 2012a, and Campbell, 2012b, and Wilson, J., as recorded in Town Clerk, 

2012k).  Even after the retraction by NOAA, a residual perception of the factual nature of the 

information presented remained within the Erie community and the greater region (Campbell, 

2012b, and Wilson, J., as recorded in Town Clerk, 2012k).  The general feeling that remained in 

the public sense is that there are dangerous concentrations of atmospheric pollutants in the air in 

Erie, and that this pollution is caused by the oil and gas activities in the town (Campbell, 2012b, 

and Wilson, J., as recorded in Town Clerk, 2012k).  Part of this sense of the situation is driven by 

the continuous pushing by Erie citizens concerning their perceptions of the dangerous nature of 

oil and gas operations within the town (Town Clerk, 2012b, Town Clerk, 2012c, and Town Clerk, 

2012d).  

The scientific information presented by Brown was an important deciding factor concerning 

the policies enacted by the Town of Erie to address complaints by citizens of ill health effects 

that they attribute to the oil and gas industry operations within the town, particularly related to 

hydraulic  fracturing and fugitive gas emissions (Aguilar,  2012d).   On March 7th,  a 180-day 

moratorium was enacted, in part due to the NOAA scientific information disclosure (Aguilar, 

2012d, Town Clerk, 2012g, and Town Clerk, 2012i).  Also on March 7th, the oil and gas industry 

challenged the data as “preliminary, unpublished, and non peer reviewed,” thereby inferring that 

the data was not established fact, generating a boundary dispute over that data (Landry, S. as 

recorded  in  Town  Clerk,  2012i,  and  Aguilar,  2012d).   On  March  16th  NOAA published  a 

summary  report  about  the  presentation  on  February  21st,  confirming  the  preliminary, 

unpublished, and non-peer reviewed status of the data in the presentation (NOAA, 2012b).  This 
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essentially established the proper status for the information, retracted the boundary that had been 

advanced by Brown, and ended the dispute over the status of the information.  However, this did 

not end the improper use of the NOAA scientific information, nor did it improve the image of the 

air quality within the Town of Erie (Lynn, 2012).  Two air quality assessments of some of the 

presented NOAA data were contracted by the Town of Erie to provide context, and improve the 

clarity of what the NOAA data meant.  In short, both of these air quality reports indicated that the 

human health risks from exposure to some of the specific chemicals mentioned in the NOAA 

presentation was low (Wright, 2012a, and Ellwood, 2012).  Only after the results from these air  

quality reports were widely published in the news (Aguilar, 2012e, Aguilar, 2012f) did some of 

the issues related to the image of the air quality in Erie begin to subside.  

 6.2 The Residual Footprint:  Theoretical Foundations

To establish a background for the research, a few questions are asked to focus the research. 

First, how did science, scientists and scientific agencies influence this controversy?  Second, 

what types of behavior should be expected from scientists and agencies involved in scientific 

information communication?  And finally, what constitutes a scientific knowledge dispute?  

The  concept  of  the  epistemic  authority  of  science,  scientists,  and  scientific  agencies  is 

introduced to establish the influence of  the use of scientific  information in  this  controversy. 

These authorities are important in this controversy, because science is used to solve problems of 

public concern, scientists communicate scientific information that is influential, and scientific 

agencies are part of the backbone for the research that generates new scientific information.  In 

this controversy, the factual nature of specific scientific information was assumed to be valid by 

the public during the studied controversy.  Why was the scientific information assumed to be 
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valid?  Epistemic authority was invoked by a scientist while explaining scientific information to 

the public during the controversy (Brown, S. as recorded in Town Clerk, 2012e).  How does a 

scientist achieve epistemic authority?  It is also very important to acknowledge the role of the 

scientific agency in this controversy.  How does a scientific agency achieve epistemic authority, 

and why is this important?  Science, scientists, scientific agencies, and their epistemic authorities 

were employed in this controversy; they influenced the public and policymakers, and as such, 

these authorities are an important part of this research.  

Scientific knowledge disputes can arise in many different ways.  However, in this situation, 

a knowledge dispute developed when preliminary scientific information was publicly presented 

to a body of policymakers.  A scientific knowledge boundary was publicly advanced to include 

preliminary scientific information as fact.  This new scientific information was subsequently, and 

not so publicly,  acknowledged as preliminary (NOAA, 2012b).  The acknowledgment of the 

preliminary status of the scientific information restored the knowledge boundary to its original 

position.  Nearly a year later, a paper describing the scientific results was published in a well 

known scientific journal (Gilman, et al., 2013), re-extending the knowledge claims as fact, and as 

such re-extending the boundary of scientific knowledge.  This extension and retraction of the 

knowledge boundary is called “boundary-work” (Gieryn, 1983), and results from a dispute over 

what constitutes scientific fact or knowledge.  It is proposed that the subject boundary-work was 

done for two primary reasons.  First,  the knowledge boundary extension was not purposeful 

(from the scientific agency perspective), and therefore the retraction of the boundary extension 

was  done  to  preemptively  protect  the  credibility,  epistemic  authority,  and  integrity  of  the 

scientific agency.  Second, this boundary retraction was made to allow the normal process of 

scientific  information  validation  (peer  review)  to  proceed  without  public  influence  or 
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intervention.   Additionally,  this  boundary-work had the effect of protecting the integrity and 

authority  of  science  in  general,  the  scientific  knowledge  validation  process,  and  may  be 

considered a “self policing” effort to make sure that only peer reviewed scientific information 

becomes part of the domain of factual knowledge.  These concepts are explained in detail below.

 6.2.1 The Epistemic Authority of Science

Epistemic authority is  an authority based on knowledge (De George,  1970),  and in  this 

section, we are concerned with the authority of science itself over scientific knowledge.  Science 

is based on the logical pursuit of knowledge, the understanding of nature, and the way physical  

things  are.   However,  the  present  state  of  science  is  only  representative  of  the  current 

understanding  of  the  truth  about  the  way  physical  things  are,  and  as  such  is  subject  to 

modification if  new information is  discovered that is  contrary to  the present  understandings. 

Importantly, in science there is no claim to authority concerning non-scientific matters, except 

where there are conflicts over what constitutes scientific knowledge or facts (“boundary-work”, 

Gieryn,  1983).   Here  we  answer  the  question  of  how  does  science  achieve  authority  over 

scientific knowledge, and how does the public perceive science itself.

In most societies (both industrialized and not), the overall field of science is considered to 

have high epistemic authority (Polanyi,  1967),  credibility,  and power (Gieryn, 1999; Shapin, 

2007),  and  is  considered  to  have  great  influence  on  the  current  state  of  the  modern  world 

(Shapin, 2007).  In these societies, the public perceives that the continuous advancements of 

technology seen over the last 200 years are based on the application of scientific principals, and 

as such, science has demonstrably earned a status of authority.  Both scientists and the lay public 

consider that science has a “predictive power,” a power that is able to apply generalized theories, 
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descriptions, and models to nature to develop solutions to problems (Hoyningen-Huene, 1999, 

Rosen,  1989).   The  predictive  power  of  science  is  based  on  believable  observations, 

classifiability,  repeatability,  and  the  generation  of  facts,  scientific  theories  and  laws,  and 

associations of facts from those observations (Plaskett, 1924, Keller, 2006).  These associations 

of facts are perceived to yield the ability to reliably predict occurrences of various phenomena. 

Scientific  theories  and  laws  embody  the  generalization  of  observations,  associations,  and 

accumulated facts that expand the applicability of observations to a larger class of phenomena 

(Plaskett,  1924).   The prediction  of  phenomena and confirmation  of  the predictions  through 

observations provides science with authority over scientific based knowledge that is different 

from other forms of authority (different from religious, political, moral, etc. [De George, 1970]). 

These factors contribute greatly to the epistemic authority of science, both with scientists, and 

the public.  

 6.2.2 The Epistemic Authority of Scientists

Given that science has a great deal of epistemic authority, as described above, those that 

engage in science and the generation of knowledge also are considered to have high epistemic 

authority.   The epistemic authority of a scientist  in a given discipline is developed with and 

certified  by  professors  (who  also  have  been  certified  to  have  epistemic  authority)  in  that 

discipline, and the authority of knowledge is thereby granted by institutions of higher learning in 

the form of higher degrees of education, including Masters Degree, Medical Doctor, and Doctor 

of Philosophy (De George, 1970).  This process of epistemic authority certification generates an 

unbroken chain of epistemic authority within specific disciplines, and through extension to many 

disciplines throughout all of science (Polanyi, 1962).  Through this chain of epistemic authority, 
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these  higher  degrees  of  education  convey  the  recognition  of  knowledge  and  authority 

achievement  in  the  scientific  community  (Polanyi,  1962),  and  consequently,  this  is  also 

recognized by the public (De George, 1970).  The recognition by the public of the achievement 

of higher degrees of education represents a transfer of trust to scientists, and a trust in the process 

of  the  transfer  of  epistemic  authority  to  scientists  by  authority-granting  institutions  and 

associated professors (De George, 1970; Polanyi, 1962; Hardwig, 1985).  This public trust in the 

epistemic authority-granting system exists because the lay public has no other practical means to 

verify the epistemic authority of any scientist other than through the existing system of scientific 

authority  establishment.   Therefore,  in  modern  societies,  through  the  trust  of  the  chain  of 

epistemic  authority  development  and  certification,  the  public  believes  that  scientists  have  a 

substantially higher  level  of  scientific  knowledge than the layperson, within their  “certified” 

discipline.  Along with this high regard and recognition of expertise, comes public trust in the 

epistemic authority of scientists.  

This public perception of scientists places trust in scientists to generate knowledge and make 

decisions of what constitutes facts of nature or scientific interest.  This epistemic authority also 

carries public trust that scientists employ objective methods to generate knowledge, including 

fact  determination,  and  associated  methods  of  fact  establishment.   This  means  that  when 

scientists convey scientific information to the public, the public trusts implicitly the chain of 

epistemic authority and knowledge establishment, the veracity of the scientific information is 

trusted, and the credibility of scientists are not challenged.  In the public sense, this means that 

whatever a scientist determines to be fact, is generally accepted as factual.  This authority and 

trust in scientists is implicit and maintained as long as the nature, veracity, process, knowledge 

status, credibility of scientific information, or scientists themselves are not disputed. 
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 6.2.2.1 The Public Trust of Scientists

The implicit public trust of the epistemic authority of some scientists (as discussed above) 

may  fail  in  controversies  involving  scientific  information  discourse  with  the  public  and 

policymakers.  This failure in trust leads to challenges of the veracity of scientific information, 

the  completeness  of  the  information,  possible  errors  in  data  or  analysis,  and  alternative 

considerations  and  motivations  of  the  scientists  publicly  disclosing  scientific  information 

(Hardwig, 1985).  In knowledge disputes, some public groups (including citizens, policymakers, 

or  both)  or  individual  citizens  may claim that  some scientists  have  “potentially  corrupting” 

interests  or advocacy behind the disclosure of scientific information,  regardless of the actual 

truth  of  the  presented  scientific  information.   This  means  that  these  groups  or  individuals 

consider a particular scientist they may disagree with to be an advocate (Issue Advocate, Pielke, 

2007) for a particular cause that is opposed to their particular cause.  Based on the perceived 

advocacy status of the scientist, these groups usually reject the disclosed scientific information as 

biased, and seek to have their own information presented during the public discourse.  Also, 

these groups instead may place their epistemic trust in other scientists that they perceive to either 

not be an advocate of any sort (possibly a “Science Arbiter,” “Pure Scientist” or an “Honest 

Broker”) (Pielke, 2007), or possibly their own advocate, to advance their particular side of a  

controversy.  This results in an “excess objectivity” as described by Sarewitz in the book Earth 

Matters: The Earth Sciences, Philosophy, and the Claims of Community (Frodeman, 2000).  In 

this type of situation, people look to science to provide objective data that will guide policy, but 

instead this causes opposing camps to seek their own scientists and “objective” data to support 

their own political position.  This causes a situation of opposing advocates, further confusing the 

issues, generating a battle of epistemic authority among scientists.  The result is more confusion 
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in the public sphere; it becomes difficult, or nearly impossible, for the layperson to be able to 

distinguish  whose  facts  represent  the  true  facts  of  the  situation.   Essentially,  the  scientists' 

different epistemic authorities cancel each other out,  leaving the layperson without a way to 

clarify what makes sense.  The same is true for policymakers.  

 6.2.3 The Epistemic Authority of the Scientific Agency

Scientific authority is also perceived by the public to be associated with particular scientific 

agencies of the United States Government (USG) (other governments as well, both outside and 

inside the US),  universities,  private  research organizations,  and corporations.   This publicly-

perceived  scientific  authority  is  usually  earned  by  these  institutions  through  the  public 

recognition of  successful  outcomes from research programs.   The epistemic authority of the 

scientific agency can also be recognized by another scientific agency of the USG.  

Over  the  decades  that  NOAA has  been operating,  their  credibility as  a  world-renowned 

scientific  agency  in  the  ocean  and  atmospheric  sciences  has  been  established  through  the 

repeated  validation  of  their  research  results  through  peer  review,  and  through  the  general 

successes of their programs.  For NOAA, epistemic authority is essential,  and informing the 

public  that  their  scientific  information  has  been  peer  reviewed,  and  therefore  has  been 

determined to be scientific fact, represents a very crucial method of establishing the epistemic 

authority of the agency over their domains of knowledge.  It is important to note that NOAA's 

perspective on peer review and the credibility of scientific information is publicly presented on a 

website that describes to the public what peer review means in general (NOAA, 2008).  Such 

statements validate NOAA's epistemic authority over that domain of science, and its epistemic 

authority as a premier scientific institution in its claimed domain.  These statements represent a 
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crucial reinforcement of the “boundary work” that NOAA is always performing, with regards to 

their scientific research.  In this case the credibility-based “boundary work” is specifically about 

climate change and paleo-climate data, but is actually much more broadly important with respect 

to the whole institution, and represents a scientific agency of the USG that seeks to maintain its 

high epistemic authority.  

 6.2.4 Peer Review: Scientific Boundary-Work

The classical definition of scientific boundary-work is the work undertaken by scientists to 

distinguish science from non-science (Gieryn, 1983).  Gieryn also recognizes that boundary-

work has utility within science as well, stating that “The utility of boundary-work is not limited 

to demarcations of science from non-science.  The same rhetorical style [used in boundary-work] 

is  no  doubt  useful  for  ideological  demarcations  of  disciplines,  specialties  or  theoretical 

orientations  within science.” (italics is in the text)  Gieryn in his book Cultural Boundaries of  

Science: Credibility on the Line, discusses boundary-work as crucial for the maintenance of the 

perception of credibility and epistemic authority in controversies (Gieryn, 1999).  Most of the 

boundary-work  Gieryn  writes  about  focuses  on  the  exclusion  of  non-scientific  claims  from 

scientific claims, and the resulting benefits of claims being successfully added to the domain of 

science.   This  includes  the  benefits  of  scientific  credibility.   Boundary-work  is  routinely 

exercised,  and  is  essential  to  the  epistemic  authority  of  science,  scientists,  and  scientific 

agencies.  

How is  boundary-work related  to  peer  review?   Peer  review as  boundary-work is  only 

loosely implied, and not directly stated in any of the STS concepts.  This is important, because 

scientists use the process of “peer review,” within the science community, to establish what is 
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accepted as scientific knowledge among scientists (NOAA, 2008).  Importantly, it is recognized 

that peer review can only be done by scientists within a particular discipline who review journal 

article submissions of other scientists within the same discipline (Jasanoff, 1987, NOAA, 2008, 

and  Eisenhart,  2002).   Peer  review  (in  spite  of  all  of  its  acknowledged  deficiencies;  see 

Bornmann, 2008) should be defined as boundary work; it is the process of validating scientific 

contributions to the knowledge base, rejecting bad and unsound science, trivial science, non-

science, incomplete work, and low quality science.  

“Peer review means new scientific discoveries, ideas, and implications are not accepted or 

considered valid until they have been scrutinized, critiqued, and favorably reviewed by other 

scientists who are experts in the same area or scientific field.” (NOAA, 2008).  Importantly, 

NOAA cautions  specifically  about  relying  on  non-peer  reviewed  information,  such as  news 

articles, books, and some journals, by commenting that they do not pass through a rigorous peer 

review process, and therefore are unreliable sources of scientific information (NOAA, 2008). 

For scientific journal articles, the peer review process incorporates two external review elements. 

The first element of peer review is the pre-publication review that occurs through a journal's 

editorial processes that use a few scientist reviewers.  The second element of peer review is 

performed by the scientific community after publication.  This form of peer review consists of 

tacit acceptance of results  or active public challenges of research findings by scientist peers. 

This  type  of  scientific  challenge  by  peers  is  clearly  boundary-work  that  occurs  between 

scientists.  

The concept of peer review is important in this research because the influential scientific 

information that was publicly presented on February 21st was not peer reviewed, and as such, 

according to NOAA, should be regarded as unreliable (NOAA, 2008).  This lack of official peer 
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review,  and  their  own positions  regarding  peer  review,  are  what  drove  NOAA to  officially 

perform boundary-work by issuing its semi-public retraction of the transgressed boundary on 

March 16th (NOAA, 2012b).  However, this boundary-work was not enough to erase the residual 

impression left on the public by the influential scientific information that was disclosed without 

peer review.

 6.2.4.1 Examples of Scientific Knowledge Boundary Disputes

Most  scientists  publish  their  research  results  through  some  sort  of  scientific  journal 

publication  process  that  involves  peer  review,  and  do  not  usually  directly  appeal  to  public 

disclosure prior to formal publication in peer reviewed journals.  What drives this apparent norm 

of publishing before any other form of communication?  For this research, we look at two of 

these types of disclosures described by Stewart in his commentary titled “Press Before Paper—

when Media and Science Collide.” in  Nature Biotechnology in 2003.  In these two cases, the 

media sensationalized the scientific findings made by the scientists concerning their particular 

research as fact, generating significant negative public perceptions, and massive concern over the 

subjects of the disclosures.  

The first case was about the public disclosure that genetically modified (GM) potatoes with 

a particular gene expression resulted in toxicity to lab rats.  The resulting media hype further 

damaged the public impression of GM foods in Great Britain and Europe.  Later, a peer-reviewed 

paper (written by the scientist that made the public disclosure) found that there were errors in the 

conclusions of the publicly disclosed information.  The peer review process ultimately corrected 

the scientific errors, maintaining the integrity of science.  But the damage, within the public 

sense, remained.  

In the second case, a public disclosure concerning potential transgenic contamination of wild 
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species  of  sunflower  was  publicly  released  during  a  workshop  on  transgenic  species 

contaminating wild relatives.  The results were taken up by the media and hyped to the point 

where  GM food  shipments  to  southern  African  countries  were  put  on  hold  (Stewart,  2003; 

Oriola,  2002).   These  food  shipments  were  destined  for  starving  people  in  those  African 

countries during a period of drought (Oriola, 2002).  Eventually, the shipments were allowed into 

the  drought  affected  countries  thanks  to  some  considerable  effort  from  the  World  Health 

Organization and the USG (Stewart, 2003).  According to Stuart, this particular media hype may 

have cost lives while negotiations over the food shipments carried on.  In both of these cases, 

there were highly negative residual impacts over the premature release of scientific information.  

In the cases highlighted by Stuart, significant public harm can be done by the release of non-

peer reviewed scientific information.  What causes this behavior, and what is the norm?  The 

minimum norm is to have all scientific findings published in peer reviewed journals prior to 

public disclosure.  But peer reviewed journal publication is just the first phase of peer review. 

The broader peer review occurs after the papers are published, and is the second phase of peer 

review, or the beginning of the full scientific validation of the scientific claims (Stuart, 2003). 

The Cold Fusion debacle is a case of public disclosure before journal article-based peer review. 

This case saw a greatly accelerated and highly public phase-two peer review by a large number 

of scientists trying to reproduce the results obtained during the University of Utah research team 

(Pons and Fleischmann) disclosures (Gieryn, 1999).  This accelerated phase-two peer review 

resulted in the rebuking of the claims (of Pons and Fleischmann), and the research being labeled 

as “pathological science” (from Doug Morrison at CERN, from Gieryn, 1999).  In this case, lots 

of time, effort, and money were spent with the results of discrediting the Cold Fusion claims.  

However, there are still some scientists who still pursue “Cold Fusion” related research.  These 
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scientists perform this research at great risk to their careers.  It can be seen that this continuing 

research is  an after-effect  from the boundary dispute over  Cold Fusion that  left  unanswered 

questions in some researchers minds.  

An  emotional  dimension  of  excitement,  a  sense  of  the  importance  of  findings,  and 

intellectual property and financial interest seem to be common in these situations.  This draws 

one to conclude that emotions, financial interest, and a sense of the relative importance of the 

findings influence decisions to prematurely release scientific information.  It is also possible that 

there may be an absence of forward thought by the disclosing scientists of the temporal and 

larger context, and implications of some of the premature information releases.  It can also be 

seen that each of these premature disclosures, or knowledge boundary disputes had and some 

continue to have after effects.

 6.3 Analysis: The Residual Footprint of a Boundary Dispute

In this section, the controversy, and the knowledge boundary dispute are analyzed in more 

detail.  The effects of the scientific information on the Town of Erie policymakers and the public  

are looked at through the textual analysis method described above.  The theoretical foundations 

are used to establish the perception of the presented scientific information by the policymakers 

and the public.   The influential  nature of the presented scientific  information is  explored to 

establish whether peer review should have been done prior to public disclosure.  Finally, the 

roles that the scientist played during the controversy are examined.

 6.3.1 The Boundary Dispute

As mentioned above,  the  public  controversy over  oil  and gas  development  in  Erie  was 

driven by the planned drilling of eight new gas wells in proximity to two elementary schools.  
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Opposition to the planned drilling came out in the media early in January, 2012 (CBS4, 2012, 

Aguilar, 2012b).  However, this controversy became officially public on January 10, 2012, at a 

regular Board of Trustees meeting that was set-up to explore the brewing controversy over the 

planned drilling by Encana at the Canyon Creek well pad (Town Clerk, 2012b).  One of the 

Board  of  Trustees  already  had  a  predisposition  to  initiate  a  temporary  moratorium  on  the 

authorization of special land use permits for oil and gas drilling operations (Aguilar, 2012b). 

The public demands for action, by Erie Rising and other citizens, motivated the town to pursue a 

variety of  measures  to  find  ways  to  address  the  citizen  concerns  over  oil  and  gas  activity, 

including municipal water supply monitoring, negotiations with the COGCC, the collection of 

more information concerning air quality matters from the industry, the state, and NOAA, and 

negotiations with the oil and gas operators in the town.  However, during three of the Board of 

Trustees meetings, the subject of the moratorium was either defeated, or no action was taken.  As 

a part of the information collection process, the Board of Trustees scheduled a study session to 

address air quality matters on February 21, 2012.  

During the February 21st public session, NOAA scientist Stephen Brown presented non-peer 

reviewed scientific air pollution data concerning nitrogen oxides, volatile organic compounds 

(VOCs), and other chemicals, extracted from a limited-period study during the late winter of 

2011 at the NOAA BAO facility, just four kilometers east of downtown Erie (Brown, 2012, and 

Brown,  S.  as  recorded  in  Town  Clerk,  2012e).   Brown's  presentation  was  crucial  to  the 

controversy because it provided substantial scientific support for some of the claims of the anti-

industry  advocates.   His  presentation  was  scientifically  authoritative,  introduced  non-peer 

reviewed influential scientific information, and was very confusing to the public and the Board 

of Trustees because of its lack of health risk context (Krieger, A. J. as recorded in Town Clerk, 
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2012k, Grassi, R. as recorded in Town Clerk, 2012k, and Carnival, J. as recorded in Town Clerk, 

2012k).  Because of his credentials as a scientist and the world-renowned status of his employer 

(NOAA), he was considered to have a high degree of scientific authority; therefore, the scientific 

information he conveyed was considered to have a high degree of credibility.  In this case, the 

lack of scientific peer review was not a factor when considering the information credibility, 

because the public considered the authority of the source of the information to out weigh the lack 

of validation (Grassi, R. as recorded in Town Clerk, 2012k).  

 6.3.2 Boundary Dispute Effects and After Effects

The controversy in Erie was elevated to numerous types of government bodies, and there 

were frequent references to the NOAA findings during appeals for government action (USHR, 

2012,  Aguilar,   2012c).   The  controversy  was  initially  focused  on  the  local  level,  but  got 

escalated to the state and federal government levels through continuous pushing by Erie Rising 

and other Erie residents (USHR, 2012), and through Board of Trustees discussions with State of 

Colorado officials (Grassi, R. as recorded in Town Clerk, 2012g).  

“ … I went to a legislative workshop on the 22nd and I was able to talk to the 
Governor's  cabinet  as  well  as  our  state  legislators,  and  people  from  the  gas 
commission were there.  The COGCC thinks it has awesome rules, and we should 
follow them and be happy, um we don't need our own, that was said over and over. 
...” (Grassi, R. as recorded in Town Clerk, 2012g)

Several facts can be established from the research into this controversy:  

1. The Town of Erie, the Board of Trustees, and its citizens became highly concerned by the 

data in the NOAA presentation as evidenced by the following comments by Board of Trustees 

members.  
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“... we know we have high emissions of hydrocarbons, ethane, propane, butane, we 
know that ah they're listed on OSHA's hazardous substance list,  right?  They're 
highly flammable, they're [their are?] known human carcinogens, so the more we 
breathe them … we don't know how quickly that affects us over the chronic side of 
life, uh how it'll affect our youngest children, you know if it is only five years old 
basically, we don't have that much data collected, and we certainly don't have it this 
close to such high concentration of population.  So, that's what worries me.  It's 
always been a mile away, or ten miles away, I mean you're talking about study 
areas in Longmont, Boulder, Fort Collins, and Greeley.” (Grassi, R. as recorded in 
Town Clerk, 2012e)

“... It's unfortunate that we're not treating our air with the same sensitivity as we do 
our water.   Water certainly is  a  concern,  but  air  needs to be taken much more 
seriously than it is today, I think … It's great to see that people are moving in that 
direction and there are more studies, but like has been pointed out from some of the 
other trustees, they're very site specific and they're expensive, and for every study, 
that  I've  heard  or  read about  where  it  says  it's  okay,  I  can  find  the  equivalent 
amount that says it's not okay.  Which leaves us all in a very difficult position,  
because you can't say that it is, and you can't say that it's not, and um.  I'm of the 
opinion until you can prove to me that it is safe, um my nature tends to make me 
want to believe otherwise.” (Carnival, J. as recorded in Town Clerk, 2012e)

“Almost six years ago when I took this position as trustee, one of the roles of this 
job that  I  took the most  seriously was the protection of the health,  safety,  and 
welfare of our citizens.  That's why when I reviewed the tape of last week's study 
session,  I  was  stunned  with  NOAA's  report  to  us,  that  the  air  in  Erie  is 
compromised, levels 10 times the norm for propane, ethane, and butane.”  (Hauger, 
C. as recorded in Town Clerk, 2012g)

“... the study session that we had from NOAA, that report I think alarmed a lot of 
people.   And you know it wasn't the Bucket Brigade, and it wasn't these ah this 
group  of  residents  who  send  something  off  onto  the  internet,  or  however  that 
process works.  It was a really reputable organization that came out with this study, 
and a lot of those findings are being targeted toward Erie.” (Carnival, J. as recorded 
in Town Clerk, 2012g)

“...  When I was in the meeting with Dr. Brown, I found him to be … just totally 
credible.  So when he talked about the graph with the high propane levels, I was 
shocked, right?  It was a scary thing, I had no idea what it meant, [unintelligible] in 
the room, nobody in the room could answer.  That made newspapers write about 
us; there was (sic) all kinds of questions, all kinds of e-mails, the trustees got them 
as well as staff.  So, there was a moment where the board said find out what in the 
world propane means.” (Grassi, R. as recorded in Town Clerk, 2012k)
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“...  I remember that night when Dr. Brown was presenting the NOAA study, you 
know,  you  can,  and I've  done it  before  too,  you  can  give  big  presentations  to 
people, and you can have lots and lots content and good data in there, but a lot 
times people walk away with one thing in the back of their mind.  And what was 
clear for me that night is, and I knew what the headlines were gonna be the next 
day, it was surrounding the propane.  And I got calls like all of you, and people are 
like what the heck's with the propane, really, like, higher than Houston, you gotta 
be kidding, we're Erie.  .” (Carnival, J. as recorded in Town Clerk, 2012k)

“"Seeing Dr. Brown's numbers was very shocking for our board," said Trustee Paul 
Ogg, a genetics professor at the Colorado School of Mines.” (Aguilar, 2012d)

2. The NOAA findings were not peer reviewed prior to public disclosure (Grassi,  R. as 

recorded in Town Clerk, 2012g, Landry, S. as recorded in Town Clerk, 2012i, NOAA, 2012b, 

Campbell, 2012b, and Aguilar, 2012d).  

“The NOAA finding concerned me a lot (sigh) and there're things we still don't 
know about it.  On the one hand they say it's not a published study yet, and it needs 
to undergo a peer review, regardless they still seem to have found something, and 
they don' know how it'll affect our health or where it came from.” (Grassi, R. as 
recorded in Town Clerk, 2012g)

“... I did want to say that it's COGA's understanding that this is a dramatic reversal 
in Erie's approach to engaging in the discussion of oil and gas development, and it 
seems  that  it's  being  driven  by  the  preliminary  air  data  presented  in  a  recent 
meeting.  … We were going to encourage you not to make a significant decision 
based on preliminary, unpublished, non-peer reviewed data.  COGA will always 
welcome  new  data  and  information,  but  we  must  be  able  to  review  a  proven 
scientific study,  not  a Power Point.   We have spoken with Dr.  Steve Brown at 
NOAA, and he has indicated that the peer review process will begin in a year or 
so.” (Landry, S. as recorded in Town Clerk, 2012i)

“Ogg's  colleague  Ronda  Grassi  said  she  found  the  NOAA study  "extremely 
credible," despite the fact that it  hasn't been officially vetted or published yet.” 
(Aguilar, 2012d)

3. The  NOAA findings  were  instrumental  in  the  decision  to  generate  local  emergency 

legislative  actions  that  temporarily paused local  permitting  of  further  oil  and gas  operations 

(Town Clerk. 2012g, Town Clerk, 2012h, and Aguilar, 2012d).  
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“Thus, I move to direct staff to prepare an emergency ordinance enacting a 180 day 
moratorium on Special Use Reviews for new gas well operations within the town 
limits in order to afford our gas operators the time they need to implement a plan 
and or technology to reduce airborne VOCs in a quantifiable and verifiable manner, 
and to array these actions in a legal agreement with the town.  And to allow staff 
time to review and propose changes as necessary to the UDC as it relates to Special 
Use Reviews for these operations.   NOAA findings may be used as a  baseline 
standard for said reductions, and I ask for a second.”  (Hauger, C. as recorded in 
Town Clerk, 2012g)

“He said while the NOAA study wasn't the only factor in his decision to support a 
moratorium Wednesday night, it played a significant role.” (Aguilar, 2012d)

4. Because of the concerns within the town, the Town of Erie contracted two environmental 

companies to establish meaning and context to the NOAA findings, and to provide some level of  

understanding of the living hazard risks within the town (Wright, 2012a, and Ellwood, 2012). 

This was an effort to provide a scientific based analysis of the NOAA information, and to inform 

the Board of Trustees, Erie citizens, and others that may have been uncertain of the air quality in 

Erie, that the town was indeed safe to live in (Krieger, A. J. as recorded in Town Clerk. 2012k, 

and Krieger, A. J. as recorded in Town Clerk. 2012m).  This was an important effort on the part  

of the Board of Trustees to mitigate town image damage that may have resulted from the NOAA 

findings.  

5. The  NOAA findings  were  widely  published  in  the  news  regionally,  and  eventually 

nationally (TCCR. 2013a).  

6. Some  of  the  key  NOAA  findings  were  mentioned  before  a  USHR  congressional 

subcommittee during official testimony (USHR, 2012).  

7. Legislation was proposed at the USHR level that likely was influenced to some degree by 

the NOAA findings (Aguilar, 2012c, and Hooper, 2012).  
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8. The anti-industry activists used the NOAA presentation to bolster their claims of health 

concerns, and to push harder for a moratorium and other political activities (Town Clerk, 2012g, 

Town Clerk, 2012h, USHR, 2012, and Aguilar, 2012d).  

It is clear from all of this that there were important effects and after effects associated with 

the  boundary  transgression,  boundary  dispute,  and  boundary  resolution  associated  with  the 

February 21st presentation by Brown.  These are some of the most visible and most publicly-

recorded  after  effects  related  to  the  NOAA generated  boundary  transgression,  dispute,  and 

resolution.   These  events  constitute  the  residual  footprint  of  the  boundary  dispute  for  this 

controversy.  This raises questions related to the influence of NOAA, and Brown, and how these 

influences were manifest.  What sort of epistemic authority contributed to the use of non-peer 

reviewed scientific information to seek and enact public policy?  

 6.3.3 The Influence of Science, the Scientist, and NOAA 

Part of the understanding of the influence of the NOAA presentation by Brown requires the 

understanding of the roles of science itself, the scientist that conveyed scientific information, and 

the agency that sponsored the scientific research, through which the results were communicated 

to the public.  In most societies (both advanced and developing), the overall field of science is 

considered to have high epistemic authority (Polanyi, 1967).  Based on this perception of high 

epistemic authority, science itself plays an important role in this residual footprint concept.  This 

is because the very basis of science is that it is perceived to have predictive power, and describes  

the truth of the way the physical world works (Hoyningen-Huene, 1999, Rosen, 1989).  Essential 

to all of science is the communication of findings and establishment of facts.  The establishment 

of fact, at a minimum, normally involves the publishing of findings and logical methodology 
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used to develop new knowledge in a scientific journal, and in the process the findings undergo 

peer review, criticism, and possibly revision before being established as fact.  Often times, the 

logical process for the development of new knowledge involves the description of the use of 

scientific instruments.  In this situation, the logical process of the development of the scientific 

knowledge about air quality was communicated to the public, followed by a description of the 

important scientific findings (Brown, S. as recorded in Town Clerk, 2012e), before peer review. 

Even though peer review had not been done prior to public disclosure, the description of the 

equipment and logical processes gave credibility to the findings.  This is one of the factors that  

gave the scientific information concerning air quality in this controversy validity outside of the 

peer review process.  The fact that the information is presented as scientific, whether it is peer 

reviewed or not, also contributes to the credibility of the information that is communicated.  This 

plays to the general public perception that the information presented by NOAA scientist Stephen 

Brown was scientific and logically developed, therefore it must convey truth about the described 

phenomena (Polanyi, 1967), regardless of whether it has been established as scientific fact or 

not.  Recall that the status of this information was verified to be preliminary by NOAA on March 

16th, had not yet been established as fact, and per NOAA's own statements should be regarded 

with  caution  (NOAA,  2008).   It  is  important  to  note  that  not  all  scientifically  presented 

information is factually scientific.  The Intelligent Design (Dembski, 2002) controversy is an 

example among many where the trappings of science are used to infer scientific credibility, and 

thus public trust and acceptance where any degree of scientific credibility is unwarranted.

However, not all scientific information is accepted at face value within various factions of a 

controversy,  and  that  is  true  in  this  controversy as  well.   This  non acceptance  of  scientific 

information can be seen by the challenge of Wright's analysis of the NOAA propane data by Erie 
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Rising  co-founder  Palazzolo.   The  day  before  Wright  formally  and  publicly  presented  her 

findings  on  propane  concentrations  to  the  Board  of  Trustees,  Aguilar  reported  in  the  Daily 

Camera on April 23rd  Ms. Palazzolo's comments:

"My concern is  that this  is a huge conflict  of interest,"  Palazzolo said.  "She's 
working  hand  in  hand  with  oil  and  gas  and  with  the  Colorado  Oil  and  Gas 
Association. She doesn't seem like a true third-party, unbiased person to form an 
opinion on the NOAA report." (Aguilar, 2012g)

This shows that the findings by QEPA that established the safety of propane levels in Erie were 

not held to be credible by Erie Rising, even though it was scientific information based on peer 

reviewed data.  In part, this is because QEPA challenged the NOAA analytical processes that 

were a part of the basis for their findings.  As such, the QEPA report was in direct opposition to 

the acceptability of the NOAA findings to Erie Rising.  This opposition by Erie Rising was 

maintained, because it is/was in their interest to maintain the credibility of the NOAA findings, 

even though Wright commented in the same news article: 

“Wright  said  Erie  only  asked  her  to  look  at  propane.  And  while  she  admits 
working on behalf of industry, she said the numbers don't lie.  "Even if they hire 
another person, the science is still the same," she said.”  (Aguilar, 2012g)

It  should  be  noted  that  there  may also  be  an  interest  by Wright  to  defend  her  findings  as 

scientific, and that her interests did not matter in the determination of the facts--data is data--but 

this does not address her challenge to the NOAA analytical process, which could be considered 

to be biased by oil and gas industry opponents.  An opposition to the non-peer reviewed status of 

the NOAA data was voiced by oil and gas industry advocates (Aguilar, 2012d, and Landry, S as 

recorded in Town Clerk, 2012i).  Both of these scientific fact challenges show that scientific 

information is not considered to be factual unless it meets certain expectations in its development 

and presentation.  But the challenge to NOAA did not significantly alter the publicly held general 
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perception of the credibility of the NOAA presented information.  This is because there were 

other credibility enhancements that also influenced public perception, other than the scientific 

nature of the communicated information.

An,  important  aspect  of  Brown  and  his  role  in  the  controversy,  directly  relates  to  his 

credentials  as  a  scientist.   Brown has  a  Ph.  D.  in  Chemical  Physics  from the  University of 

Wisconsin-Madison  (1997),  he  has  the  attribute  of  the  authority  of  knowledge  concerning 

chemistry.  Through his years of practicing as a scientist he as achieved even more authority. 

This grants him the “authority of the scientist” within the public sphere.  This level of authority 

over scientific knowledge also provides him with a credibility factor that cannot be denied when 

he  is  presenting  or  discussing  scientific  information.   If  Brown was  a  scientist  in  a  totally 

different discipline, from a totally different institution, and presenting the same information, his 

credibility  factor  would  be  far  less,  and  therefore  his  presentation  would  have  been  less 

believable.  His authority as a scientist that studies atmospheric chemistry was crucial to the 

perceived credibility of his presentation.

As described above, NOAA has developed similar “authority of agency” (NOAA, 2011a, 

NOAA, 2011b, NOAA, 2012a, NOAA, 2012c, and DOC, 2008).  Problematically however, often 

times in the controversy NOAA and Brown are used interchangeably, because Brown had not 

provided  the  normally  required  disclaimers  separating  his  personal  presentation  and 

interpretation of scientific information from the official NOAA positions.  Therefore, whatever 

he said represented official NOAA positions regarding the scientific information.  Effectively, 

Brown and NOAA were one and the same; however, the authority of the scientific information 

presented by Brown was magnified by the authority of the agency, giving even greater weight to 

the presentation.  This same interchangeability between Brown and NOAA was used in the news 
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media, the enactment of local policies, discussions with state officials, and in testimony before an 

official  USHR  subcommittee  field  investigation.   However,  misinterpretation  or 

misrepresentation about the air quality within the Town of Erie was generated by the presentation 

(Brown, 2012, and Brown, S as recorded in Town Clerk, 2012e), even though the actual, stated, 

official NOAA position regarding the representations of the presented data (NOAA, 2012b) was 

different.   Because  NOAA  established  an  official  position  on  the  information  after  the 

presentation  (importantly,  not  before),  the  misrepresentations  that  were  derived  from  the 

presentation  remained  (purposefully  or  not),  were  never  actually  corrected  in  the  media  or 

elsewhere, and as such presented significant image problems for the Town of Erie.  This sort of 

situation  is  exactly  what  the  NOAA and  DOC  regulations  regarding  influential  scientific 

information disclosure were devised to prevent.  It is the persistence of the misrepresentation, 

and the epistemic authority of the source of the data (both via the authorities of the agency, and 

the scientist) that generated significant problems for Erie, and its residents.

 6.3.4 Influential Scientific Information

The reference to the NOAA data during the development and enactment of public policy 

places  the disclosed scientific  information into the domain of being influential,  according to 

NOAA directives (NOAA. 2011b).  Importantly, Brown acknowledged before the presentation 

that the scientific information was recognized as having a direct bearing on the controversy over 

oil  and gas operations within the town (Brown, S.,  as recorded in Town Clerk,  2012e).   An 

investigation and assessment, before the presentation, would have predicted that the presentation 

of the data would have political and policy implications.  This missed investigation and analysis 

would have considered the scientific information within the context of the goals of activists, the 
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controversy   sta  tus, and the stated policy objectives of some of the members of the Board of 

Trustees.  This type of foresight analysis would have identified that the scientific information 

that was to be disclosed would be influential, thereby requiring an external to NOAA peer review 

(journal article, scientific review panel, etc.) before official public disclosure.  It is important to 

note that the presented information was influential beyond the local sphere, therefore meeting a 

greater  impact  criteria  than  just  local  policies,  ensuring  the  status  of  “influential  scientific 

information”  on  the  presentation  materials.   It  is  noted  that  NOAA has  wide  discretionary 

authority  to  determine  what  degree  of  peer  review  would  satisfy  the  requirement  for  it. 

However, in this case there was no external peer review of any kind, and possibly minimal if any 

critical internal peer review by other NOAA scientists other than informal discussions.

 6.3.5 The Key Roles of Brown, NOAA Scientist

One of the important factors in the boundary transgression and residual footprint effect was 

the role of Brown in the communication of scientific information.  In this regard, an assessment 

of his role in the controversy as well as how NOAA was used is important to the assessment of 

their influence on residual footprint.  The publicly documented statements of key participants can 

therefore be used to establish the influence and spread of the information. 

During the February 21st presentation, Brown seems to have assumed the role of a scientist 

that is providing scientific information in an unbiased way, with descriptions of the way the data 

is collected along with some interpretations of the meaning of the data.  This type of scientific  

presentation looks like Brown is acting like a “pure scientist” in some ways, and as a “science 

arbiter” in other ways, per Roger Pielke's definitions in his book  The Honest Broker: Making  

Sense of Science In Policy and Politics (Pielke, 2007).  In the role of the science arbiter, Brown 
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provided scientific information, explained some of it, and then was available to support questions 

from the Board of Trustees.  Fulfilling this role, he did not provide policy recommendations of 

any sort.  However, he also did not provide any health risk context to his presentation, leaving 

the Board of Trustees to determine the health context on their own.  Therefore, regarding the 

health context, he pleaded that he was not qualified to answer those types of questions.  This 

placed him in the role of a pure scientist with regards to health risks associated with his data.  

The reason Brown is placed in the role of a pure scientist for health risk types of information, is 

because there are health implications for his data, but these were not addressed in any way at all. 

However, his role as a pure scientist may be modified by the evidence of his collusion with 

Erie Rising before his presentation on February 21st.  Importantly, clarification of the connection 

between Erie  Rising,  Brown,  and the contents  of  the  February 21st NOAA presentation  was 

provided by the May 7th news article by Aguilar.  Aguilar reports that Beach actively interacted 

with Brown to produce the presentation: 

“But it took some querying from Erie resident April Beach, who was already 
concerned  about  the  air  quality  in  town,  to  prompt  Brown to  assemble  those 
numbers into a meaningful order and tease out their connection to gas drilling and 
production in Erie” (Aguilar, 2012d).

“Brown put together the data he had into a PowerPoint and, at the town's 
request, came to the Feb. 21 board meeting to make a presentation. The impact 
was immediate and widespread, prompting several trustees to express shock at the 
level of air pollution in their midst.” (Aguilar, 2012d)

“Beach said the NOAA study was the "last straw" in convincing the Board of 
Trustees  that  pursuing  a  moratorium was  in  order.  "The  board  needed  to  see 
something that was linked to oil and gas," she said.” (Aguilar, 2012d)

The  information  in  this  article  revealed  an  intentional  effort  by  Beach  to  significantly 

influence the way scientific information from a world renowned scientific institution (NOAA) 

was to be presented to the Town of Erie Board of Trustees.  The statement “to prompt Brown to  
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assemble those numbers into a meaningful order to tease out their connection to gas drilling in 

Erie” specifically, demonstrates a deliberate urging of Brown that resulted in the manipulation 

and misrepresentation of the actual meaning of the NOAA data.  Is it expected that an activist, 

issue  advocate  (Pielke,  2007,  an  issue  advocate  like  role  for  a  non-scientist),  would  try  to 

influence the presentation of scientific information in a way that supports his/her cause?  Yes,  

this is expected behavior from an activist.  The NOAA retraction document on May 16 th clarified 

that the data presented to the town on February 21st was more representative of the “broader 

Front Range region,” not Erie alone (NOAA, 2012b, and Aguilar, 2012d).  

“measurements of elevated pollutant levels at  the BAO do not  imply that 
those levels are confined to the area or that the pollutants come from sources only 
in the immediate area Tower data typically provide information representative of 
the broader Front Range region.” (NOAA, 2012b)

“Although  the  tower  is  located  near  Erie,  Colorado,  measurements  of  elevated 

pollutant levels at the BAO do not imply that those levels are confined to the area or that  

the pollutants come from sources only in the immediate area. Tower data typically provide 

information  representative  of  the  broader  Front  Range  region.”  (Brown  via  Aguilar, 

2012d).  The news article by Aguilar clearly implies that the presentation by Brown was 

crafted to show a tighter connection of the 2011 study data to oil and gas industry fugitive 

emissions within the Town of Erie itself, for the express purpose of generating political 

influence to obtain a drilling moratorium within the town.  It is clear by Beach's statements 

that she had the motivation to influence the NOAA presentation, was/is an issue advocate, 

and  admits to influencing the work of Brown.  The political effects of the presentation 

were  exactly  what  she  desired.   It  is  clear  from  research  on  NOAA  policies  and 

administrative orders that this approach to scientific information disclosure would likely 
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not have been approved of by NOAA.  

In the presentation of Brown, there are numerous references to Erie, and as such, the public 

perception of this presentation results in the impression that the data is representative of Erie 

itself  (Brown,  2012,  Brown,  S.,  as  recorded  in  Town  Clerk,  2012e).   This  is  actually  a 

misrepresentation of the meaning of the data per NOAA's May 16th memo (NOAA, 2012b).  This 

misrepresentation  and  resulting  misinterpretation  could  have  been  prevented  very  easily  by 

altering the presentation to indicate that the data was representative of the greater Front Range by 

not including Erie in the presentation at all.  Simply substituting Front Range, or FR, or BAO 

(the tower name) for Erie would have made the data representation very clear, and may have 

generated less concern or controversy.  This change would not have influenced the boundary 

dispute, which would have still occurred.  However, the omission of Erie from the presentation 

may not have had the same effect on policy that was desired by Beach.  The connection to Erie 

itself was likely one of Beach's fingerprints on the presentation.

What is important to understand from this particular part of the research, is that Brown may 

have been influenced in a way that made him (intentionally or unintentionally) a stealth issue 

advocate (Pielke, 2007), rather than presenting the information in a way that carried no unstated 

underlying advocacy.  Additionally, a non-NOAA, non-scientist person with a political agenda 

(an issue advocate) should not have been allowed to influence the presentation of NOAA (i.e.  

United  States  Government)  generated  influential  scientific  information  before  a  body  of 

lawmakers.  This is not to say that scientific information should not have been presented before a 

body of lawmakers, instead the influential scientific information should have gone through a 

review process to make sure that any biases that can be inferred from the data are properly 

scientifically supported by peer review before such public release.  
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An external peer review of the NOAA results and proposed presentation may have identified 

the  influence  of  Erie  Rising,  and found that  there  was  no health  context  for  the  influential  

scientific information that was planned to be publicly released before a body of policymakers. 

This may have had some effect on the content of the presentation, either calling for teaming with 

some  epidemiological  professionals  to  provide  the  missing  health  context,  altering  the 

information that was to be presented in a way that eliminated the need for health risk assessment, 

or canceling the presentation outright.  Additionally, an external peer review may have found that 

the information to be presented had a high probability of being misinterpreted by the audience, 

and  therefore  required  modification  to  be  sure  that  misunderstanding  was  prevented.   An 

assessment of the presentation and related materials in this circumstance is required by DOC 

regulations (DOC, 2008).  

 6.4 Implications: What Constitutes Harm?

Was  harm  caused  by  the  premature  disclosure  of  influential  scientific  information  by 

NOAA?  Unqualified and non-peer reviewed NOAA findings promoted a great deal of concern 

and fear among Erie citizens, forced the Town of Erie to battle a public image problem, caused 

the Town of Erie to expend public funds to determine what the NOAA data meant in terms of 

public safety, and was influential in making local laws.  

Did  the  NOAA findings  highlight  a  dangerous  situation  that  was  eminently harmful  to 

public health and welfare, as such became a public good to urgently disclose the information, and 

therefore the information did not require peer review before public disclosure (OMB, 2004)?  An 

emergency cannot be a valid reason for the information disclosure, because the information was 

not conveyed as though it  was an emergency.  The data was not disclosed to a much larger 
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(greater  than  the  Town of  Erie)  public  audience  as  though it  was  some sort  of  emergency. 

Additionally,  more  comprehensive  research  into  emission  sources,  and  collaboration  with 

scientists  qualified  to  make  health  risk  assessments  was  not  performed  or  communicated. 

Therefore, a proper health risk context for the scientific information, was not presented.  As such, 

an  eminent  health  emergency  basis  for  information  disclosure  had  not  been  evaluated,  and 

therefore an emergency cannot be the reason for the information disclosure by NOAA.  

Did the NOAA information increase awareness of a potentially growing problem that needs 

attention and more research?  Yes, it did, and that can be perceived as helpful.  What about the 

political influences?  The NOAA information influenced political activists, provided additional 

information to back the anti-oil and gas industry advocates cause, and increased their drive for 

political change.  The repeated use of the NOAA findings by political activists, in a variety of  

venues, supports the assertion that the information was used by the activists to seek a political 

advantage in order to promote legislative changes.  

Did the information warrant an emergency ordinance response from the town officials?  In 

retrospect, no, because the major health risks were found to be low (with caveats), but because a 

local election was in play before health risks could be assessed, and the NOAA information had 

no health hazard context, the emergency ordinance was practically the only politically sensible 

option.  

 6.5 Conclusions

From this research, it can be seen that: 

1. Preliminary, non-peer reviewed influential scientific information about atmospheric VOC 

constituents measured at the Boulder Atmospheric Observatory (4km east of downtown Erie, 
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CO) was publicly disclosed for the first  time before a body of lawmakers and town citizens 

without health risk information and context. 

2. The disclosed influential scientific information was somewhat crafted to show a tighter 

connection of the measured atmospheric VOC constituents to the Town of Erie, and oil and gas 

operations in the town than was warranted by the data, even though the scientist made comments 

about the relevance of the data to the greater Front Range.  An attempt to influence information 

conveyance by an issue advocate should be expected when influential scientific information is to 

be disclosed, but this influence should be recognized and resisted by scientists.  

3. This publicly aired information generated a knowledge boundary dispute over whether 

the scientific information was established fact or not.  

4. As a result of the claims of unverified science by the oil and gas industry, and to protect 

its scientific authority and integrity, NOAA released an information clarification memorandum 

stating that the data disclosed during the Town of Erie presentation on February 21, 2012 was un-

published, preliminary, and mostly reflective of the greater Front Range rather than Erie alone; 

however, the damage had already been done.  

5. Because of the disclosure of influential scientific information, the Town of Erie suffered 

from an image problem (locally, nationally, and internationally, TCCR. 2013a) that had to be cor-

rected by expending town taxpayer funds along with other measures to correct the problems 

caused by the knowledge boundary dispute.  

6. This particular boundary dispute generated a residual effect, or footprint, based on the 

perceived credibility of the disclosed information.  The disclosed information was perceived to 

be credible because it was scientific data, acquired with scientific instruments, described by a 
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scientist,  and  was  generated  through  the  support  of  a  world  renowned  scientific  institution, 

NOAA.  Additionally, other public boundary disputes also generate footprints, and in some cases 

may have cost lives (Oriola, 2002).  

7. These footprints often times have negative effects that go beyond the original scientific 

disclosure intent.  

8. The type of scientific information disclosure discussed in this chapter was supposed to be 

prevented.  Specifically, at NOAA there are regulations that are designed to prevent the inappro-

priate public communication of influential scientific information (NOAA, 2011b).  

9. However, prevention of these types of issues will require proper understanding, foresight, 

and possibly training of scientists about issue advocacy and stealth issue advocacy so that if they 

wish to go outside the normal information release boundaries that they understand the potential 

consequences of their actions.

Ultimately, this research demonstrates that the premature release of scientific information 

can cause residual footprints that may have consequences beyond the initial considerations for 

the scientific information release.   This is  important because it  is  possible that  harm can be 

caused by the premature release of scientific information.  It is also clear that the scientific insti-

tutions within the United States Government in particular have regulations that govern the dis-

closure of “influential scientific information” and that these regulations are designed to insure 

potentially harmful information releases are properly vetted for influences and effects prior to re-

lease.  These regulations are also designed, through the proper use of the peer review of influen-

tial scientific information, help to reduce the misinterpretation or misuse of the release scientific 

information.  Even with regulations in place, scientists may still go outside of the established 
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framework and prematurely release influential scientific information, as seen in this research. 

The final guard against the misuse of influential scientific information resides with the scientist. 

It becomes the duty of the scientist to be sure to differentiate and disclose his/her advocacy, and 

opinions from those of an unbiased scientific institution, and avoid stealth advocacy.

This research points to the need for the training of scientists, either at the degree granting 

universities, and/or at employing scientific institutions.  This training would involve the study of 

cases  where  influential  scientific  information  was  publicly  disclosed  outside  of  the  normal 

framework for information release.  It is important to teach scientists to look for policy relevancy 

in their research, and acknowledge that the policy implications may have negative side effects 

when disclosed outside of the normal information disclosure process.  Within the case studies, in-

fluences of the released information would be discussed along with methods that could be used 

to avoid premature information release or at a minimum training to be sure that the preliminary 

nature of the research is clearly communicated.  For policy relevant scientific research, it is im-

portant to teach the necessity of peer review before public information release.  In this case, the 

peer review would not only be a technical peer review, that would be designed to catch incom-

plete  research,  but would involve a  component  of  information release impact.   Additionally, 

Pielke's foundation for the roles scientists can have when participating in policy relevant commu-

nications should be taught.  This will help scientists understand their roles and the impacts of  

their research disclosures to the general public.

This is not to say that influential scientific information should not be released to the public, 

instead it is necessary to understand the broader impacts and influences of the disclosure of such 

research.  If necessary, additional information may be required to be added to provide crucial 
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qualifying context before a policy relevant, non-scientific venue, general public information re-

lease.
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CHAPTER 7 

CONCLUSIONS

 7.0 Introduction

In this chapter, the research presented in the preceding chapters will be summarized, and 

integrated together to form a picture of a new monitoring method that will determine whether 

drinking water aquifers have been breached during oil and gas play development.  This new 

method is a leak detection and localization technique that is to be used external to the well, and 

has the ability to provide more information about near surface leakage events than any currently 

used methods.  Not only could a leak be detected and localized early in the breach process, the 

extent  of  the  leakage  may be  determined  through  the  use  of  the  methods  presented  in  this 

Dissertation. 

CHAPTER 2 shows that there are no external to the well leak monitoring, detection, and 

localization methods, and that there are only a few internal to the well monitoring methods that 

can detect leaks.  Once a leak has been detected, there are several inside the well methods are 

available that can be used to locate the depth and possibly the exact position of a leak.  However, 

CHAPTER 2 does show that there are some promising new inside the well or attached to the 

well fiber-optic technologies that can perform some of the needed long term monitoring tasks 

that can help to detect and localize leaks.  But these new fiber-optic technologies are not fully 

implemented in the industry, and will not be for some time.  The already installed oil and gas 

infrastructure  is  really  large,  millions  of  wells,  and  needs  other  non-intrusive  monitoring 

techniques to monitor and protect the aquifers.
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CHAPTER 3 shows the laboratory results of a hydraulic fracturing experiment that revealed 

the  development  of  a  progressive  injection  tube  seal  leak  during  the  measurements.   This 

experiment demonstrated the spatio-temporal characteristics of an impulsive seal failure event as 

the leaking water contacted an open annulus surrounded by porous media and migrated up the 

annulus in an impulsive manner.  The leak generated a unique dipolar electrical current density at 

the  position  of  water  contact  with  the  porous  cement-hole  boundary,  and  because  of  the 

conductivity of the cement-water combination, a unique spatio-temporal voltage distribution was 

generated.   The unique spatial  voltage distribution generated by the leakage event made the 

localization inversion process successful.  The back side voltage distribution in the experiment 

was  measured  using  a  vertical  electrode  arrangement  that  emulated  monitoring  wells.   This 

experiment shows that it is possible to measure a subsurface voltage distribution of a leakage 

event that carries a unique depth dependent signature.  In this case the vertical fluid flow up the 

annulus generated a dipole like voltage distribution on the back surface of the block as the fluid 

made contact with the hole wall.  Since the tubing in this experiment was sealed with a plastic  

like epoxy, the particular temporal characteristics of the impulses indicate the relatively slow 

plastic failure of the epoxy, and would not be expected for non-plastic failures.  For brittle failure 

events, such as cement or rock failure under stress, it is expected that the voltage signature may 

have a much faster temporal evolution,  depending on the viscosity of the penetrating and/or 

displaced fluids.  

From  a  spatial  perspective,  regardless  of  the  failure  mechanism,  it  is  expected  that, 

depending on the fluid movement directions, similar unique types of spatial voltage distributions 

would  be  generated  by  brittle  well  integrity  failure  events.   Conductive  fluids  flowing  up 

microannuli, and through fractures and voids in and around the cement annulus of an oil and gas 
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well system will generate electrical current densities as water moves or is displaced while in 

contact with the porous media associated with well structures.  It can also be predicted that when 

the upwardly migrating fluids and/or gases break out of the cement annulus, and into an aquifer 

formation, that the natural aquifer fluids will be displaced, also generating a unique electrical 

current density.  The resulting unique electrical current density will generate a unique spatio-

temporal voltage distribution as well.  It is this unique spatio-temporal voltage signature that can 

be exploited to localize external leaks from oil and gas wells, and provide as early a warning as  

possible of potential or actual loss of well integrity in protected drinking water aquifer zones.

CHAPTER 4 shows the results of an experiment that measured the electrical response of 

two-phase flow in porous media during the drainage of water from a sand filled tank.  In this 

case the two phases were water, and air, where air was displacing the water.  This particular 

research  points  to  the  unique,  impulsive  electrical  signature  that  is  generated  during  the 

gravitationally driven drainage of  water  filled sandy body,  an electrically conductive  porous 

medium.  The Masters Thesis of Allan Haas (2010) explored the phenomena extensively.  Under 

gravity driven drainage, the meniscus at the smallest pore throats has enough surface tension to 

prevent the drainage of some number of pores until the gravitational force of the total mass of 

water being held up exceeds the surface tension.  Once the surface tension in the pore throat is 

exceeded, an avalanche drainage of a number of pores occurs until the surface tension of another 

pore throat exceeds the gravitationally driven drainage forces.  This same effect will occur with 

pressure and/or buoyancy driven processes such as gas or oil displacing water.  The temporal and 

volume flow character of the process is dependent on the viscosity of the invading phase, and the 

surface tension that  forms at  the phase boundary.   Each of the electrical  impulses that  were 

generated by the two phase flow, were caused by the avalanche nature of pore drainage.  This  
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avalanche of fluid movement generates  an impulsive electrical  current density that  is  highly 

localized  to  a  particular  position  within  the  volume  being  drained.   This  process  repeats 

throughout the capillary fringe that is established between two phases that are exchanging places. 

Ultimately, because of the temporally impulsive and discrete location of this type of fluid 

flow signal, it should be readily discernible, both in electrical bandwidth and duration from more 

persistent  flow  phenomena  such  as  Darcy  flow  or  the  other  types  of  signals  discussed  in 

CHAPTER 3.  This means that this type of signature should be able to be separated from other  

types of leakage events through computational methods.  Also, it should be noted that during an 

aquifer breach, this type of signal should move progressively outward from the well location 

along pathways of least resistance, and ultimately also be discernible from other flow events due 

to spatial segregation.

Due to the highly discrete location of such avalanche events, the resulting discrete electrical 

current  densities  formed,  and corresponding spatio-temporal  voltage distributions,  this  signal 

becomes useful for dynamic fluid displacement monitoring during oil and gas migration.  As are 

all flow situations, two phase flow is also directional in nature, driven by the forces of phase 

exchange.   This  means  that  the  discretely  positioned  impulsive  electrical  signals  are  also 

directional, and indicative of the direction of fluid flow.  Electrical monitoring of this impulsive 

signal over time, should build up a volumetric distribution of discrete vector solutions to the 

position  of  these  discrete  events,  showing  where  the  fluid  is  being  dynamically  displaced. 

Therefore, this signal may yield useful two phase flow front measurements during an undesirable 

aquifer seal breach.  This may be one of the few methods that provides vector flow information, 

and as such may offer some degree of predictive power (over time) concerning the direction of 

undesirable fluid and/or gas migration.  
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CHAPTER 5 describes an experiment  that  shows the electrical  effects  of gravity driven 

porous media flow during the leakage of chemically different fluids.  Importantly, this research 

shows that the fluid front of chemically different species can be delineated and tracked using 

electrical potential methods.  This paper is important for oil and gas leak monitoring, detection, 

and localization for undesirable aquifer intrusions involving chemically different, but miscible 

fluids.   This  type of event  would occur  if  potable and non-potable aquifers  were connected 

through a leaking well.  

CHAPTER  6 discusses  the  disclosure  of  non-peer  reviewed,  influential  scientific 

information and its effects on policy decisions, and the community affected by its disclosure 

during a values conflict over oil and gas drilling in the town of Erie, CO in 2012.  This chapter  

establishes  that  the premature disclosure of  influential  scientific  information has lasting side 

effects that require effort to overcome.  Much of this chapter establishes the background for the 

policy analysis and the values conflict, and then assess its influence and after effects.

Clearly, scientific information can be influential on policy, and measures to protect aquifers 

from current and future potential contamination may require additional policies to be sure of 

industry conformance. 

 7.1 Conclusion

The concepts presented by the three technical papers in this dissertation, when combined 

together for the purpose of well integrity monitoring, offer a new external to the well, method of 

near surface aquifer monitoring, leak detection, localization, and damage assessment.  Each of 

the papers presents technical approaches for different parts of a shallow zone, integrated well 

integrity assessment problem.  CHAPTER 3 presents an overall, near borehole, detectable and 
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localizable  leakage  signature  for  impulsive,  or  breakthrough  leakage  phenomena,  as  well  as 

microannulus and fractured cement flows.  CHAPTER 4 shows how two phase intrusive flow in 

an aquifer can be detected and localized, providing vector flow information.  CHAPTER 5 shows 

how miscible fluids with different densities and chemical constituents can be detected, localized 

and tracked.  The challenge is to be able to separate out and exploit these different signatures.  To 

some extent, this will be done by the leakage event itself.  Conceptually, if gas or oil are the 

dominant leakage sources, then the leakage problem may be dominated by  CHAPTER 3 and 

CHAPTER 4 phenomena, and therefore leakages can be detected, localized, and tracked using 

dipolar inversion methods.  If gas free saline water, or other water miscible sources are dominant 

leakage  sources,  then  the  phenomena  are  dominated  by  CHAPTER  3 and  CHAPTER  5 

phenomena,  and  therefore  leakages  may  be  detected,  localized,  and  tracked  using  gradient 

inversion methods.  Clearly, if gas, water, and oil are all present, and the leak is new, then the 

signal content is complex, and it may not be necessary to sort each individual process out for 

detection, localization, and tracking; just one may be sufficient to identify the leakage location.  
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