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PREFACE 
 
 
 In the late 1970s and early 1980s, our nation began to grapple with the legacy of past 
disposal practices for toxic chemicals. With the passage in 1980 of the Comprehensive 
Environmental Response, Compensation, and Liability Act (CERCLA), commonly known as 
Superfund, it became the law of the land to remediate these sites. The U.S. Department of 
Defense (DoD), the nation’s largest industrial organization, also recognized that it too had a 
legacy of contaminated sites. Historic operations at Army, Navy, Air Force, and Marine 
Corps facilities, ranges, manufacturing sites, shipyards, and depots had resulted in widespread 
contamination of soil, groundwater, and sediment. While Superfund began in 1980 to focus 
on remediation of heavily contaminated sites largely abandoned or neglected by the private 
sector, the DoD had already initiated its Installation Restoration Program in the mid 1970s. In 
1984, the DoD began the Defense Environmental Restoration Program (DERP) for 
contaminated site assessment and remediation. Two years later, the U.S. Congress codified 
the DERP and directed the Secretary of Defense to carry out a concurrent program of 
research, development, and demonstration of innovative remediation technologies. 
 As chronicled in the 1994 National Research Council report, “Ranking Hazardous-Waste 
Sites for Remedial Action”, our early estimates on the cost and suitability of existing 
technologies for cleaning up contaminated sites were wildly optimistic. Original estimates, in 
1980, projected an average Superfund cleanup cost of a mere $3.6 million per site and 
assumed only around 400 sites would require remediation. The DoD’s early estimates of the 
cost to clean up its contaminated sites were also optimistic. In 1985, the DoD estimated the 
cleanup of its contaminated sites would cost from $5 billion to $10 billion, assuming 400 to 
800 potential sites. A decade later, after an investment of over $12 billion on environmental 
restoration, the cost to complete estimates had grown to over $20 billion and the number of 
sites had increased to over 20,000. By 2007, after spending over $20 billion in the previous 
decade, the estimated cost to complete the DoD’s known liability for traditional cleanup (not 
including the munitions response program for unexploded ordnance) was still over $13 
billion. Why did we underestimate the costs of cleaning up contaminated sites?  All of these 
estimates were made with the tacit assumption that existing, off-the-shelf remedial 
technology was adequate to accomplish the task; that we had the scientific and engineering 
knowledge and tools to remediate these sites; and that we knew the full scope of chemicals of 
concern. 
 However, it was soon and painfully realized that the technology needed to address the 
more recalcitrant environmental contamination problems, such as fuels and chlorinated 
solvents in groundwater, and dense nonaqueous phase liquids (DNAPLs) in the subsurface, 
was seriously lacking. In 1994, in the “Alternatives for Ground Water Cleanup” document, 
the National Research Council clearly showed that as a nation we had been conducting a 
failed 15-year experiment to clean up our nation’s groundwater and that the default 
technology, pump-and-treat, was often ineffective at remediating contaminated aquifers. The 
answer for the DoD was clear. The DoD needed better technologies to clean up its 
contaminated sites and better technologies could only arise through a better scientific and 
engineering understanding of the subsurface and the associated chemical, physical, and 
biological processes. Two DoD organizations were given responsibility for initiation of new 
research, development, and demonstrations to obtain the technologies needed for cost-
effective remediation of facilities across the DoD: the Strategic Environmental Research and 
Development Program (SERDP) and the Environmental Security Technology Certification 
Program (ESTCP). 



 

 

 SERDP was established by the Defense Authorization Act of 1991, as a partnership of the 
DoD, the U.S. Department of Energy, and the U.S. Environmental Protection Agency with 
the mission “to address environmental matters of concern to the Department of Defense and 
the Department of Energy through support of basic and applied research and development of 
technologies that can enhance the capabilities of the departments to meet their environmental 
obligations”. SERDP was created with a vision of bringing the capabilities and assets of the 
nation to bear on the environmental challenges faced by the DoD. As such, SERDP is the 
DoD’s corporate environmental research and development program. To address the highest 
priority issues confronting the Army, Navy, Air Force, and Marine Corps, SERDP focuses on 
cross-service requirements and pursues high-risk and high-payoff solutions to the 
Department's most intractable environmental problems. SERDP's charter permits investment 
across the broad spectrum of research and development, from basic research through applied 
research and exploratory development. SERDP invests with a philosophy that all research, 
whether basic or applied, when focused on the critical technical issues, can impact 
environmental operations in the near term. 

 In the 10 to 15 years since SERDP and ESTCP were formed, much progress has been 
made in the development of innovative and more cost-effective environmental remediation 
technology. Since then, once recalcitrant environmental contamination problems for which 
little or no effective technology was available are now tractable. However, we understand that 
newly developed technologies will not be broadly used in government or industry unless the 
consulting engineering community has the knowledge and experience needed to design, cost, 
market, and apply them.  

 This volume provides a review of the past decade of intensive research, development, and 
demonstrations on the in situ bioremediation of perchlorate. The intended audiences include 
the decision makers and practicing engineers and hydrogeologists who will select, design, and 

 viii Preface

 

identify, demonstrate, and transfer technologies that address the Department’s highest priority 
environmental requirements. The program promotes innovative, cost-effective environmental 
technologies through demonstrations at DoD facilities and sites. These technologies provide a 
large return on investment through improved efficiency, reduced liability, and direct cost 
savings. The current cost and impact on DoD operations of environmental compliance is 
significant. Innovative technologies are reducing both the cost of environmental remediation 
and compliance, and the impact of the DoD’s operations on the environment, while enhancing 
military readiness. ESTCP’s strategy is to select laboratory-proven technologies with potential 
broad DoD application and use DoD facilities as test beds. By supporting rigorous test and 
evaluation of innovative environmental technologies, ESTCP provides validated cost and 
performance information. Through these tests, new technologies gain end-user and regulatory 
acceptance. 

 To help accomplish the needed technology transfer, SERDP and ESTCP have joined to 
sponsor the development of a series of monographs on remediation technology written by 
leading experts in each subject area. Each volume will be designed to provide the background 
in process design and engineering needed by professionals who have advanced training and 
five or more years of experience. The first volume on In Situ Bioremediation of Perchlorate in 
Groundwater will be followed by others on such topics as the remediation of both soluble 
phase and DNAPL chlorinated solvents, bioaugmentation to enhance bioremediation processes, 
delivery and mixing strategies and technologies to enhance subsurface remediation, and 
remediation of contaminated sediments. Additional volumes will be written as new remediation 
technologies are developed and proven to be effective. 

environmental technology demonstration and validation program. ESTCP’s goal is to 
A DoD partner organization, ESTCP was established in 1995 as the DoD’s 



 

 

operate these remedial systems, as well as researchers seeking to improve the current state-of-
the-art. Our hope is that this volume will serve as a useful resource to assist remediation 
professionals in applying and developing the technology as effectively as possible. 
 A brief technology overview is provided in Chapter 1. Chapter 2 summarizes the 
development of in situ bioremediation of perchlorate to illustrate how we arrived at our state-
of-understanding today. Chapter 3, on the principles of in situ bioremediation of perchlorate, 
presents the current state-of-the-science, covering the microbial processes, abiotic processes, 
and the engineering and implementation issues underlying the technologies described.  
 Chapter 4 deals with the important characterization issues relevant to perchlorate 
contamination, including a discussion on perchlorate sources (i.e., both the anthropogenic and 
natural sources of perchlorate) and the methods available to distinguish between differing 
sources (particularly the use of compound specific isotopic analysis). 
 Chapter 5 initiates a more detailed discussion of the different methods for implementing 
in situ bioremediation, beginning with a summary of the primary methods available, and the 
factors affecting the selection of in situ bioremediation at a specific site. Chapter 5 also 
discusses the specific remedial approaches available, with discussion on their design and 
monitoring, and the advantages and disadvantages of each approach under different site-
specific conditions. 
 Chapters 6, 7, 8 and 9 detail the different options for implementing in situ bioremediation. 
These chapters describe the design and operation of the particular option, the current stage of 
development, and case histories that illustrate the issues involved and provide examples of the 
performance that is achievable. Chapter 6 discusses active bioremediation, in which substrates 
are continuously circulated through the target treatment zone. Chapter 7 discusses what is 
often described as semi-passive bioremediation, in which the substrate is added at intervals 
and mixing is intermittent. The final Chapters (8 and 9) discuss two different approaches to 
passive bioremediation, in which there is no active mixing. In the first case, edible oil is 
injected into the subsurface, and in the second, a biowall is created by installing a trench 
across the contaminant plume filled with a degradable material such as mulch. 
 Chapter 10 provides cost information for each technology, using analyses of several 
template sites to aid the reader in estimating the economics of applying these technologies at 
other sites. Cost information includes capital costs, as well as costs for laboratory testing, 
pilot-scale demonstration, design, system operation, monitoring and maintenance during 
operations, and demolition and restoration after remediation. In addition, analogous cost data 
are presented for pump-and-treat systems for each template site to illustrate the potential cost 
savings associated with the use of alternative approaches. 
 The final chapter on emerging technology (Chapter 11), describes three innovative 
bioremediation technologies still in the developmental stages. These technologies (monitored 
natural attenuation, phytoremediation, and vadose zone bioremediation) are described, and 
field demonstrations are used to illustrate the current stage of maturity and the potential 
applicability of these approaches for specific situations. 
 Each chapter in this volume has been thoroughly reviewed for technical content by one or 
more experts in each subject area covered. The editors and chapter authors have produced a 

making decisions on remediation of perchlorate, remediation practitioners, and for those 
involved in development of advanced technology for the in situ remediation of perchlorate. 
 SERDP and ESTCP are committed to the development of new and innovative technologies 
to reduce the cost of remediation of soil, groundwater, and sediment contamination as a result 
of past operational and industrial practices. We are also firmly committed to the widest 
dissemination of these technologies to ensure that our investments continue to yield savings 
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well-written and up-to-date treatise that we hope will prove to be a useful reference for those 
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for not only the DoD but also the nation. In sponsoring this monograph series, we hope to 
provide the broader remediation community with the most current knowledge and tools 
available in order to bring these technologies to bear on the remediation of perchlorate. 
 
Bradley P. Smith, Executive Director, SERDP 
Jeffrey A. Marqusee, PhD, Director, ESTCP 
Andrea Leeson, PhD, Environmental Restoration Program Manager, SERDP and 
ESTCP 
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Abiotic—Occurring without the direct involvement of organisms. 

Active treatment—In situ bioremediation approach in which water-soluble amendments are 
added to the subsurface intermittently, frequently, or even continuously, by pumping liquid 
solutions into injection wells. Extraction may also be used to recover water prior to 
amendment addition and/or to recirculate amendments through the target treatment zone.  

Advection—Transport of molecules dissolved in water along the groundwater flow path at an 
average expected velocity. 

Aerobic—Environmental conditions where oxygen is present. 

Aerobic respiration—Process whereby microorganisms use oxygen as an electron acceptor 
to generate energy. 

the equations used to describe changes in a system can be expressed as a mathematical 
analytic function). Analytical solutions can be more exact and aesthetically pleasing than 
numerical models, but analytical solutions to equations describing complex systems can often 

Anaerobic—Means “without air”. It generally refers to occurring or living without oxygen 
present. Thus, in an anaerobic groundwater system, the chemistry is characterized by 
reductive conditions. Sometimes (e.g., in wastewater treatment) anaerobic is used to indicate 
a lack of any electron acceptors (i.e., including nitrate and sulfate). In groundwater, a 
dissolved oxygen concentration below 1.0 mg/L is generally considered anaerobic. 

Anaerobic bioventing—Delivery of gases such as hydrogen to the subsurface to stimulate 
the activity of anaerobic microorganisms.  

Anaerobic respiration—Process whereby microorganisms use an electron donor such as 
hydrogen and a chemical other than oxygen as an electron acceptor. Common “substitutes” for 
oxygen are nitrate, sulfate, iron, carbon dioxide, and other organic compounds (fermentation). 

Anoxic—Literally means “without oxygen.” For example, anoxic groundwater is groundwater 
that contains no dissolved oxygen.  

Aquifer—An underground geological formation that stores groundwater. A confined aquifer 
lies beneath a confining unit of lower hydraulic conductivity. An unconfined aquifer does not 
have a confining unit and is defined by the water table. 

Aquitard—An underground geological formation of low permeability that does not readily 
transmit groundwater. 

                                                 
1 This glossary is a compilation of definitions of terms synthesized by the volume editors and chapter authors. 

Select definitions are reprinted from In Situ Bioremediation: When does it work? (National Research Council, 
1993) with permission from the National Academies Press, Copyright 1993, National Academy of Sciences. 

Analytical model—A mathematical model that has a closed form solution (i.e., the solution to 

become very difficult. 



 

Attenuation—Reduction of contaminant concentrations over space or time. It includes both 
destructive (e.g., biodegradation, hydrolysis) and non-destructive (e.g., volatilization, sorption) 
removal processes. 

Attenuation Rate—The rate of contaminant concentration reduction over time. Typical units 
are milligrams per liter per year (mg/L/yr). 

Bacterium—A single-celled organism of microscopic size (generally 0.3 to 2.0 micrometers 
in diameter). As opposed to fungi and higher plants and animals (“eukaryotes”), bacteria are 
“prokaryotes” (i.e., they are characterized by the absence of a distinct, membrane-bound 
nucleus or membrane-bound organelles, and by DNA that is not organized into chromosomes). 

material or overburden. 

Bioaugmentation—The addition of microbes to the subsurface to improve the biodegradation 
of target contaminants. Microbes may be “seeded” from populations already present at a site, 
or from specially-cultivated strains of bacteria. 

Biobarrier—The concept of intercepting and treating a contaminant plume as it passes 
through a permeable subsurface barrier. Biobarriers are created by installing wells or trenches 
across the width of a plume to deliver substrate to the microorganisms in the groundwater as 
it flows through the barrier.  

Biochemical—Produced by, or involving, chemical reactions of living organisms. 

Biodegradation—Biologically mediated conversion of one compound to another. 

Biofouling—Impairment of the functioning of wells or other equipment as a result of the 
growth or activity of microorganisms. 

Biomass—Total mass of microorganisms present in a given amount of water or soil. 

Bioremediation—Use of microorganisms to control and destroy contaminants. 

Biotransformation—Biologically catalyzed transformation of a chemical to some other 
product. 

Biowall—A form of passive in situ bioremediation, in which the contaminant plume is 
intercepted and treated as it passes through an emplaced porous barrier (e.g., trenches filled 
with sand-mulch mixtures). Microorganisms growing on the wall materials remove contaminants 
through biodegradation processes as groundwater passes through the barrier. 

Catalyst—A substance which promotes a chemical reaction, but does not itself enter into the 
reaction. 

Chlorinated solvent—A hydrocarbon in which chlorine atoms substitute for one or more 
hydrogen atoms in the compound’s structure. Chlorinated solvents commonly are used for 
grease removal in manufacturing, dry cleaning, and other operations. Examples include 

 Glossary

trichloroethene, perchloroethene and trichloroethane. 

Bedrock—The solid or fractured rock underlying surface solids and other unconsolidated 
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Chlorite dismutase—An enzyme that catalyzes the disproportionation (i.e., a chemical 
reaction in which a single reactant breaks up to produce two different products) of chlorite to 
chloride and oxygen. Chlorite dismutase is present in bacteria capable of cell respiration 
using perchlorate or chlorate. 

Conceptual site model—A hypothesis about how contaminant releases occurred at a site, the 
current state of the contaminant source, an idealized geochemical site type, and the current 
plume characteristics (plume stability). 

Dechlorination—A type of dehalogenation reaction involving replacement of one or more 
chlorine atoms with hydrogen. 

Degradation—The transformation of a compound through biological or abiotic reactions. 

Dehalogenation—Replacement of one or more halogens (e.g., chlorine, fluorine, or bromine) 
with hydrogen atoms. 

Dense nonaqueous phase liquid (DNAPL)—A liquid that is denser than water and does not 
dissolve or mix easily in water (it is immiscible). In the presence of water it forms a separate 

Desorption—Opposite of sorption; the release of chemicals from solid surfaces. 

Diffusion—Dispersive process resulting from the movement of molecules along a concentration 
gradient. Molecules move from areas of high concentration to areas of low concentration. 

Dilution—The combined processes of advection and dispersion resulting in a net dilution of 
the molecules in the groundwater. 

Dispersion—The spreading of molecules along and away from the expected groundwater flow 
path during advection as a result of mixing of groundwater in individual pores and channels. 

Dissimilatory—A biochemical process in which an inorganic compound is used for an 
energy source but is not assimilated into the organism (i.e., as occurs in perchlorate reduction 
to chloride, the metabolites are all inorganic compounds). 

Electron—A negatively charged subatomic particle that may be transferred between 
chemical species in chemical reactions. Every chemical molecule contains electrons and 
protons (positively charged particles). 

Electron acceptor—Compound that receives electrons (and therefore is reduced) in the 
oxidation-reduction reactions that are essential for the growth of microorganisms and for 
bioremediation. Common electron acceptors in the subsurface are oxygen, nitrate, sulfate, 

acceptors under anaerobic conditions. 

Electron donor—Compound that donates electrons (and therefore is oxidized) in the 
oxidation-reduction reactions that are essential for the growth of microorganisms and 
bioremediation. Organic compounds (e.g., lactate) generally serve as an electron donor during 
anaerobic bioremediation. Less chlorinated solvents (e.g., VC) can also serve as electron 
donors. Hydrogen generated in fermentation reactions also can serve as an electron donor. 

Glossary

phase from the water. Many chlorinated solvents, such as trichloroethene, are DNAPLs. 

iron and carbon dioxide. Chlorinated solvents (e.g., trichloroethene) can serve as electron 
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Emulsified edible oil—A formulation in which an edible oil (such as soybean oil) is dispersed 
into water (e.g., through stirring or use of homogenizers) to form a mixture of oil droplets in 
water. Emulsifying the oil greatly improves the distribution of the oil in the subsurface. 

Enzyme—A protein created by living organisms to use in transforming a specific compound. 
The protein serves as a catalyst in the compound’s biochemical transformation. 

Ex situ—Latin term referring to the removal of a substance from its natural or original 
position, e.g., treatment of contaminated groundwater aboveground. 

Fermentation—Process whereby microorganisms use an organic compound as both electron 
donor and electron acceptor, converting the compound to fermentation products such as 
organic acids, alcohols, hydrogen and carbon dioxide. 

Geochemical—Produced by, or involving, non-biochemical reactions of the subsurface. 

Growth substrate—An organic compound upon which a bacteria can grow, usually as a sole 
carbon and energy source. 

Hydraulic conductivity—A measure of the rate at which water moves through a unit area of 
the subsurface under a unit hydraulic gradient. 

Hydraulic gradient—Change in head (i.e., water pressure) per unit distance in a given 
direction, typically in the principal flow direction. 

Hydrophobic compound—A “water-fearing” compound, such as oil, that has low solubility 
in water and tends to form a separate phase. 

In situ—Latin term meaning “in place”—in the natural or original position, e.g., treatment of 
groundwater in the subsurface. 

Inorganic compound—A chemical that is not based on covalent carbon bonds. Perchlorate 
is an inorganic compound, as are metals, nutrients such as nitrogen and phosphorus, minerals, 
and carbon dioxide. 

Intrinsic bioremediation—A type of in situ bioremediation that uses the innate capabilities 
of naturally occurring microbes to degrade contaminants without requiring engineering steps 
to enhance the process. 

Intrinsic remediation—In situ remediation that uses naturally occurring processes to 
degrade or remove contaminants without using engineering steps to enhance the process. 

Isotope—Any of two or more species of an element in the periodic table with the same 
number of protons. Isotopes have nearly identical chemical properties but different atomic 
masses and physical properties. For example, the isotopes chlorine 37 (37Cl) and chlorine 35 
(35Cl) both have 17 protons, but 37C has two extra neutrons and thus a greater mass. 

Isotope fractionation—Selective degradation of one isotopic form of a compound over 
another isotopic form. For example, microorganisms degrade the 35Cl isotopes of perchlorate 
more rapidly than the 37Cl isotopes. 
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Kinetics—Refers to the rate at which a reaction occurs. 

Life cycle cost—The overall estimated cost for a particular remedial alternative over the time 
period corresponding to the life of the program including direct and indirect initial costs plus 
any periodic or continuing costs of operation and maintenance. 

Mass balance—An accounting of the total inputs and outputs to a system. For dissolved 
plumes, it refers to a quantitative estimation of the mass loading to a dissolved plume and the 
mass attenuation capacity within the affected subsurface environment. 

Mass flux—The rate of mass flow across a unit area (typically measured in grams per square 
meter per day [g/m2/day]). Typically calculated by integrating measured groundwater 
contaminant concentrations across a transect. Often used interchangeably with mass discharge 
or mass loading (expressed in grams per day [g/day] to describe the mass emanating from a 
source zone or the mass passing a given transect across the plume. 

Mass spectrometer—Instrument used to identify the chemical structure of a compound. 
Usually, the chemicals in the compound are separated beforehand by chromatography.  

Mass transfer—The general term for the physical processes involving molecular and 
convective transport of atoms and molecules within physical systems. In this context, the 
term refers to the transport of solute mass from the nonaqueous phase (e.g., NAPL) into the 
aqueous phase. The rate of mass transfer is controlled by the differences in concentrations 
between the phases, as well as the interfacial tension at the NAPL:water interface. 

Metabolic intermediate—A chemical produced by one step in a multistep biotransformation 
(e.g., chlorite produced during stepwise reduction of perchlorate to chloride). 

Metabolism—The chemical reactions in living cells that convert food sources to energy and 
new cell mass. 

Methanogen—A microorganism that exists in anaerobic environments and produces 
methane as the end product of its metabolism. Methanogens use carbon dioxide, or simple 
carbon compounds such as methanol, as an electron acceptor. 

Methanogenesis—Process of producing methane gas during biological metabolism. 

Microcosm—A laboratory vessel set up to resemble as closely as possible the conditions of a 
natural environment. 

Microorganism—An organism of microscopic or submicroscopic size. Bacteria are 
microorganisms. 

Mineralization—The complete degradation of an organic chemical to carbon dioxide, water, 
and possibly other inorganic compounds. 

Monitored natural attenuation (MNA)—Refers to the reliance on natural attenuation 
processes (within the context of a carefully controlled and monitored site cleanup approach) 
to achieve site-specific remediation objectives within a time frame that is reasonable 
compared to that offered by other more active methods.  
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Natural attenuation—Reduction in the mass, toxicity, mobility, volume or concentration of 
contaminants in soil and/or groundwater caused by natural processes that act without human 
intervention. These in-situ processes include biodegradation, dispersion, dilution, sorption, 
volatilization, radioactive decay, and chemical or biological stabilization, transformation, or 
destruction of contaminants. 

Nonaqueous phase liquid (NAPL)—An organic liquid that is maintained as a separate phase 
from water. 

Numerical model—A mathematical model that uses a numerical time-stepping procedure to 
estimate behavior of a system over time (as opposed to an analytical model). The mathematical 
solution is represented by a generated table and/or graph. Numerical models require greater 
computing power, but they can allow more realistic simulations of complex systems. 

Oxidation—Transfer (loss) of electrons from a compound, such as an organic contaminant. 
The oxidation can supply energy that microorganisms use for growth and reproduction. Often 
(but not always), oxidation results in the addition of an oxygen atom and/or the loss of a 
hydrogen atom. 

Oxygenase—An enzyme that introduces oxygen into an organic molecule. 

subsurface on a one-time, or infrequent basis. Passive treatment relies on the use of slow-release 
electron donors, which can be injected into the subsurface or placed in trenches or wells.  

Perchlorate—An anion consisting of one chlorine atom and four oxygen atoms, with the chlorine 
atom present at an oxidation state of +7. Perchlorate occurs naturally, and because it is a potent 
oxidizer, it has also been manufactured and used for solid rocket propellants and explosives. 

Permeable reactive barrier—A permeable zone containing or creating a reactive treatment 
area oriented to intercept and remediate a contaminant plume. 

Phytoaccumulation—Plant uptake and retention of a compound within plant tissues. 

Phytodegradation—Degradation of a contaminant within a plant. 

Phytoremediation—The use of plants and in some cases the associated rhizosphere (root 
zone) microorganisms for in situ remediation of contaminants. 

Plume—A zone of dissolved contaminants. A plume usually originates from a contaminant 
source zone, and extends for some distance in the direction of groundwater flow. 

Primary substrates—The electron donor and electron acceptor that are essential to ensure 
the growth of microorganisms. These compounds can be viewed as analogous to the food and 
oxygen that are required for human growth and reproduction. 

Radius of influence—The radial distance from the center of an injection point or well to the 
point where there is no significant impact from the injected material. 

Reduction—Transfer of electrons to a compound such as oxygen. It occurs when another 
compound is oxidized. 
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Passive treatment—In situ bioremediation approach in which amendments are added to the 
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Reductive dechlorination—The removal of chlorine atoms from an organic compound and 
their replacement with hydrogen atoms (subset of reductive dehalogenation). 

Reductive dehalogenation—The process by which a halogen atom (e.g., chlorine or 
bromine) is replaced on an organic compound with a hydrogen atom. The reactions result in 
the net addition of two electrons to the organic compound. 

Rhizodegradation—Degradation of compounds by organisms living on or near plant roots. 

Saturated zone—Part of the subsurface that is beneath the water table and in which the pores 
are filled with water. 

Semi-passive treatment—In situ bioremediation approach in which amendments are added 
to the subsurface intermittently (i.e., at intervals of a few weeks to a few months). Generally, 
water-soluble compounds serve as the electron donor. The accumulation of biomass can also 
serve as a longer-term source of electron donors. 

Sorption—Collection of a substance on the surface of a solid by physical or chemical 
attraction. Can refer to either absorption (in which one substance permeates another) or 
adsorption (surface retention of solid, liquid, or gas molecules, atoms, or ions). 

Source zone—A subsurface zone that serves as a reservoir of contaminants that sustains a 
dissolved plume. The source includes the material that is or has been in contact with the 
separate phase (DNAPLs for chlorinated solvents), and the source zone mass includes the 
sorbed and aqueous phase contaminants as well as any residual NAPL. 

Stakeholder—A person other than regulators, owners or technical personnel, who has a 
legitimate interest in a contaminated site. 

Substrate—A compound that microorganisms can use in the chemical reactions catalyzed by 
their enzymes. 

Sulfate reducer—A bacterium that converts sulfate to hydrogen sulfide. Because they can 
act without oxygen, sulfate-reducing bacteria can be important players in the oxygen limited 
subsurface. 

Transcription—Transfer of information in DNA sequences to produce complementary 
messenger RNA sequences, which are then translated into functional polypeptides and proteins. 

Translation—The decoding of messenger RNA to produce specific polypeptides. It occurs 
after transcription. 

Volatilization—Transfer of a chemical from the liquid to the gas phase (as in evaporation). 

Glossary

filled with air. Also called the unsaturated zone. 

Water table—The top of an unconfined aquifer. Indicates the level below which subsurface 
solids and rock are saturated with water. 

Vadose zone—Subsurface solids above the water table, where pores are partially or largely 

xxxiii



TABLE OF CONTENTS 

Preface ................................................................................................................................... vii 

About the Editors ................................................................................................................... xi 

About the Authors ............................................................................................................... xiii 

External Reviewers ............................................................................................................. xix 

Acronyms and Abbreviations ............................................................................................ xxi 

Unit Conversion Table........................................................................................................ xxv 

Glossary ............................................................................................................................ xxvii 

CHAPTER 1 IN SITU BIOREMEDIATION OF PERCHLORATE IN 
GROUNDWATER: AN OVERVIEW ...................................................... 1 

1.1 Introduction............................................................................................................... 1 
1.2 How Did Perchlorate Become Such a Problem? ...................................................... 2 

1.2.1 Perchlorate Properties and Behavior in the Subsurface............................... 2 
1.2.2 Production and Disposal .............................................................................. 3 
1.2.3 Regulatory History....................................................................................... 4 
1.2.4 Evolution of Analytical Capabilities............................................................ 5 
1.2.5 Evolution of Toxicological Understanding.................................................. 6 

1.3 How Can In Situ Bioremediation Help Solve the Perchlorate Problem?.................. 7 
1.3.1 Treatment Technology Overview ................................................................ 7 
1.3.2 Why Use In Situ Bioremediation? ............................................................... 9 

CHAPTER 2 DEVELOPMENT OF IN SITU BIOREMEDIATION 
TECHNOLOGIES FOR PERCHLORATE ........................................... 15 

2.1 Introduction............................................................................................................. 15 
2.2 Early Discoveries.................................................................................................... 15 
2.3 Analytical Methods and Pilot Programs ................................................................. 16 
2.4 Ubiquitous Occurrence of Perchlorate Degraders .................................................. 17 
2.5 Field Demonstrations.............................................................................................. 18 
2.6 Bioremediation Strategies....................................................................................... 19 
2.7 Remediation of Perchlorate in Soil—The New Challenge ..................................... 21 
2.8 The Challenges Ahead............................................................................................ 24 

CHAPTER 3 PRINCIPLES OF PERCHLORATE TREATMENT............................ 29 
3.1 Introduction............................................................................................................. 29 
3.2 Abiotic Remediation Processes .............................................................................. 29 

3.2.1 Ion Exchange ............................................................................................. 29 
3.2.2 Abiotic Reduction Technologies ............................................................... 32 
3.2.3 Overview of Abiotic Processes.................................................................. 34 

 


