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Executive summary
CH2M HILL Australia Pty Ltd (CH2M) was engaged by CRC CARE Pty Ltd to provide
services leading to the development of a Technical Guidance document for the design
and use of permeable reactive barriers (PRBs). A PRB is a permeable zone containing
or creating a reactive treatment area which is designed to passively intercept and
remediate contaminated groundwater. The PRB is placed in the flow path of
contaminated groundwater, with the objective being to reduce or prevent the migration
of contaminants, while the flow of groundwater remains generally uninhibited. The
reactive zone, comprising specialised reactive materials, typically either transforms the
contaminant to less harmful compounds or retards contaminant migration by fixing the
contaminants to the reactive material.
The use of PRBs as a remedial technology has emerged in recent decades as an
effective and sustainable approach for the passive in-situ remediation of contaminated
groundwater. Currently, there are no guidance documents at state, territory or national
levels on PRBs in Australia. Internationally, several guidance documents and multiple
research papers have been developed.
CRC CARE, in consultation with industry stakeholders, recognised the need to prepare
an Australian guidance document for PRBs to provide support and guidance for this
emerging remediation approach. The main objective of the document is to provide a
pragmatic technical guidance document for PRBs, which is designed to be a practical
guide that can be referenced at all stakeholder levels, including industry leaders,
regulators, consultants and community groups.
The document will provide a framework to inform and educate on PRBs, and will
address their use at contaminated sites. This includes specific guidance on suitability
assessment, design, operation, monitoring, and decommissioning. Reviews of relevant
existing international guidance, protocols and research have been taken into
consideration in the development of this document.
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Glossary, symbols and abbreviations
Key terms
Absorption

The incorporation of a chemical within a solid or liquid.

Adsorption

The attachment of a chemical to the surface of a solid or liquid.

Aquifer

A permeable geological stratum or formation that is capable of both storing
and transmitting water.

Bauxsol™

A material based on mud residues generated during alumina production
that has the capacity to neutralise acid and trap trace metals.

Biodegradation

The partial or complete transformation of a substance or chemical by
micro-organisms to less complex organic and/or inorganic components.

Biofouling

Accumulation of organisms (such as bacteria) on the surfaces of the
permeable reactive barrier (PRB) reactive media that can result in
decreased permeability and a deterioration in performance of the reactive
material.

Conceptual
site model

“…the interpretation and assimilation of all site-related information into
assumptions and hypotheses regarding contamination sources,
subsurface contaminant distribution, and dominant transport/fate
processes” (US EPA 1995), which can be presented in graphical and/or
written form.

EHC®

A controlled-release, integrated carbon and zero-valent iron (ZVI) source
that yields redox potential in the -500 to -650 mV range.

Half life

The time required for the concentration of a compound to decrease by half.

Natural
attenuation

Natural attenuation, or ‘weathering’, includes physical, chemical and
biological processes that act to reduce ‘the mass, toxicity, mobility, volume
or concentration of contaminants in soil or groundwater’ (US EPA 1999).
When used as a remediation strategy at a site, it is often referred to as
monitored natural attenuation (MNA).

Permeable
reactive
barrier

A permeable zone containing or creating a reactive treatment area
oriented to intercept and remediate a groundwater contaminant plume. It
removes contaminants from the ground-water flow system in a passive
manner by physical, chemical or biological processes. Some PRBs are
installed as permanent or semi-permanent units across the flow path of a
contaminant plume. Other PRBs are installed as in-situ reactors which are
readily accessible to facilitate the removal/ replacement of reactive media.
Most have the reactive media installed or created in intimate contact with
the surrounding aquifer material.

Plume

A zone of dissolved contaminants that usually originates from a source
and extends in the direction of groundwater flow.

Pore volume

The ratio of a porous material’s void volume to its total volume.

Reactive zone

The portion of the PRB that contains the reactive material.

Receptor

Reductive dehalogenation/reductive dechlorination.
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Reductive
dehalogenation/

Anaerobic process in which halogens such as chlorine, bromine, fluorine,
or iodine on an organic molecule are replaced with a hydrogen atom.

Reductive
dechlorination

Reductive de-chlorination specifically refers to the replacement of chlorine
atoms with hydrogen.

Remedial
target/criteria

The goal of the remedial activity, typically expressed as an acceptable
concentration of contamination remaining in the specific environmental
medium (soil, groundwater, surface water, or air).

Site
characterisation

The investigation process used to evaluate the nature and extent of
contamination and associated risk(s). This process often includes the
collection of other site data including hydrogeology, lithology and factors
relating to the fate, transport and risk of site contamination and, for the
scope of this document, parameters specific to the design and
implementation of PRBs.

Sorption

Combination of absorption and adsorption.

Waterloo
Barrier®

The Waterloo Barrier® is a groundwater containment wall formed of
sealable steel sheet piling developed in 1989 by researchers at the
Waterloo Centre for Groundwater Research, University of Waterloo. The
Barrier incorporates a sealable cavity at the interlocking joint between piles
that can be flushed clean, inspected, and then sealed after the piles have
been driven into the ground. Bulk wall hydraulic conductivities of 10-8 to
10-10 cm/sec have typically been achieved in University-conducted & U.S.
Air Force-conducted testing. Source: <www.waterloo-barrier.com>.

Abbreviations - units
%

per cent

°C

degrees Celsius

cm

centimetre

hr

hour

L

litre

mg

milligram

mL

millilitre

mV

millivolts

m

metres

ppm

parts per million

sec

second
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Abbreviations - general
AFB

Air Force base

AMD

Acid mine drainage

ARAR

Applicable or relevant and appropriate requirement

As

Arsenic

BTEX

Benzene, toluene, ethylbenzene and xylene

CA

California

CaCO3

Calcite

Cd

Cadmium

COC

Chain of custody

Cr

Chromium

Cr(VI)

Chromium (VI)

CRB

Continuous reactive barriers

CRC CARE

Cooperative Research Centre for Contamination Assessment
and Remediation of the Environment

CSM

Conceptual site model

DCE

Dichloroethylene

DE

Delaware

DHC

Dehalococcoides

DNA

Deoxyribonucleic acid

DO

Dissolved oxygen

DOC

Dissolved organic carbon

DOD

Department of Defence

DPT

Direct push technology

EA

UK Environment Agency

EPA

Environment Protection Agency

ESTCP

Environmental Security Technology Certification Program

ETI

EnviroMetal Technology Inc.

EZVI

Emulsified zero-valent iron

Fe(OH)3

Ferric hydroxide

Fe

Iron
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Fe2+ or Fe (II)

Iron (II) or ferrous iron

Fe3+ or Fe (III)

Iron (III) or ferric iron

FeCO3

Siderite

foc

Fraction organic carbon

FL

Florida

FRTR

Federal Remediation Technologies Roundtable

GA

Georgia

GAC

Granular activated carbon

GHG

Greenhouse gas

H2

Hydrogen

H2O

Water

HDD

Horizontally directionally-drilled

Hg

Mercury

HMX

High melting explosive Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine

ITRC

Interstate Technology and Regulatory Council

LNAPL

Light non-aqueous phase liquid

MA

Massachusetts

MC

Moisture content

MD

Maryland

MI

Michigan

MNA

Monitored natural attenuation

Mo

Molybdenum

MSDS

Material Safety Data Sheet

NAVFAC

Naval Facilities Engineering Command

NATA

National Association of Testing Authorities

NEPC

National Environment Protection Council

NEPM

National Environmental Protection Measure

NH

New Hampshire

Ni

Nickel

NM

New Mexico

NO2-

Nitrite

NO3-

Nitrate
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x

NSW

New South Wales

NV

Nevada

O&M

Operation and maintenance

ORC

Oxygen releasing compound

ORP

Oxidation reduction potentials

P

Phosphorus

PAH

Poly-aromatic hydrocarbons

Pb

Lead

pH

Measure of the acidity or basicity of a solution

PRB

Permeable reactive barrier

PV

Present value

QA/QC

Quality assurance/quality control

RDX

Royal demolition explosive 1,3,5-trinitroperhydro-1,3,5-triazine

ROI

Radius of influence

S2-

Sulfide

Se

Selenium

SO42-

Sulfate

SOP

Standard operating procedure

90

Strontium-90

SVE

Soil vapour extraction

Tc

Technetium

99

Technetium-99

Sr

Tc

TCE

Trichloroethene (trichloroethylene)

TDS

Total dissolved solids

TNT

Trinitrotoluene

TOC

Total organic carbon

TSS

Total suspended solids

TX

Texas

U

Uranium

UK

United Kingdom

US

United States

US DOD

United States Department of Defence
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USEPA

United States Environment Protection Agency

USGS

United States Geological Society

VC

Vinyl chloride

VOCs

Volatile organic compounds

WA

Western Australia

ZVI

Zero-valent iron

CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

xii

1. Introduction
A permeable reactive barrier (PRB) is a permeable zone containing or creating
a reactive treatment area which is designed to passively intercept and remediate
contaminated groundwater. The PRB is placed in the flow path of contaminated
groundwater, with the objective being to reduce or prevent the migration of
contaminants, while the flow of groundwater remains generally uninhibited. The
reactive zone, comprising specialised reactive materials, typically either transforms
the contaminant to less harmful compounds or retards contaminant migration by fixing
the contaminants to the reactive material.
The use of PRBs as a remedial technology has emerged in recent decades as an
effective and sustainable approach for the passive in-situ remediation of contaminated
groundwater. Currently, there are no guidance documents at state, territory or national
levels on PRBs in Australia. Internationally, several guidance documents and multiple
research papers have been developed.

1.1 Purpose of this guidance document
CRC CARE, in consultation with industry stakeholders, recognised the need to prepare
an Australian guidance document for PRBs to provide support and guidance for this
emerging remediation approach. Reviews of relevant existing international guidance,
protocols and research have been taken into consideration in the development of this
document.
This guidance document is not proposed to be prescriptive, but is intended to provide
practical technical guidance on PRBs that can be referenced by a range of
stakeholders, including industry, government and consultants. This document sets out
the fundamental principles for the design, construction, operation, monitoring, closure
and decommissioning of PRBs for the remediation of contaminated groundwater. While
it is envisaged that this guidance document will provide a framework to inform and
educate on the use of PRBs at contaminated sites, it should be noted that the guidance
document is targeted to users with a basic understanding of, and some experience in,
contaminated site assessment and remediation. Appendix A provides a non-technical
summary that may assist in providing information to the wider community.

1.2 Applicability
This document is focused on the remediation of contaminated groundwater using
PRBs as the remedial approach. The information provided within this document is
designed to be sufficiently generic so that the concepts discussed can be considered
with respect to groundwater impacted by a range of contaminants in diverse hydrogeological conditions. This guidance does not address the use of impermeable barrier
systems including modified clay barriers, high-density polyethylene sheet barriers and
other systems such as the Waterloo Barrier®.
This document acts as a guidance only, to assist those involved in the remediation
of contaminated groundwater where the use of the PRB remedial approach may be
CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

1

suitable, and does not articulate any legislative requirements. Prior to commencing any
work, regulatory considerations should be evaluated and regulatory approval should be
sought. Regulatory considerations will vary on a site-by-site basis and it may be
necessary to consult with several agencies or organisations. Notwithstanding, relevant
legislation and policies in connection with site-specific planning requirements, health
and safety obligations, community engagement and environmental considerations
should be evaluated to ensure all responsibilities are met prior to the commencement
of work.

1.3 Structure of the guidance document
This guidance has been structured to follow the natural progression of a typical project,
and provides the necessary information to lead users of the document from preliminary
screening for the potential use of PRBs for groundwater remediation through to design,
operation, monitoring, closure and decommissioning of a PRB remedial system. The
flow chart shown as Figure 1 provides an overview of the primary stages of a typical
project and the relevant sections of this guidance document where further information
can be found. The length of time to complete each stage of a given project will vary on
a project by project basis.
The length of time to complete each stage of a given project will vary on a project by
project basis. Section 2 provides an overview of PRBs, their advantages and
limitations, and considerations for the preliminary feasibility screening for the use of
PRBs. The screening stage is used to assess the potential application of PRBs as a
remediation approach when detailed PRB-specific site characterisation has not yet
been completed. It is assumed that at the screening stage, other remedial approaches
are also under consideration. Section 3 provides guidance on contaminated site
characterisation specific for the design of PRBs, while Section 4 provides guidance on
PRB design and optimisation considerations. Detailed characterisation of the site,
including parameters specific to PRBs, is required to assess the practicability of PRB
implementation as a remedial option. The site characterisation will also provide
necessary information for the PRB design and understanding of potential hydraulic or
geochemical impacts the PRB may have on the subsurface environment at the site.
Construction management considerations are discussed within Section 5. Guidance on
monitoring strategies from a compliance and performance perspective is discussed in
Section 6, while Section 7 provides information on operation and maintenance (O&M)
planning, long and short-term monitoring, closure and decommissioning. Additional
resources are provided as appendices to this document.
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Figure 1. Flowchart of typical project stages.

Due to the broad scope of the guidance document, it is not possible to provide full
details on all relevant subjects. Throughout the document the reader will therefore be
referred to further information and key references. This supplementary information will
be highlighted as shown in the following example.
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Permeable Reactive Barrier Technologies for Contaminant Remediation (US EPA
1998), Application of Reactive Barriers for Contaminated Sites (Birke et al. 2006)
and Guidance on Design Construction Operation and Monitoring of Permeable
Reactive Barrier (Carey et al. 2002) provide detailed information summarising
examples of PRB applications including the reactive materials and treated
contaminants. The US EPA (1998) and Carey et al. (2002) documents can be
downloaded for free at:
• <www.rtdf.org/public/permbarr/barrdocs.htm>
• <www.environment-agency.gov.uk>

Additional resources are provided in the appendices.
As introduced in Section 1.1, a non-technical summary (also known as a Fact Sheet) to
assist in communicating with the wider community is provided in Appendix A.
Australian case studies documenting experiences with PRB technologies in Western
Australia (WA), New South Wales (NSW) and Queensland have been collected during
preparation of this document and are referenced throughout the document. The details
of the case studies, which are included in Appendix B, have been provided by the point
of contact listed for each project. The case studies provide an insight into local
experiences with PRB technologies.
A qualitative screening tool is provided in Appendix C. This tool can be used by project
stakeholders to highlight some of the factors involved in the decision-making process
when assessing whether a PRB is a feasible remedial approach for a given site.
Scoping calculations can also be used in the early stage of a project to assist in
assessment and preliminary design. Examples of scoping calculations provided in
Carey et al. (2002) are reproduced in Appendix D. During the design stage, modelling
is often used to optimise the PRB design. Additional references and resources are
provided in Appendix F to supplement the information included within this document.
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2. Application of permeable reactive barriers
Traditionally, the concept of utilising barriers as part of a remedial strategy would be
associated with the prevention or restriction of the flow of contaminated groundwater
towards sensitive receptors. Such barriers would be formed from low permeability
materials such as grouts and slurries, sheet piles or even high density polyethylene
sheet, or systems involving a combination of these materials. PRBs, conversely, are
permeable barriers which allow the through-flow of groundwater but restrict the
movement of the contaminants by various mechanisms. In certain configurations, low
permeability materials are paired with the permeable reactive media to direct
contaminated groundwater towards the permeable treatment zone.
It is important to note that PRBs do not target or address the source of groundwater
contamination; instead, these reactive barriers treat and remediate the resultant
contaminant plume. Empirical laboratory and field data indicate that PRBs have the
potential to effectively treat contaminated groundwater for several years or decades
(Gavaskar et al. 2000; Phillips et al. 2010). Moreover, when compared with more
conventional technologies such as pump-and-treat, PRB technology can potentially
offer economic benefits primarily due to low long-term O&M costs.
PRBs can be utilised as a stand-alone remediation approach or, alternatively, in
conjunction with other remediation technologies as part of a larger remedial strategy.
Often, PRBs may be used with contaminant source removal technologies or monitored
natural attenuation (MNA). PRBs may also be adopted as an interim remedial measure
or contaminant ‘containment’ wall while alternative remedial strategies are being
evaluated.
This document provides guidance for the use of PRB technology as a stand-alone
remedial approach. If a PRB is to be coupled with other remediation technologies, the
PRB design should be tailored appropriately to ensure the site-specific remedial
objectives are met. Regardless of whether PRB technology is adopted as a lone
remedial approach or coupled with other technologies, it is strongly recommended that
regulatory considerations are evaluated and regulatory approval is sought at the
commencement of a project. Early consultation with key project stakeholders including
regulators and the wider community is of great importance. Each state or territory will
have its own regulatory requirements regarding notification and the management of
contamination. Endorsement of any adopted remediation approach from the project
stakeholders is a critical factor in the success of a project.

2.1 Introduction to permeable reactive barriers
PRBs are typically designed to be as, or more, permeable than the surrounding aquifer
material to ensure that the reactive barrier does not inhibit subsurface flow and that
groundwater movement through the reactive barrier is passive (along natural
groundwater gradients). Potential advantages of a PRB system include potentially
lower environmental impacts (Higgins et al. 2009) and relatively low energy and labour
inputs, with the exception of the PRB emplacement and periodic site monitoring. These
factors can be particularly beneficial when targeting persistent contaminants such as
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chlorinated solvents which can often remain in the environment for many decades
(Phillips et al. 2010; Stening et al. 2002; US DOD 1999).
As detailed in the following sections, the longevity of a PRB is dependent on a number
of factors including, but not limited to:
•

the overall objective of the remedy

•

flux of contaminants

•

reactive media type

•

configuration

•

concentration of competing compounds (for example, nitrate can accelerate the
deactivation of the iron reactive material in a zero-valent iron [ZVI] PRB)

•

delivery approach, and

•

influence of source area remedies.

In some cases, the PRB media can be recharged through existing infrastructure (for
example injection wells) or in others, the PRB may need to be replaced altogether. The
PRB design and cost estimate must consider these factors.

2.2 System configuration
Selection of a suitable PRB system configuration is important to the success of the
remediation strategy and is influenced by a range of factors including, but not limited to:
•

subsurface conditions and site constraints

•

the nature and extent of groundwater contaminants at the site

•

the selected PRB media

•

health and safety considerations, and

•

regulatory requirements (including the location where regulatory goals must be
met).

The three primary types of PRB configurations are a continuous barrier system, a
funnel and gate system, and reactive vessels. The basis for and objective of each of
these configurations are discussed in detail in Section 4, while specific construction
techniques are discussed in the following sections.

2.3 Continuous reactive barrier
Continuous reactive barriers (on occasion referred to as CRBs), as shown in Figure 2,
comprise a uniform wall or barrier of permeable reactive materials that is placed across
the width of a contaminant plume. Typically, continuous barriers are formed by the
excavation and backfilling of a trench with reactive material. Non-excavation methods
such as deep soil mixing, injection and jet grouting techniques can also be used.
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Figure 2. Continuous PRB configuration (ITRC 2005).

2.4 Funnel and gate
The funnel and gate configuration as shown in Figure 3 comprises low permeability
walls that funnel contaminated groundwater towards the section of reactive media (the
gate).

Figure 3. Funnel and gate PRB configuration (ITRC 2005).

It is important that the gate is as permeable, if not more permeable than the
surrounding aquifer. Funnel and gate configurations are often extended beyond the
limits of the plume to ensure that contaminated groundwater is effectively captured and
treated. As discussed further in Section 4, groundwater modelling is often used in the
design of a funnel and gate system because the configuration of the system must
account for the purposely altered groundwater flow pattern.
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2.5 Reactive vessel
A reactive vessel configuration is essentially a variation of the funnel and gate system,
whereby the gate is replaced with a buried vessel that contains reactive materials for
treatment of the contaminated groundwater. Unlike the CRB and funnel and gate
systems, a potential benefit of the reactive vessel configuration is that the PRB media
can be replaced. This type of configuration has been successfully implemented in
Europe to address trichloroethene (TCE) contaminated groundwater (Phillips et al.
2010). As shown in Figure 4, this configuration relies on a relatively steep hydraulic
gradient to convey groundwater through the collection and treatment system under
natural gradients. As a result, this approach can only be used in certain situations.

Figure 4. Passive collection with reactor cells. Reactive vessel configuration (ITRC 2005).

2.6 Treatment processes
In treating contaminants, a range of processes or combinations of processes may be
used. The reactive material typically either:
•

enhances chemical transformation or biological degradation of the contaminant, or

•

retards contaminant migration by sorption or immobilisation.

Broadly, the treatment processes can be described as destructive or non-destructive.
Destructive processes include the manipulation of pH, reduction-oxidation (redox)
potential and biodegradation, which permanently transform the contaminants to less
harmful substances. Non-destructive processes immobilise or fix the contaminant to
the reactive material(s), and include sorption, precipitation, volatilisation, and changing
the contaminant chemical state (for example, valence). It is important to note that nondestructive processes may be reversible, and destructive processes can inadvertently
transform the contaminant to more harmful substances.
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Treatment processes
A helpful summary of PRB treatment process can be found in Guidance on Design
Construction Operation and Monitoring of Permeable Reactive Barrier (Carey et al.
2002) including target contaminants, reactive materials, results of the treatment
process, design issues and other useful references.

2.7 Types of reactive materials and treatable contaminants
Destruction or immobilisation of the target contaminants is the primary goal of all
PRB reactive materials (ITRC 2005). Any material placed within the groundwater
environment can impact upon the subsurface geochemical and biological
characteristics. It is therefore important that both identified contaminants and proposed
reactive material(s) are well characterised and understood. Guidance on contaminated
site characterisation specifically for the design of PRBs is provided in Section 3.
Following site characterisation, identification and evaluation of suitable reactive
material(s) is completed. Section 4 discusses reactive material selection in further
detail; however, a brief overview of the range of reactive materials available and
associated treatable contaminants is provided as follows.

2.7.1 Reactive materials
Important characteristics of PRB reactive materials that should be considered when
evaluating potential reactive media options include:
•

contaminant compatibility and reactivity of the material

•

stability and durability of the reactive material

•

availability and cost

•

hydraulic characteristics of the material, and

•

environmental compatibility.

The selected reactive material should not create by-products or cause undesirable
chemical reactions when interacting with the contaminant constituents. This could lead
to loss of reactivity or impede the permeability of the reactive material, thus impacting
PRB performance. A wide range of types of reactive materials have been used in
PRBs, including the following:
More commonly applied

Less commonly applied

Zero valent iron (ZVI)

Powdered activated carbon

Soluble carbon substrates (e.g. molasses, lactate, acetate)

Phosphatic compounds e.g. apatite

Granular activated carbon (GAC)

Coal

Zeolites

Peat

Clays

Synthetic resins

Solid carbon sources (e.g. compost, sawdust and mulch)

Bimetallics

Hydrogen- and oxygen-releasing compounds
Sodium dithionite and calcium polysulfide
Oxidants (for example, permanganate and persulphate)
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Reactive materials and treated contaminants resources
The following documents provide detailed information summarising examples of
PRB applications including the reactive materials and treated contaminants.
•

Permeable Reactive Barrier Technologies for Contaminant Remediation (US EPA
1998)

•

Application of Reactive Barriers for Contaminated Sites (Birke et al. 2006)

•

Guidance on Design Construction Operation and Monitoring of Permeable
Reactive Barrier (Carey et al. 2002)

2.7.2 Treatable contaminants
Characterisation of the target groundwater contaminants is critical to the success of the
PRB. It is imperative to establish during the initial site characterisation if a number of
different contaminants are present within the groundwater, as treatment of multiple
contaminants is more complex than treatment of a single contaminant. For each
contaminant present, it is important to consider contaminant characteristics and
properties including:
•

molecular size and structure

•

toxicity

•

water solubility and hydrophobicity

•

persistence

•

stability

•

volatility, and

•

degradability.

Contaminants demonstrated to have been successfully treated using PRBs include:
•

metals (for example, chromium, arsenic, mercury)

•

chlorinated solvents

•

chlorinated pesticides

•

petroleum hydrocarbons

•

benzene, toluene, ethylbenzene and xylene (BTEX)

•

polycyclic aromatic hydrocarbons (PAH)

•

halogenated ethanes, ethenes, methanes and propanes

•

radionuclides (for example, uranium, strontium-90, technetium-99)

•

ammonium

•

acidic water, and

•

sulfate.

This is not an exhaustive list in acknowledgement of continuing research and
application in this subject.
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2.7.3 Sequenced treatment options
Often, groundwater plumes will contain a mixture of contaminants. Several sequenced
reactive barriers have been proposed and tested in the field for use in such
circumstances (ITRC 2005) including:
•

granular ZVI to treat chlorinated hydrocarbons such as TCE followed by aerobic
bioremediation to treat aromatic hydrocarbons

•

bioremediation to treat nitrate or sulfate followed by granular ZVI to treat
chlorinated hydrocarbons, and

•

granular ZVI to treat chlorinated hydrocarbons followed by anaerobic
bioremediation to treat residual chlorinated compounds that do not react with iron.

Sequenced treatment options
For further details on these sequenced options, refer to Permeable Reactive
Barriers: Lessons Learned/New Directions (ITRC 2005).

In 2010, a sequenced PRB was installed in Bellevue, WA. The upgradient component
of this PRB system comprised a mixture of sawdust and sand to biologically reduce
concentrations of nitrate in groundwater, while the downgradient component comprised
ZVI for TCE treatment. Although nitrate is not part of the legacy of groundwater
contamination at this site, pre-treatment of the groundwater for nitrate in the upgradient
component of the PRB system was deemed to be essential for the effectiveness and
longevity of the downgradient ZVI portion of the PRB. In the absence of the upgradient
component, it would have been necessary to design a wider ZVI barrier (or allowed for
replacement of reactive material after a specified period of time). In either case, the
project costs would likely have been higher (especially since sawdust is much less
expensive than ZVI).

2.8 Advantages and limitations of a permeable reactive barrier
PRBs provide the potential to treat a wide range of groundwater contaminants in-situ
for relatively low remedial system life cycle costs. Other technologies such as pumpand-treat are more costly over the treatment duration due to high energy consumption,
management of secondary waste streams and operational and maintenance
requirements. Advantages and limitations associated with the use of PRBs are
summarised within Table 1. Some of the limitations provided in Table 1 do not
necessarily disqualify the applicability of PRBs but they must be considered and
mitigated, or taken into account, during site characterisation and PRB design. Section 3
provides guidance on site characterisation specifically for the design of PRBs, while
design guidance is provided in Section 4.
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Table 1. Advantages and limitations of PRBs.

Aspects

Advantages
• With stakeholder cooperation, PRB design and
installation can be completed relatively quickly.

Timeframe

• An effective PRB positioned downgradient of the
contaminant plume has the potential to intercept the
plume immediately after construction.

• Contaminants are removed from the groundwater (via
various physical, chemical, or biological processes)
rather than merely redirected, transferred to other media
(e.g., from groundwater to the atmosphere) or stopped
as with impermeable barriers.
• Effective for large-scale plumes and treatment of a range
of contaminants and combinations of contaminants.
• Containment or control of a plume is possible even when
source has not yet been located or fully characterised.
Technical/
operational

• Contaminants are remediated in-situ without generation
of secondary waste streams therefore minimal direct
handling of soil, groundwater or waste material and
disposal costs.
• Can be used in conjunction with other remedial
technologies as part of a larger remedial strategy to
optimise performance.
• Avoids mixing of contaminated and uncontaminated
groundwater that can occur with pumping (which might
require handling and treatment of uncontaminated water
to promote plume capture).
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Limitations
• If the PRB is installed within the contaminant plume, there is a potential
for extended timeframes before downgradient groundwater conditions
meet remedial objectives while the downgradient plume attenuates.
• Plume depth influences (or limits) the construction techniques that can be
used to effectively implement the PRB. For example, PRBs that rely on
excavation to emplace the reactive materials are often limited to 20 to 25
m while injection techniques can be used in deeper intervals. Depth
ranges for PRB technologies are discussed further in Sections 4 and 5.
• PRBs are not necessarily suitable for all geologies (e.g., fractured rock)
or all site settings (e.g. where buildings or infrastructure preclude PRB
installation).
• Accurate prediction of lifespan of a PRB is often difficult until the PRB has
been installed and monitoring is underway. This is because relatively
limited extended field data are available to estimate the rate of reactivity
and permeability loss during the design stage.
• Reactive material may need to be replaced during operation.
• Reactive media may fail or clog during treatment; corrective measures
can be relatively expensive.
• Secondary reactions may impact upon groundwater quality.
• Long-term monitoring program required for compliance and performance
purposes when compared with more aggressive remedial strategies
which may be completed in shorter time-frame. Removal of the PRB may
be required during system decommissioning upon completion of
remediation.
• Regulator may not accept the use of a PRB (e.g. if the PRB is to be
situated next to a sensitive water body due to concerns about treatment
certainty).
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Aspects

Sustainability

Advantages

Limitations

• PRBs can be designed to use energy-efficient
equipment, optimise use of passive technologies,
minimise total energy consumption, and use renewable
energy.

• Costs and impacts associated with raw materials may not be sustainable.

• Some PRB options use construction methods that
minimise habitat and soil disturbances.

• Raw materials may not be available locally and transport of materials will
be required.

• PRBs generate minimal greenhouse gas emissions
(GHGs) and have relatively low carbon footprints during
O&M. Furthermore, groundwater is rarely extracted;
therefore, PRBs rarely deplete water resources

• Reactive media production can be energy intensive in some instances.
For example, 1.2 tonnes of carbon dioxide (CO2) would be produced for
each tonne of ZVI (<www.ecoinvent.ch>); however this represents the
majority of emissions for this technology over its lifespan.

• Minimal O&M requirements reduce process safety
incidents and severity as well as long-term fuel
consumption (fewer site visits).
• The PRB design can be such that once installed there is
no visual evidence of PRB above ground with possibly
exception of monitoring wells.
• Less impact upon above ground development as PRB is
located below ground surface.
Site uses

• No operating equipment such as pump system which can
cause noise nuisance.
• Negligible long-term soil and groundwater management
requirements.
• Configuration can be designed to accommodate site
features.

• Long-term access to monitoring wells required when compared with more
aggressive remedial strategies which may be completed in shorter timeframe.
• Depending on the installation method, construction can be disruptive to
site operations.
• Potential need to access long uninterrupted spaces when constructing
PRB to intercept wide contaminant plume.

• Small surface footprint.
Cost
considerations

• Relatively low long-term maintenance and operational
costs relative to other containment technologies.
• Low level of ongoing staff input.

• A program of long-term monitoring will be necessary which can increase
overall costs when compared with more aggressive remedial strategies
which may be completed in shorter time-frame.
• May have relatively high capital cost.

Source: US EPA (1997), Carey et al. (2002), Birke et al. (2006).
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2.9 Preliminary screening for PRB feasibility
Preliminary screening should be undertaken early in a project to assess whether PRB
technology is a suitable and viable remedial approach for groundwater contamination
at a given site. It is assumed that to reach the screening stage, at a minimum:
•

an initial site assessment has been undertaken

•

an assessment of risks has been completed in line with current best practices and
relevant Australian state, territory and national guidelines, and

•

remedial objectives have been established.

Site-specific information gathered during this initial site assessment will be used to
identify operational, technical or regulatory constraints that may exclude the use of a
PRB as a remediation approach. Figure 5 provides a summary of the preliminary
screening process. In many cases, additional PRB-specific site characterisation will be
required to proceed to PRB design.

Figure 5. Preliminary screening process.

If the preliminary screening is positive and sufficient site-specific data have been
collected through site characterisation (Section 3), design of the PRB can commence
(Section 4). It is during the preliminary screening process where natural site
geochemistry is also considered when evaluating the feasibility of a PRB at a particular
site. For example, the prevalence of highly aerobic or anaerobic (for example, near
wetlands) zones not only influence which type of PRB might be selected, but influence
whether it is an appropriate technology at all.
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Australian Guidelines
National Environment Protection (Assessment of Site Contamination) Measure
The National Environment Protection Measure (NEPM) establishes a nationally-consistent
approach to the assessment of site contamination to ensure appropriate environmental
management practices are adopted. The NEPM (NEPC 1999) currently contains two
schedules:
•

Schedule A identifies the recommended process for the assessment of site
contamination

•

Schedule B comprises 10 general guidelines for the assessment of site contamination.
(Schedules B(1) – (10)).

A review of the NEPM commenced in 2004 and in June 2007 the National Environment
Protection Council (NEPC) agreed to initiate a process to adjust the NEPM based on
recommendations made in the NEPM review. The revised NEPM was released in 2013.
Up-to-date information on the NEPM can be found at
www.nepc.gov.au/nepms/assessment-site-contamination.
Guide to the sampling and investigation of potentially contaminated soil. Part 1:
Non-volatile and semi-volatile compounds (AS 4482.1, 2005) and Part 2: Volatile
Substances (AS4482.2, 1999)
Part 1 of this Australian Standard provides information relating to site investigation
including sampling strategies and quality assurance. Part 2 provides information specifically
relating to volatile samples.
Characterisation of sites impacted by petroleum hydrocarbons: National guideline
document (Clements, L, Palaia, T & Davis, J, 2009).
This nationally endorsed document provides guidance on the characterisation of petroleum
hydrocarbon impacted sites. This guideline is focused on sites that have handled, stored or
distributed petroleum and oil products.
Australian Jurisdiction Guidelines
For up-to-date information on state and territory policy and guideline documents relating to
contaminated land investigation, assessment and remediation, reference should be made
to the following government websites:
•

Australian Capital Territory: www.environment.act.gov.au

•

New South Wales: www.environment.nsw.gov.au

•

Northern Territory: https://ntepa.nt.gov.au/

•

Queensland: www.ehp.qld.gov.au

•

South Australia: www.epa.sa.gov.au

•

Tasmania: www.dpiw.tas.gov.au

•

Western Australia: www.der.wa.gov.au

•

Victoria: www.delwp.vic.gov.au.
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In a naturally reducing environment, it may be more appropriate to select a technology
that enhances naturally occurring reductive processes (such as a ZVI PRB or
enhanced reductive dechlorination) rather than applying oxidative methods (for
example using air sparging). The information collected during both preliminary, detailed
and PRB specific site assessment activities should be used to generate a conceptual
site model (CSM). Development of a CSM is an iterative process and the model should
be continually updated throughout the project as new data and information become
available. Further guidance on CSMs and their importance is provided in Section 2.9.1.

2.9.1. Conceptual site model
A CSM is ‘the interpretation and assimilation of all site-related information into
assumptions and hypotheses regarding contamination sources, subsurface
contaminant distribution, and dominant transport/fate processes’ (US EPA 1995), which
can be presented in graphical and/or written form.
Development of an appropriate CSM for a site is a critical part of any project, with the
CSM supporting the decision-making process in regard to site characterisation,
remediation/management option appraisal and subsequent remedial design.
Development of a CSM should be a dynamic and iterative process. Ideally, a
preliminary CSM should be generated prior to the commencement of site
characterisation to provide a framework for identifying data gaps and ensuring the
current vision of the site’s environmental system is clear for all project stakeholders.
Preparing a CSM early in the project will also allow the assessment of immediate risk
to receptors, which may need to be addressed by an alternative short-term remedial
technology while PRB design and implementation is underway.
Once formulated, it is essential that the CSM is revisited regularly throughout the
lifespan of a project to update and refine it as new information becomes available. As
site characterisation proceeds, the CSM should be updated to reflect the current
understanding of site conditions from the site investigation activities. Overall, the CSM
should provide a simplified representation of the site system based upon site-specific
information collected during characterisation. The level of information required for
development of a CSM will vary from site to site, and will be dictated by the scale and
complexity of contamination impacts at a given site. As the CSM is refined, data gaps
can be identified and important uncertainties addressed.

Conceptual site models
Standard Guide for Developing Conceptual Site Models for Contaminated Sites
(ASTM 1995) provides information on the development of CSMs and also
provides guidance on general site-specific information to be collected during site
characterisation.

Components required for development of a CSM can include (ASTM 1995; ITRC 2005;
Carey et al. 2002):
•

Historical and existing information including:
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•

−

site uses

−

topography

−

geological

−

hydraulic

−

hydrogeological, and

−

geochemical conditions.

Contaminant information including:
−

contaminant types

−

properties

−

nature

−

source

−

history, and

−

extent.

•

Background concentrations of contaminants including maximum concentrations
and distribution of concentrations.

•

Migration pathways for each contaminant source including:

•

•

−

preferential pathways for migration, and

−

processes impacting fate and transport.

Receptors currently or potentially exposed to contaminants including:
−

humans

−

ecological systems

−

groundwater, or

−

surface water resources.

Study area boundaries and compliance boundaries.

CSMs provide only a representation of site conditions and are unlikely to be perfect.
In this regard, it should be recognised that assumptions may have to be made when
developing a CSM. Uncertainties may exist for some of the information collected due
to the inherent variable nature of subsurface conditions and, often, poor understanding
of associated hydrogeological and geochemical system processes. With these
variabilities in mind, uncertainties in the input data and conceptual understanding of the
CSM should be evaluated and taken into account for site characterisation and PRB
design.

2.9.2 Development of remedial objectives
After the initial site characterisation is completed, the CSM is updated and the site risk
is assessed (typically by comparing site data to regulatory screening levels and/or
conducting a site-specific risk assessment).
The project stakeholders should proceed with development of remedial objectives,
which will ultimately drive the remedial strategy. It is important that those project
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stakeholders engaged for consultation at this stage in the project include regulators
and the wider community.
Remedial objectives are medium-specific goals that the remedial action is expected to
meet to protect human health and the environment and to comply with the applicable or
relevant and appropriate requirements (ARARs) established for the project. Remedial
objectives guide the formulation and evaluation of remedial alternatives (beginning in
Section 2.9.3) and often reflect the ongoing or anticipated future land use of the site.
For example, remedial objectives that might trigger the need for a PRB could include:
‘prevent contaminated groundwater from reaching drinking water supply wells’ or
‘eliminate the contaminated groundwater-to-surface water pathway’.
Unacceptable risks may be mitigated by: decreasing contaminant mass, concentration,
mobility or toxicity; by containment of the contaminant; or through the management of
the identified receptor or pathway. Factors which will influence the remedial objectives
may include the extent to which risks need to be managed/reduced, the timeframe
available for the remediation strategy to take effect, regulatory requirements, and the
overall funding available for remedial activities. Once the remedial objectives are set,
then the technology screening described in the following section is initiated.
2.9.3. Data requirements for screening
Details of some of the key information necessary to undertake preliminary screening for
PRB feasibility are provided in Table 2.
Table 2. Key data requirements for feasibility screening.

Data
requirement

Details

Contamination

• Location and extent (lateral and vertical) of contamination plume
• Contamination source extent (lateral and vertical), historical information
relating to contaminant release
• Contaminant inventory including degradation products if present,
concentrations and phases
• Contaminant characteristics including solubility, density, partition
coefficient, behaviour relating to ion exchange, precipitation, microbial
degradation, degradation behaviour
• Local background contaminant concentrations.

Geological and
hydrogeologica
l conditions

• Subsurface stratigraphy and lithology including aquifer thickness,
composition, heterogeneity, permeability
• Geotechnical characteristics of subsurface strata
• Groundwater characteristics including flow direction and depth to water
table (accounting for seasonal variation)
• Groundwater hydraulics including flow mechanism (fissure flow or
intergranular), preferential pathways, conductivity, hydraulic gradient,
velocity
• Groundwater quality including geochemical conditions (cations: iron,
manganese, calcium, magnesium; anions: sulfate, nitrate, phosphate,
chloride, bicarbonate; pH, conductivity, redox potential, dissolved
oxygen, temperature, turbidity, total organic carbon (TOC), dissolved
organic carbon (DOC)
• Hydraulic (tidal) or geochemical influence of marine environments
including but not limited to coastal or wetlands settings.
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Data
requirement

Details

Site conditions

• Existing or proposed above ground and subsurface infrastructure
including buildings, utilities
• Surface water bodies or flood risk areas
• Local use of groundwater resource which may impact upon
hydrogeological system, for example extraction wells
• Land use and public access to site
• Land use restrictions – planning or ecological restrictions
• Potential health and safety considerations.

Sensitive
receptors

• Location and distance to receptors including aquifer, location of
extraction points, surface water bodies (creeks, ponds, rivers),
groundwater dependent ecosystems.

Endorsement

• Stakeholder and regulator acceptance.

Source: Gavaskar et al. (2000); Carey et al. (2002); ITRC (2005); Birke et al. (2006).

It should be noted that where site-specific information is unavailable, some of the key
information requirements may be supplemented with information obtained from
appropriate literature resources. Unfavourable responses to preliminary screening
factors do not necessarily preclude the potential use of PRB technology. These
unfavourable responses may, however, indicate that application of the technology
might not be straightforward or optimal for the site, potentially resulting in complex
design requirements and/or increased costs.

2.9.4 Technical screening process
If a PRB is selected to be a component of the remedial strategy for the site, a series of
technical factors including, but not limited to, those listed below should be considered
during the screening process. Positive responses to the following technical questions
would indicate that a PRB could be a viable technology.
Has adequate site characterisation been undertaken allowing development of a
detailed CSM?
Reference should be made to information relating to CSMs provided in Section 2.6.1.
Has it been demonstrated, or can it be demonstrated, that the identified
contaminants are suitable for treatment using PRB technology with a proven
medium?
Examples of reactive materials used in PRBs and potentially treatable constituents are
provided in Section 4.2.
Based on an assessment of potential site restrictions, can a PRB be constructed
at the site?
Site constraints that may influence the feasibility of PRB application could include the
presence of above ground (for example, buildings, houses, other structures, site/facility
traffic and storage patterns, and roads) and below ground (for example, utility [water,
waste, or energy] corridors and building foundations) features, as well as geotechnical
characteristics, which can heavily influence construction technique selection.
Are monitoring, reactive material rehabilitation, and system decommissioning
feasible at the site considering current and future site operations?
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Where immediate site restrictions are not evident, consideration must be given to longterm site access, land use modifications, development proposals and land ownership
changes (also considering public versus private property ownership) as ongoing
monitoring and maintenance will be required over the lifetime of the PRB.
Has consideration been given to contaminant source management?
Targeting the source area could assist in achieving remedial target objectives more
cost-effectively and/or in a shorter timeframe. If a PRB is to be used as part of a larger
remedial strategy, an assessment must be undertaken to establish that the proposed
suite of technologies are complementary, will not adversely impact upon each other
and will ultimately provide the lowest lifecycle costs.
Is the plume relatively shallow, narrow, and dilute?
Reactive barrier emplacement for plumes at depth may be difficult (for example costprohibitive) or simply impracticable. For example, below about 20 to 25 m, injection
techniques may be more cost-effective than conventional excavation techniques to
emplace reactive materials. Though this allows relatively deep PRBs to be constructed,
the mechanisms for emplacing the reactive media may potentially result in a shorter
lifespan, require more O&M, and result in other limitations (further discussion in
Sections 4 and 5). Furthermore, very wide and/or concentrated plumes can increase
the cost of application due to the increased area and volume of reactive material
required for the plume size.
Are the groundwater hydraulics suitable for a PRB (for example, is the
groundwater direction consistent or does it fluctuate significantly)?
Groundwater fluctuations can occur as a result of factors such as seasonal rainfall
variation, tidal fluctuations in coastal areas, and also as a result of groundwater
abstraction. These factors can influence the flow of contaminated groundwater towards
the PRBs and could cause treated groundwater to flow back towards the PRB, flow too
quickly through the treatment zone, or potentially by-pass the system.
Will the changing geochemical environment during remediation (evolution of the
contaminant source, variations due to remedial process and potential secondary
reactions or breakdown products) adversely impact upon the geochemical
regime?
For example, would the development of highly reducing conditions liberate metals
currently stable in the formation? Are the amendments to treat the contaminants
possible water quality contaminants as well?
Is funding available for the duration of the PRB lifespan?
When taking account of the potential extended lifetime of a PRB system, thought
should also be given to funding, ensuring that sufficient financial support is in place for
the expected duration of the treatment, including decommissioning and closure.
Equally, remedial objectives should be critically reviewed in the context of the potential
PRB system lifetime ensuring that the desired remedial timeframes can be met.
2.9.5 Regulatory considerations
As emphasised in previous sections, regulatory considerations should be evaluated
when undertaking preliminary screening to assess the feasibility of implementing a
PRB remediation approach. Endorsement of any adopted remediation approach from
the regulator is an important factor for project success. There are currently no
Australian guidance or policy documents at state, territory or national levels specifically
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for PRBs. However, relevant legislation in connection with site-specific planning
requirements, health and safety obligations and environmental legislation should be
considered to ensure all responsibilities are met. Regulatory considerations will
therefore vary on a site by site basis. Questions including, but not limited to, the
following should be considered during the screening process:
•

Will the PRB provide an effective solution for protection of the identified receptors
at risk?

•

Will the remediation objectives be met within an acceptable timeframe for project
stakeholders?

•

Can a monitoring strategy be put in place to demonstrate performance of the PRB
system?

•

Can adequate control measures be put in place to ensure long-term operation and
monitoring of the PRB system while remediation is underway?

Where an immediate risk to receptors may exist, it should be assessed whether the
timeframe necessary to adequately characterise the site, complete the PRB design and
construct the system is acceptable.

Community engagement and consultation
Contaminated site characterisation and remedial planning should not commence until
an appraisal has been made regarding the potential need, type and extent of
community consultation for a project. Often there may be a need to involve the wider
community in the decision making process. Early consultation with stakeholders
should be undertaken to assist in managing risk and enhancing stakeholder
relationships. Useful resources providing information on consultation and community
engagement include:
•

NEPM (www.nepc.gov.au/nepms/assessment-site-contamination)

•

Engaging the Community: A handbook for professionals managing contaminated
land (CRC CARE 2010;
www.crccare.com/publications/shop/publications/publications).

When considering the lengthy timeframe associated with PRB systems, the potential
for regulatory changes over the duration of the project should be evaluated. Possible
scenarios include a modification of treatment goals for a specific compound due to the
analysis of new risk data, or a change in the land use designation that could alter the
remedial objectives. It is recommended that regulators are engaged for consultation
prior to the screening stage for PRB feasibility in order to provide input into the
evaluation of remedial approaches and the likelihood for changes over time.
As a contingency, additional funding may be set aside, or simply the stakeholders
should be made aware of potential changes to land-use restrictions due to planning
controls.
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2.9.6. Economic evaluation
The absence of recurring operational labour and energy input makes PRB technology
an economically attractive remedial approach. However, estimating the costs of PRB
implementation can be a difficult task during the screening process as many of the
variables that impact costs are determined during the design process. These include,
but are not limited to:
•

PRB length and depth

•

media thickness

•

duration that the reactive material will perform effectively, and

•

the extent and frequency of reactive material maintenance or rehabilitation during
the lifetime of the PRB system.

That said, as PRB applications are being put into practice, project experience and data
are being generated to assist in our understanding of reactive material characteristics
over time. This will further assist in economic evaluations of this remedial approach
during the screening and design process.
When assessing the suitability of a remedial option, an economic assessment
comparing several potential remedial approaches is typically undertaken as part of the
feasibility screening process. Remedial approach costs can be categorised into the
initial capital investment costs (preconstruction, materials and construction costs
associated with acquiring and installing a technology) and the O&M costs; combined
they constitute the lifecycle costs for the remedy. While a detailed cost evaluation is
unlikely to be possible at the feasibility screening stage, an indicative cost estimate can
be developed to assist in the decision-making process. Preliminary discussions with
reactive medium suppliers and construction contractors can assist in developing rough
order-of magnitude estimates for capital expenditure and O&M costs. If the initial
feasibility screening is favourable for PRB technology, project stakeholders can
proceed with additional PRB-specific site characterisation (Section 3) and preliminary
design (Section 4). This in turn will permit more detailed discussions with vendors and
subcontractors to refine the cost estimate. That said, factors to consider when
assessing costs include the following:
•

•

Capital investment costs:
-

PRB-specific site characterisation

-

PRB design costs

-

Construction costs including: procurement and emplacement of the reactive
materials; underground services relocation or reinstatement; ground surface
reinstatement; interruption to onsite activities (if it cannot be avoided);
reporting; construction quality control/quality assurance (QA/QC) monitoring;
licensing and regulatory requirements; material handling; and disposal costs.

O&M costs:
-

Periodic monitoring and reporting, reactive material rehabilitation or
replacement

-

PRB decommissioning (removal and disposal), closure and validation
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-

Contingency for unexpected costs, including but not limited to: elongation of
the PRB to account for plume changes; more frequent replacement or
amendment injections of reactive material to maintain treatment effectiveness;
need to rehabilitate an exhausted PRB; and additional monitoring
requirements due to regulatory input.

Economics
Useful resources providing information on cost comparisons of remedial systems and
actual costs associated with PRB application include:
•

Permeable Reactive Barrier: Technology Update (ITRC 2011)

•

Permeable Reactive Barriers: Lessons Learned/New Directions (ITRC 2005)

•

Design Guidance for Application of Permeable Reactive Barriers for Groundwater
Remediation (Gavaskar et al. 2000)

•

Technical Protocol for Enhanced Anaerobic Bioremediation using Permeable Mulch
Biowalls and Bioreactors (AFCEE 2008)

•

Cost and Performance Report – Permeable Reactive Wall Remediation of
Chlorinated Hydrocarbons in Groundwater (US DOD 1999)

•

Guide to Documenting and Managing Cost and Performance Information for
Remedial Projects (FRTR 1998).

The Australian case studies documenting experiences with PRB technologies in WA,
NSW and Queensland included in Appendix B contain details for the reactive media
and overall project costs. The total project cost estimates provided for the full-scale
PRB in WA and pilot-scale PRB in NSW provide helpful indicators of costs associated
for a project on a similar scale, and with reasonably comparable site conditions.
However, it should be noted that costs will vary on a project by project basis and
detailed cost estimates should be completed using project specific information. For
example, as demonstrated in the case studies, the unit cost of reactive material can
vary significantly depending upon the type of reactive media (as shown in Appendix B,
the range of costs for ZVI, sawdust and gypsum can be wide), the quantity of material
required, availability of material, and project location (it will drive transportation and
delivery costs).
Several studies have completed cost comparisons between PRBs and alternative
groundwater remedial approaches, such as conventional pump and treat systems
(Gavaskar et al. 2000; ITRC 2005). Comparison of costs estimates for differing
approaches report that the cost effectiveness of a PRB system increases with greater
reactive material longevity.
As a comparison, PRBs generally appear to be cost-effective when compared with
groundwater pump and treat systems as the lifespan of the reactive material
approaches 10 years (ITRC 2005), as highlighted in Figure 6.
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Figure 6. Plot of cumulative Present Value (PV) Cost against years of operation for a PRB and
pump and treat system (NAVFAC Environmental Restoration Technology Transfer [ERT2] 2005).

PRB systems typically have higher capital investment costs associated with the
comprehensive PRB-specific site characterisation requirements and reactive material
purchase and installation. However, depending upon the longevity of the reactive
materials, cost savings can be realised over the project life due to minimal O&M costs
when compared with other approaches. A beneficial aspect of the PRB remediation
approach which should be considered during economic evaluation is the absence of
above ground components of the remediation system, allowing ongoing use of the site
during remediation.

Remediation cost estimation tool - RACERTM
RACERTM is a Windows®-based environmental remediation/corrective action costestimating tool used widely by the U.S Department of Defence. This software
provides cost models that generate consistent cost-to-complete estimates for all
phases of remediation/corrective action. RACERTM is updated and validated
annually to keep the cost models current with new remediation technologies (U.S.
Army Environmental Command, 2008).
Although it is based on costs in the US it can be used in Australia to provide
comparative costs for alternative remediation technologies. For further information
visit www.frtr.gov/ec2/ecracersystem.htm.

2.10 Decision to proceed
The ultimate decision to proceed from the preliminary screening stage to PRB-specific
site characterisation, PRB design and implementation will be based upon the
professional judgement of the project stakeholders. The importance of screening
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criteria will vary with each site and the decision process will be influenced by the
relative importance stakeholders assign to each of the screening criteria (such as time
and cost).
A screening matrix is provided in Appendix C to highlight the factors involved in the
decision-making process. This screening matrix can be used by project stakeholders
as a guide in assessing whether a PRB is a feasible remedial approach for a given site.
The screening matrix provides a list of operational, technical and regulatory criteria to
be evaluated using available site-specific information. Project-specific relative
weightings can be determined and assigned by the user for each of the screening
criteria and will influence the decision-making process. The matrix calculates a total
numeric score, which can then be utilised by the project stakeholders as a semiquantitative means of assessing the relative feasibility of the PRB approach. If the
stakeholders agree that a PRB is feasible, the further site characterisation (Section 3)
and/or PRB design (Section 4) is initiated.
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3. Site characterisation for design
The information gathered and utilised for the preliminary PRB feasibility screening will
seldom be sufficient for detailed PRB design. Thorough PRB-specific site
characterisation and development of a robust CSM will be required for the design and
implementation of a PRB system. Depending upon the selected construction approach,
a PRB has the potential to form a comparatively permanent facility which, once
installed, is hard to modify or relocate. This scenario would be most typical for the more
traditional excavated trench systems. Less traditional construction approaches, such as
reactive vessel or injection well based PRBs, can provide a more flexible system which
can be more easily modified. PRB construction methods are discussed further in
Section 5. The site characterisation should therefore evaluate both surface features of
the site and the subsurface regime in order to have a good understanding of the site
prior to PRB design and construction. It is also important to note that data collected
during the site characterisation activities will be used to formulate baseline conditions
which will be referenced during and after PRB emplacement to assess the effects and
performance of the remedial system.

3.1 Objectives
The focus of the PRB-specific site characterisation should be the collection of data to
allow efficient decision making at PRB design and construction. It is important that the
collected data are relevant, sufficient in extent and reliable to meet detailed PRB
design and construction requirements. The inherent variability of contaminated sites is
such that site characterisation needs to be suitably designed to capture representative
information for all pertinent aspects of the site that are specific to the PRB treatment.
Pre-planning of site characterisation activities with the aid of a preliminary CSM should
be undertaken in order to identify data gaps and characterisation objectives. Site
characterisation is an iterative process. With the collection of new data, the CSM
should be updated and refined which in turn will identify the necessity of additional site
characterisation. CSMs are discussed further in Section 2.9.1.

3.2 Data requirements
A number of guidelines (AS 4482.1, 2005; AS 4482.2, 1999; NEPC 1999 and
state/territory based guidelines and technical notes) outline a best practice framework
for the assessment of contaminated land in Australia with an exhaustive resource of
international guidance also available. All investigative and sampling activities should be
supported by suitable site-specific sampling, analysis and quality plans which will be
centred upon specific data quality objectives. Site characterisation should provide
comprehensive information and ought to take into account seasonal and long-term
variations where appropriate.
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The extent of data to be collected during site characterisation that was introduced in
Section 2 will be governed by several factors (Carey et al. 2002), which include:
•

the level of uncertainty, or unpredictable nature, associated with some of the
parameters under investigation (such as contaminant behaviour)

•

the level of assurance that is required in the collected data. This will be influenced
by both the risks and sensitivities associated with the site, which in turn will be
driven by input from project stakeholders, and

•

cost benefits analysis (will the costs associated with additional characterisation
provide benefits during PRB design and implementation by reducing
uncertainties?).

3.3 Site characterisation assessment
This section provides guidance on site characterisation requirements needed for
successful PRB design and emplacement. Table 3 to Table 7 provide an outline of data
requirements, associated data quality objectives and potential data sources. It is noted
that Table 3 to Table 7 are not exhaustive, and further project specific information may
also need to be considered by the project stakeholders. Appendix D, which is sourced
entirely from Carey et al. (2002), also provides useful examples of scoping calculations
that can be used during the assessment stages (in addition to during the later design
stage). Scoping calculations can assist in establishing critical data requirements during
the assessment stage, and may also assist in identifying data gaps in the suite of data
that have already been collected.

3.3.1 Site setting
An appraisal of the site setting is important to identify potential constraints which may
affect the construction of a PRB. The presence of above ground structures such as
buildings or overhead utilities may impact upon the movement or access of
construction equipment and the positioning of the PRB. Underground obstructions such
as large-scale utilities can also impact upon aspects of the PRB design, construction
and location, and must be carefully considered. As a guide, Table 3 provides a
summary of information for consideration when characterising the site setting.

3.3.2 Surrounding land use
When assessing onsite conditions, consideration should also be given to past, present
and future surrounding land uses. Review of available information including (but not
limited to) site plans, historical records, development plans and public registers should
be considered to ensure activities on surrounding lands will not impact upon the
subsurface regime at a site. Contaminative activities, both past and present, on
adjacent properties have the potential to impact upon a site. Unsewered areas and
some agricultural lands, for example, may display elevated nitrate concentrations
which can reduce the longevity of ZVI reactive media. The sawdust portion of the dualmedia PRB installed in Bellevue, WA prevents nitrate from reducing the long-term
effectiveness of the ZVI.
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Table 3. Site setting characterisation.

Details

Data quality
objective

Site grid reference and
details of site boundary,
street address and Lot and
Deposited Plan/ Folio details.

Used to prepare PRB
plans and
specifications.

Topography

Surface levels and variation
in levels across the site.

May influence
construction technique
selection. Used to
prepare PRB plans
and specifications.

Infrastructure
(surface and
subsurface)

Buildings, active route-ways,
overhead and buried utilities.

Influences PRB type,
configuration,
orientation, location.

Site history

Former land uses including
historical activities that may
have contributed to potential
contamination. Records of
historical pollution incidents.

Used in the
identification of
suitable remedial
approaches.

Present and
future land
uses

Including site layouts,
development plans and
potential future access
issues associated with future
buildings or route-ways.

Used to prepare PRB
plans and
specifications. May
influence PRB type,
configuration,
orientation, location.

Surface water bodies,
groundwater, ecological
receptors, human receptors.

Used in the
identification of
suitable remedial
approaches. Used to
prepare PRB
specifications.

Bore abstraction licences,
discharge consents, public
notices.

Used in the
identification of
suitable remedial
approaches. Used to
prepare PRB
specifications.

Aspect
Site location
and extent

Sensitive
receptors

Groundwater
use

Potential data
sources
• Land titles office
• Site plans
• Geoscience
Australia
topographic maps
• State/Territory
records office,
libraries and
agencies
• Site survey plans
• Site utility plans
and Dial Before
You Dig records
• Public registers
• Underground
service surveyor
records
• Historical aerial
photographs
• Historical survey
maps.
• Past and present
site staff/owner(s)
• Development
plans/applications
• Hydrogeological
plans and
memoirs
• Ecological
reports.

Source: Carey et al. (2002); Gavaskar et al. (2000); NEPC (1999).

Adjacent land uses may not be identified as potential contamination sources, however
nearby groundwater abstraction or discharge to groundwater, for example, can also
potentially significantly impact upon the wider hydrogeological regime of an area and
should be noted. As far as possible, these factors should be identified, evaluated and
considered for PRB design and emplacement.

3.3.3 Geological conditions
Understanding the geological conditions at a site is of importance, as stratigraphic
features and geological characteristics can significantly influence PRB design and
emplacement. Geological features affect groundwater movement, contaminant
migration and construction options. Geological characterisation should also include
geotechnical assessment.
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Geotechnical properties are critical in establishing the ability of the PRB to sustain its
structural integrity during construction (for example, is a trench box required to hold the
excavation open while the reactive materials are emplaced?) and throughout its design
life (ITRC 2005). The engagement of qualified geotechnical consultants is
recommended for detailed geotechnical assessment.
The geological characterisation also provides soil geochemistry data that can influence
the practitioners’ understanding of contaminant fate and transport, the CSM, and the
ultimate identification of suitable remedial approaches. Assessing the interaction of site
soils with the site contaminants and potential reactive media is a critical element of the
PRB design process. For example, facilitating the formation of reducing conditions to
dechlorinate chlorinated ethenes may mobilise metals that are naturally prevalent in the
geologic formation. This secondary process would have to be considered when
selecting the location of a PRB relative to downgradient receptors. As a guide, Table 4
provides a summary of information for consideration when characterising geological
conditions.

Table 4. Geological characterisation.
Aspect

Details

Solid geology
– site-specific
and regional

Lithology, mineralogy, stratigraphy
including geometry of geological
horizons, heterogeneity, structural
features including faults or fissures.

Soil landscape/
drift geology –
site-specific
and regional

Soil composition and mineralogy,
stratigraphy including geometry of
horizons and structural features,
heterogeneity.

Geological
influence on
contaminant
migration

Mineralogy (e.g. clay content, CaCO3),
fraction organic carbon (foc), cation
exchange capacity, bulk density,
moisture content (MC), grain size
distribution, permeability, porosity,
fracture or fault dimensions.

Geotechnical

Geotechnical properties of geological
horizons (e.g. MC, heave potential,
grain size and distribution, density,
consolidation, strength parameters,
cohesion properties).

Data quality
objective
Influences
understanding of
contaminant fate
and transport and
the identification
of suitable
remedial
approaches.
Used to prepare
PRB
specifications.

Influences
assessment of
constructability
and design of
potential PRBs.
Used to prepare
PRB
specifications.

Potential data
sources
• Geoscience
Australia
geological maps
• State/Territory
Geological
Surveys
• State/Territory
records office and
agencies
• Geological
memoirs
• Borehole records
• Site investigation
data
• Soil landscape
maps
• Soil landscape
memoirs
• Laboratory data
• Literature.

3.3.4 Hydrogeological conditions
Design and construction of a successful PRB system is dependent upon having a
detailed understanding of the hydrogeological regime at a site. Therefore, early
characterisation of the aquifer properties and groundwater behaviour is critical in order
to ensure the PRB is appropriately sized, configured, located, orientated and
constructed.
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The location and frequency of investigation locations for characterisation will be
influenced by regulatory requirements, project funding and the availability of existing
relevant and reliable site-specific information. Investigation design should be based
upon the judgement of the professionals engaged on the project, with regulatory
consultation in order to ensure that all regulatory requirements are met. The greater the
uncertainties that exist, the greater the number of investigation locations that are
required to establish site conditions.
Information that must be collected includes groundwater flow information, aquifer
properties and surface water interactions. When assessing hydrogeological conditions
at a site, it is important to consider and understand long-term and seasonal variations.
These can impact upon many hydrogeological parameters such as flow direction and
flux. Where possible, the collection of multiple datasets over an extended time period
provides an added level of certainty so as to ensure the PRB system is designed to
accommodate potential variations during its operational life. As discussed in Section
3.3.2, it is important to consider surrounding land use activities. Offsite regional and
local aquifer management and groundwater resource uses – in particular, large
pumping systems associated with water supply wells or other remediation systems –
can impact upon groundwater flow direction and velocity, which in turn can alter the
effectiveness of a PRB system. For example, PRB technologies that are highly
sensitive to residence time within a relatively narrow treatment zone can be adversely
impacted by fluctuating groundwater velocities. If the presence of fluctuating
groundwater velocities is known in advance, the PRB can be designed for the highest
potential groundwater velocity (possibly leading to increased costs). However, if the
fluctuations are identified after construction, some of the passive PRB technologies
may be inadequate and might require replacement, upgrading, or expanding (which is
likely to lead to even greater costs).
As a guide, Table 5 provides a summary of information for consideration when
characterising hydrogeological conditions.
Perhaps most importantly, an accurate understanding of the flow velocity is essential
for successful design, application and interpretation of performance monitoring data
following emplacement. As indicated previously and discussed further in Section 4.4,
the groundwater velocity is paired with the required PRB residence time (based
primarily on contaminant-media reaction kinetics) to calculate the flow-through
thickness of the PRB. Long-term treatment objectives will not likely be met with a PRB
that is too thin. The groundwater velocity also provides an indication when treated
groundwater will reach downgradient monitoring wells; as a result, the monitoring
program can be developed to account for the travel time. Groundwater flow can be
measured through the application of Darcy’s Law in conjunction with hydraulic
conductivity measurements, tracer tests (single well or multiple well tests) or through
direct measurement using in-situ flow measurement tools (ITRC 2005; Gavaskar et al.
2000).
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Table 5. Hydrogeological characterisation.

Aspect

Groundwater
- Flow system

Groundwater
-Aquifer
properties

Groundwater
- Other
considerations

Surface water

Details

Data quality objective

Potential data sources

Velocity

With residence time, controls the thickness of reactive zone
and influences the monitoring program strategy

Flow direction

Controls the orientation of the PRB, which must be selected
to maximise plume capture, minimise the risk of by-pass, and
account for seasonal fluctuations

Depth to water table

Influences construction technique and top of reactive zone

Hydraulic gradients (vertical and horizontal)

Component of velocity calculation (horizontal) and indicates
risk of under or overflow (vertical)

Flow mechanism (inter-granular or fissure); preferential
flow paths

Influences selection of PRB type and design

Surface water interactions; aquifer recharge, discharge

Influences PRB configuration, orientation, and location

Stratigraphy, continuity, single or multi-layered;
geological structures (faults, fissures) and their
influence

Heterogeneity of the formation may influence PRB selection
(e.g. uniform distribution of injected amendments may be
challenging in heterogeneous aquifers)

Porosity, grain size, hydraulic conductivity

Component of velocity calculation and may influence
construction elements (e.g. injection well filter pack
specification)

Presence of aquitards (depth to aquitard, thickness,
continuity, competence)

Influences construction technique and bottom of reactive
zone

Thickness and effective thickness, mixing depth

Influences height of PRB

Groundwater abstraction or injection locations, aquifer
management (past, present or future), tidal influences,
artificial influences such as mining, utility conduits

Influences PRB configuration, orientation, location. May also
influence PRB thickness depending on the nature of the
external hydraulic influence

Drainage, flow, catchments, water quality, run-off and
infiltration, groundwater and surface water interactions,
abstractions and discharges

Influences PRB configuration, orientation, location. May also
influence PRB thickness depending on the nature of the
external hydraulic influence

• Geoscience
Australia
hydrogeological map
• State/Territory
records office and
agencies
• State/Territory water
resource agencies
• Local
hydrogeological
maps
• Hydrogeological
literature
• Site plans
• Public registers
• Topographic maps
• Meteorological
records
• Site investigation
data including
- Boring logs
- Temporal
groundwater
monitoring data
- Field tests
including slug
tests, falling head
tests, and pumping
tests

Source: Carey et al (2002); ITRC (1999); ITRC (2005); NEPC (1999).
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3.3.5 Groundwater chemistry and kinetics
An understanding of groundwater chemistry will provide information on the potential
suitability of alternative reactive materials, perspective on the anticipated longevity of
the PRB system, and allow assessment of the performance of the PRB following
construction. Knowledge of groundwater chemistry (in particular, inorganic
constituents) is essential for predicting performance of the PRB materials and potential
demands placed upon the reactive material during operation. A guide to geochemical
constituents that should be considered when assessing groundwater chemistry is
included within Table 6.
Table 6. Geochemical data requirements.

Aspect
Groundwater
quality

Groundwater
chemistry

Details

Data quality objective

Background
groundwater quality

Provides comparison to data
collected within and
downgradient of treatment
zone.

pH, redox potential, and
dissolved oxygen

Influences biological process
and is used to assess whether
conditions at the site are
conducive to formation of
inorganic precipitates in the
presence of a reactive
medium.

Potential
data sources

Laboratory
data

Temperature

Impacts reaction rates.

Salinity

Key parameter for PRBs
considered for marine
environments.

Site
investigation
Monitoring.

Microbiology (lipids,
DNA, bacteria cultures)

For biological based PRBs, it
is critical to assess whether
specific populations are
present in the aquifer or can
be introduced and sustained.

Cations (e.g. iron,
manganese, calcium,
magnesium, and
aluminium)
Anions (e.g. sulfate,
nitrate, phosphate,
chloride, fluoride, NO3-,
NO2-, Fe3+, Fe2+, SO42-,
S2-, CO2, CH4, H2O, H2).
Alkalinity (carbonate
species)

Geochemical species that may
potentially react with the
reductive media or may
compete/interfere with the
target contaminants.
Geochemical modelling can be
used to determine the types of
reactions and products that
may be expected when
groundwater contacts the
reactive medium.

Important to
note longterm and
seasonal
variations.

Source: Carey et al (2002); Gavaskar et al (2000); ITRC (2005).

Field parameters (for example geochemical parameters that can be measured in the
field) should be measured at appropriate monitoring wells over a period of time to
evaluate seasonal variations and establish baseline parameters for a site. These
parameters can often vary with depth within an aquifer; therefore, collection of discrete
measurements throughout the aquifer provides a depth profile for these parameters.
This can be beneficial in estimating potential variations in the treatment zone over time.
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Calibrated and appropriate down-hole or ex-situ probes should be used to ensure
accurate and representative values are obtained.
Groundwater samples should be collected from suitable monitoring wells for laboratory
analysis to assess the presence of chemical species that may react in conditions
created by the reactive material. Geochemical modelling can be utilised to understand
the types of reactions and potential products that may be formed in the presence of a
reactive material (see Section 4.6).
Geochemical data collected during site characterisation can provide valuable
information for reactive media selection and PRB design. In some cases, the presence
of electron acceptors such as DO, nitrate, bioavailable iron, and sulfate can adversely
impact the long-term performance or cost-effectiveness of the PRB. Nitrate, for
example, ‘consumes’ reactive sites on iron surfaces, which over time ‘passivates’ or
‘deactivates’ the iron-based reactive media with respect to VOC degradation (nitrate
passivation rates can be estimated from a column study – discussed in detail in Section
4.3). Field-scale designs need to consider influent nitrate flux so the PRB thickness can
be adjusted (increased) to allow for passivation of the upgradient portion of the iron
over time, or alternatively a sequenced PRB can be considered similar to that installed
in Bellevue, WA. Consideration to geochemical conditions is equally important to noniron based reactive materials. For a ‘biological’ PRB (often referred to as a biobarrier or
biowall) that uses biodegradation to treat contaminants as they pass through the
treatment zone, the activity of nitrate- and sulfate-reducing bacteria may necessitate
extra substrate to maintain adequate VOC reducing conditions (AFCEE 2008).
As groundwater passes through the reactive media or zone, geochemical conditions
may alter; this will vary depending upon the overall groundwater chemistry and the
contaminants being treated. For instance, changes to geochemical conditions within a
ZVI PRB can result in precipitation of inorganics onto the reactant surfaces. This may
potentially reduce reactivity and/or permeability of the reactive material with time
(Reinsch et al. 2010; Bi et al. 2009; Gu et al. 1999). Field parameters including pH,
temperature, redox potential and DO can provide information on PRB longevity, and
whether site conditions are favourable for the formation of inorganic precipitates in the
presence of ZVI (Gavaskar et al. 2000).
Assessment of microbial populations should also be undertaken, as this can influence
the type of PRB system proposed. An understanding of microbial populations, and their
interaction with groundwater contaminants and the reactive material, can assist in
establishing the potential beneficial or detrimental impacts the microbes may have on
the remediation system. The suitability of a biobarrier may depend on the presence of
an appropriate community of methanogens, sulfate-reducing bacteria or dechlorinating
bacteria (for example, dehalococcoides [DHC]) and the potential to stimulate microbial
growth and activity. For non-biological treatment processes, such as ZVI, the presence
of microbial populations can further enhance degradation of the target contaminants
(Phillips et al. 2010; Van Nooten et al. 2007; Stening et al. 2008). This enhanced
degradation may occur within or downgradient of the PRB system, noting that native
microbes can often be responsible for natural attenuation processes. Alternatively,
undesirable impacts include biofouling, which can lead to the loss of reactive zone
permeability. Further discussion on monitoring of geochemical parameters including
the assessment of microbial populations is provided in Section 6.7, while potential
mitigation measures in response to biofouling are discussed further in Section 7.
CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

33

3.3.6 Contaminant characteristics and distribution
An understanding of the extent and type of contamination is critical for successful PRB
design and implementation. Some information relating to the contaminant
characteristics and distribution may be available from the site characterisation activities
undertaken as part of the feasibility screening stage, however, data gaps may exist and
additional information will need to be collected. Thorough characterisation of the
contaminant concentrations, distribution, extent and behaviour over time is required.
This data will ensure that the PRB is designed appropriately and that the reactive
material specifications, PRB dimensions and location are adequate for effective
treatment. A detailed understanding of the plume behaviour is necessary to ensure the
barrier’s design accounts for contaminant concentrations that reach it over the course
of the groundwater treatment. As a guide, Table 7 provides a summary of information
for consideration when characterising contamination and its distribution.

Table 7. Contaminant characterisation.

Aspect

Details

Contaminant
source
information

Volume of pollutant released, frequency
and duration of contamination event(s),
location(s) and release method(s), nature
of source (declining, continuous).

Contaminant
characteristic
s and
properties

Inventory of contaminants and
contaminant phase (solid, free,
dissolved, sorbed), plume distribution
(vadose, unsaturated or saturated
zones; vertical and lateral) and
corresponding concentration, variations
in plume shape and direction with time
(e.g. influences from attenuation, mixing
with other plumes, recharge),
degradation characteristics, properties
including solubility, density, partition
coefficient.

Contaminant
migration

Contaminant
behaviour

Porosity (intergranular/dual), fracture
flow, influence of topography and
geological profile (lithological or
structural), impact from preferential flow
paths via drainage systems, foundations,
boreholes, density-driven flow.
Plume behaviour (shrinking, stable,
expanding, recharge or hydraulic
gradient), concentration variations
(seasonal, long-term), processes
impacting transport (advection,
dispersion, sorption, degradation, and
volatilisation), breakdown products,
reactions or competition between
contaminants, influence of geochemical
environment (e.g. pH on metal mobility),
natural attenuation processes, impact of
future changes on contaminant (e.g.
effect of remedial activities).

Data quality
objective

Potential data
sources

Site plans and
records
State/Territory
records office
and agencies
Influences
understanding
of
contaminant
fate and
transport
and the
identification
of suitable
remedial
approaches.
Also
influences
PRB design
including
configuration,
orientation,
and location.

Public registers
Site investigation
data
Contaminant
industry profiles
Laboratory
analysis
Laboratory
experiments
Literature
Geological
memoirs
Microbial studies
Observed
changes in
contaminant
concentrations
(secondary
breakdown
products
evident).

Source: Carey et al. (2002); ITRC (2005).
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Sampling at discrete depth intervals allows more thorough contaminant plume
delineation, thus providing a three dimensional appreciation of the groundwater
contamination to be remediated. It is important to consider that although geological
conditions may appear to be homogeneous in nature on a given site, heterogeneities
are likely to be present and should be understood. Contaminant concentrations may
vary both laterally and vertically due to multiple contaminant sources or preferential
pathways. Isopleths maps of contaminant concentration are commonly used for
collating data, understanding plume distribution and planning the positioning of the
PRB location.
Predicting changes in plume behaviour over time is difficult and cannot necessarily be
estimated by site characterisation data. However, with the incorporation of suitable
factors of safety during PRB design (Gavaskar et al. 2000), the remediation system
should be capable of performing efficiently for a range of potential plume behaviour
scenarios.
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4. Design selection and optimisation
Upon completion of thorough site characterisation, and agreement amongst project
stakeholders that PRB technology is the preferred remedial approach to achieve the
remediation objectives at a site, the design process is initiated. This section provides
guidance on the design and optimisation of a PRB. It is intended to assist with the
transition from concept to implementation by describing the overall design process and
provide discussion on the key components of a PRB design including treatment
process and media selection, treatability studies, residence time, PRB configuration,
modelling and media longevity.

4.1 Overview of design process
As introduced previously, the primary functions of a PRB are to intercept contaminated
groundwater and provide adequate residence time within the reactive zone to reduce
contaminant concentrations to the desired effluent concentrations, while minimising
long-term O&M costs (including the costs to rehabilitate or replace the media). The
three primary elements that comprise the design, and directly influence the ability of a
PRB to meet its primary functions, include reaction kinetics, hydraulics/hydrogeology,
and site geochemistry. In summary:
•

The reaction kinetics (that is, the nature and rate of interactions between the
contaminants and reactive media) influence media selection and how thick the
PRB needs to be to meet treatment objectives. Depending on site geochemistry
and contaminants, the reaction rates can be based on literature values or can be
derived using laboratory bench or pilot-scale treatability tests. Media selection,
reaction kinetics derivation, residence times and media longevity are all discussed
in further detail within this section.

•

The site hydraulics/hydrogeology affects the positioning of the PRB within a site,
and its configuration, depth, orientation, and construction method, and also
influences the PRB thickness.

•

The site geochemistry also influences media selection and PRB thickness but
perhaps more importantly, it can influence the lifespan of the PRB as high
concentrations of secondary contaminants (for example, nitrates, sulfates,
dissolved organic carbon, and other inorganic constituents) may prematurely
consume, passivate or occlude the reactive media.

As shown in Figure 7, and discussed throughout Section 4, these elements are
integrated into the PRB design. Once the thickness, orientation, depth, and longevity of
the proposed PRB have been estimated based on desktop, laboratory, and/or field
assessments, then construction techniques – which are introduced in this section and
further detailed in Section 5 – are considered in order to complete a final practicability
and cost assessment of the PRB. Upon stakeholder approval, the implementation
process (which will include development of plans and specifications, construction
quality assurance plans, and O&M and long-term groundwater monitoring plans) will be
initiated.
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Figure 7. PRB design process.

4.2 Treatment process and reactive media selection
Following completion of site characterisation activities, the next step in the design
process is to identify the reactive medium for the PRB. The medium selection is
typically driven by the following factors:
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Contaminant compatibility and reactivity
The reactive medium needs to be able to degrade, destroy, or immobilise the
contaminant(s) within the reactive zone of the PRB. Table 8 shows which reactive
media types are candidates for treating various types of contaminants (this is not an
exhaustive list in acknowledgement of continuing research in this subject). For
example, ZVI is appropriate for halogenated ethenes but will not be effective for
petroleum hydrocarbons. Oxygen (air) and oxygen releasing compounds (ORC) are
suitable for treating petroleum hydrocarbons but are not suitable for inorganics.
Table 8. Examples of reactive materials used in PRBs.

Treatment material
categories

Example materials

Example constituents treated

Metal-enhanced
reduction for organic
compounds

Zero-valent metals (Fe)

Halogenated ethenes, ethanes,
methanes, and propanes;
halogenated pesticides;,
freons; nitrobenzene.

Metal-enhanced
reduction for metal
contaminants

Zero-valent metals (Fe),
basic oxygen, furnace slag,
ferric oxides

Cr, As, Tc, Pb, Cd, Mo, U, Hg, P, Se,
Ni.

Sorption and ionexchange

Zero-valent iron (ZVI),
granular activated carbon
(GAC), apatite (and related
materials), Bauxsol™, zeolite

Chlorinated solvents (some), BTEX,
ammonium ion, 90Sr, 99Tc, U, Mo,
and other exchangeable metals
such as Pb, Cd, Sr, and Cr.

pH control /
neutralisation

Limestone, ZVI.

Cr, Mo, U, acidic water.

Reduction

Sodium dithionite, calcium
polysulfide

Cr, chlorinated ethenes.

Enhancements for
anaerobic
bioremediation

Hydrogen-release
compounds, carbohydrates,
lactate, ZVI, compost, peat,
sawdust, emulsified
vegetable oil, acetate,
humate, EHC®, emulsified
zero-valent iron (EZVI)

Chlorinated ethenes and ethanes,
nitrate, sulfate, perchlorate,
energetics, RDX, TNT,
polyaromatic hydrocarbons, metals,
petroleum hydrocarbons.

Enhancements for
aerobic bioremediation

Air, oxygen, and oxygen
release compounds (ORC)

Polyaromatic and petroleum
hydrocarbons.

Volatilisation or
oxidation via sparging

Air

Halogenated ethenes, petroleum
hydrocarbons, other VOCs.

Source: ITRC (2005).

Stability or durability
One of the key benefits of a PRB is that a properly designed system may effectively
treat the contaminants for a long time (up to decades) with minimal maintenance. As
such, the reactive medium must be selected (and sized) to be able to achieve longterm performance with the site geochemistry. Alternatively, costs need to be included
to rejuvenate or replace the reactive material after a period of time. Reactive material
longevity is discussed further in Section 4.7.
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Availability and cost
If multiple reactive materials or treatment processes are appropriate for the site
contaminant (that is, they will all meet treatment objectives), and then their relative
availability and/or cost may become the differentiator in the design process.
Hydraulic performance
The initial and long-term permeability of the reactive material should be considered
during the design process to allow groundwater to flow through the PRB under natural
gradients. The permeability of the media should be higher than the native formation to
reduce the risk of bypass around the PRB. The particle size and reactivity of the
material and site geochemistry factor into the long-term hydraulic performance of the
system. In many cases, the PRB design for reactive materials installed in a trench
balances the following factors:
•

Particle size ― relatively smaller grain size media (for example, nano-scale ZVI,
which has a nominal diameter that is less than 10 microns) typically have higher
specific surface areas; as a result, they are more reactive than larger particles but
may be more susceptible to long-term clogging issues or may become inert
sooner.

•

Permeability ― relatively larger grain size media (for example, granular iron, which
has a nominal diameter that is more than 300 microns) typically have higher
permeabilities and may be less susceptible to long-term clogging, but may be less
reactive than their smaller counterparts.

•

Hydraulic performance for injected reactive materials must also be considered
during the design of the PRB and this may be one of the variables assessed during
the field trial process. Hydraulic performance can also be evaluated using
hydraulic models, which are discussed further in Section 4.6.

Environmental compatibility
As discussed in Section 2 and 3, the treatment process should not introduce harmful
by-products into the downgradient environment, or trigger adverse chemical reactions
within the subsurface environment that will result in groundwater quality degradation.
For example, incomplete transformation of TCE within an undersized ZVI PRB could
result in the formation of vinyl chloride. Waste management of residuals, including
unused reactive material or excavated native materials, must also be considered during
the selection process.
Construction method
Ultimately, the reactive material needs to be installed within the target treatment zone
to be effective. As discussed in Section 5, there are a number of construction methods
ranging from standard excavation with a wheeled or track-mounted excavator to
pneumatic fracturing and injection. The construction methods have depth, production,
and media limitations that must be considered during the PRB design. Example PRB
approaches and construction methods are listed in Table 9; construction details are
provided in Section 5. With these factors in mind, the project stakeholders have the
ability to choose from a wide range of treatment processes (and construction methods)
to apply within PRBs for their site. Depending on site conditions and contaminant
combinations, multiple sequential processes may be used as previously discussed in
brief in Section 2.7.3. The media presented in Table 8 are aligned with the following
treatment processes.
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Table 9. Examples of PRB approaches and construction techniques.

Approach

Metal-enhanced reductive
dechlorination for organic
compounds

Common techniques (typical material)

Depth limitations

Continuous trencher (granular ZVI)

15 m

Excavation/trench (granular ZVI)

25 m

Drilled columns (granular ZVI)

40 m

Pneumatic fracturing (micro-scale ZVI, EHC)
Hydraulic fracturing (micro-scale ZVI, EHC)

> 40 m

Injection (L-EHC, nano-scale ZVI, EZVI)
Anaerobic bioremediation
(enhanced reductive
dechlorination)

Continuous trencher (solid organic media)

10 m

Excavation/trench (solid organic media)

25 m

Injection wells

> 40 m

Volatilisation or oxidation via
sparging

Aeration trench

25 m

Injection wells

> 40 m

4.2.1 Metal-enhanced reduction
In the presence of zero-valent metals (most common is iron); dissolved chlorinated
hydrocarbons degrade to nontoxic end products. This abiotic process involves
corrosion (oxidation) of the metal and dehalogenation of dissolved chlorinated
hydrocarbons. The process induces highly reducing conditions that cause substitution
of chlorine (or other halogen) atoms by hydrogen in the structure of the targeted
compound. PRBs utilising metal-enhanced reductive dechlorination treatment
processes for organic compounds have been trialled and implemented in Australia (see
Appendix B). In 2010, a full-scale ZVI PRB was constructed in Bellevue, WA to
intercept and treat chlorinated hydrocarbons (TCE) and brominated hydrocarbons,
while a ZVI pilot-scale PRB was effectively implemented for the reductive treatment of
dissolved-phase chlorinated hydrocarbons at Botany, NSW in 1999 (Stening et al.
2002). Reductive dehalogenation reactions can generally be divided into two
categories: β-elimination and hydrogenolysis. Figure 8 shows the two primary
degradation pathways for chlorinated ethenes in the presence of ZVI.

Figure 8. Reaction pathways for degradation of chlorinated ethenes with granular iron (ITRC 2005).
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The β-elimination pathway (in which two substitutes [halides] from a pair of adjacent
molecules are released) dominates the reaction, and essentially results in the rapid
production of ethene by producing unstable chloroacetylene intermediates that rapidly
reduce to ethene (ITRC 2005). This process essentially skips the production of
daughter products including VC, which commonly has lower treatment goals than its
parent compounds.
The hydrogenolysis pathway (replacement of a halogen by hydrogen) is a slower
reaction in which lesser-chlorinated intermediates are produced and later degraded. In
this case, TCE would sequentially transform to DCE, which would beget VC and
ultimately ethene or ethane. This is often observed in biological-mediated treatment
systems (when a carbon substrate is used to facilitate reductive dechlorination).
ZVI can also be used for treating inorganic contaminants. The strong geochemical
reduction removes metals and metalloids through reductive precipitation on the ZVI
surface, or as co-precipitates with iron oxy-hydroxides. Reducible metals include
chromium and uranium. Other metals that have been shown to be treated via coprecipitation and/or adsorptive processes include arsenic, lead, cadmium,
molybdenum, vanadium, mercury, selenium, nickel, and technetium. The influence of
secondary precipitates on the long-term hydraulic performance of the PRB is discussed
further in Section 4.7. Depending on the application, and as further discussed in
Section 4.5, a variety of iron types can be used to establish a ZVI PRB. These include
granular (>300 microns, which are typically used in trench-based PRBs, micro-scale
(10 to 100 microns), which are commonly used in pneumatic fracturing and other high
pressure applications, and nano-scale (<1 micron), which can be introduced into the
formation via injection wells. Figure 9 shows granular and micro-scale iron particles.

Figure 9. Granular iron (above) and micro-scale (below) (courtesy of CH2M).
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The reactivity of the iron is closely related to particle size (that is, smaller particles yield
faster reaction rates). Inversely, the reactive lives tend to be shorter for the smaller
particles (granular iron lasts more than 10 years, micro-scale iron lasts up to several
years, and nano-scale iron lasts from days to months).

For more information on zero-valent metals:
The Centre for Groundwater Research at the Oregon Graduate Institute School of
Science and Engineering maintains a searchable database of publications on the
chemistry of contaminant reduction with zero-valent metals. For more information,
visit http://cgr.ese.ogi.edu/iron/. This database contains information on reaction
pathways for a variety of chlorinated ethenes, methanes, and ethanes.

4.2.2 Sorption and ion exchange
Reactive materials that rely on adsorption and ion exchange can be used to intercept
plumes with organic and inorganic contaminants (see Table 8). These reactive
materials commonly include granular activated carbon (GAC) and zeolites. These are
natural aluminosilicate minerals or synthetic minerals that have been produced for
various industrial needs and have high ion-exchange capacities. For these materials to
be effective, they must have the following characteristics:
•

sorption capacity that results in infrequent regeneration or replacement, and

•

sufficiently fast sorption kinetics.

Published partition coefficients or retardation factors for the materials and contaminant
combinations can be used to assess the feasibility of the PRB. However, as discussed
further in Section 4.3, laboratory studies are recommended to assess site-specific
viability, and estimate the required thickness of the PRB and potential regeneration or
replacement frequency. Sorption will be dependent on the available active surface area
of the reactive material, and so materials with large internal surface areas in relation to
grain size (for example, zeolites) are often used. In addition, sorption and ion exchange
media may have a shorter longevity in a PRB than materials such as ZVI. Therefore,
the capability to replace these media may be a more important design consideration
than with a ZVI PRB.

4.2.3 pH control and metals precipitation
PRBs can be used to modify the pH of groundwater for the purpose of reducing the
solubility of certain metals, or for conditioning the hydrochemical system to assist with
other treatment processes including bioremediation.
Media such as limestone, lime and other calcium carbonate or hydroxide materials
have also been used to mitigate the effects of acid mine drainage (AMD). As groundwater flows through the limestone (or similar) barrier, the alkalinity and pH increase,
and metals are precipitated from solution. Because an effective barrier will gradually
lose its permeability, the designer will have to consider the relationship between
reactive media permeability and the metal flux through the PRB to estimate the
effective lifespan of the system.
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In the event that the gradual loss of permeability begins to influence site hydraulics, the
PRB will likely have to be replaced with virgin media. In some cases, organic materials
are blended with the limestone to facilitate biological reactions for treating groundwater
with elevated metals concentrations. Some metals including iron, manganese,
aluminium, nickel and chromium can be immobilised through microbial processes, with
the limestone providing the appropriate geochemical conditioning and media to
promote microbial growth. For example, hexavalent chromium can be converted to the
less toxic and less mobile trivalent chromium under biologically-mediated reducing
conditions.
In 2002, a pilot-scale multiple gate PRB was installed in Queensland to reduce fluoride
(and several metals) concentrations in groundwater (see Appendix B). The reactive
component of the PRB comprised gypsum (calcium sulfate), which gradually dissolves
as the groundwater flows through the media. This results in the formation and
precipitation of insoluble calcium fluoride.

For more information on pH control barriers:
For more information on pH control barriers including a description of the use of
pH control barriers and a general methodology for the calculation of the mass of
limestone necessary to treat the influent flow:
•

The Pennsylvania Department of Environmental Protection
(www.dep.state.pa.us/dep)

•

Hedin and Watzlaf (1994), The Effects of Anoxic Limestone Drains on Mine
Water Chemistry.

4.2.4 Reduction
Reduction (redox) barriers are similar to the metal enhanced reductive barriers (ZVI
PRBs) in that they promote the reduction of the targeted contaminants. However, the
distinguishing characteristic is that reduction barriers use amendments (for example,
calcium polysulfide and sodium dithionite) that can be injected using conventional
injection wells or direct push technology (DPT). This process has been used most
frequently to treat hexavalent chromium (Cr [VI]), but can also be used to treat
chlorinated ethenes and other contaminants that are also effectively treated with ZVI
PRBs. After it is injected, calcium polysulfide either reacts directly with the Cr [VI] to
reduce it to less toxic trivalent chromium (Cr [III]), or it reduces naturally-occurring ferric
iron (Fe [III]) to ferrous iron (Fe [II]), which then reduces the contaminants similarly to a
ZVI PRB. Sodium dithionite also converts the Fe (III) to Fe (II) to reduce the target
contaminants. The longevity of these redox systems is a function of the amendment
concentrations, amount of iron and other reducible metals in the formation, and
contaminant concentrations.
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4.2.5 Enhanced bioremediation
As an alternative to the chemical and adsorptive methods discussed, biological
processes that result in contaminant reduction or destruction can be stimulated with a
PRB system.
The most common applications include the introduction of organic carbon or oxygen to
stimulate anaerobic and aerobic degradation (respectively) as groundwater flows
through the amended zones.

For more information on biological PRBs:
•

Biobarriers: Principles and Practices of Enhanced Anaerobic Bioremediation of
Chlorinated Solvents (AFCEE 2004)

•

Biowalls: Technical Protocol for Enhanced Anaerobic Bioremediation using
Permeable Mulch Biowalls and Bioreactors (AFCEE 2008)

•

Biosparging: How to Evaluate Alternative Cleanup Technologies for
Underground Storage Tank Sites ― A Guide for Corrective Action Plan
Reviewers, Chapter 8 (EPA 2004)

Anaerobic biodegradation
Organic carbon can be introduced via trenches (biowalls) or injection points
(biobarriers) to facilitate enhanced reductive dechlorination, metals reduction or
precipitation (for example Cr [VI]), denitrification, sulfate reduction, perchlorate
degradation, and also treat some explosives (2,4,6-trinitrotoluene [TNT], 1,3,5trinitroperhydro-1,3,5-triazine [RDX, or royal demolition explosive], and octahydro1,3,5,7-tetranitro-1,3,5,7-tetrazocine [HMX, or high melting explosive].
Media used in biowalls include organic mulch and compost, wood chips or shavings,
GAC, agricultural waste products, vegetable oil and yard waste. Biowalls are commonly
installed with conventional excavators or continuous trenchers and are restricted to
about 10 m in depth due to construction limitations. Inert media like sand or gravel can
be used to maintain permeability as the organic materials decompose. Perforated or
slotted pipes can also be included to inject substrates when the PRB loses its
effectiveness after a number of years.
Biobarriers include an alignment of injection points (either permanent wells or
DPT points) that are used to inject soluble or slow-release substrates. Commonly,
these substrates include lactate, acetate, methanol, ethanol, molasses, emulsified
vegetable oil, other carbohydrates, and/or a variety of commercial substrates. Injection
frequencies range from weeks to years, depending on the application and the
substrate. In some cases, a recirculation system can be used as well. Unlike the
chemical or adsorptive PRBs, the reactive zone for biowalls and biobarriers can extend
beyond the downgradient side of the trench and should be considered in the design of
the system. Figure 10 illustrates the construction of an organic mulch biowall.
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Figure 10. Construction of an organic mulch biowall for the treatment of perchlorate (courtesy of
US Navy and CH2M).

Aerobic biodegradation
For contaminants that are aerobically degradable, oxygen can be introduced into the
formation to stimulate oxidising conditions. Oxygen can be applied via injection wells
(biosparging) or the use of several commercial slow-release oxygen products (for
example, ORC® and PermeOx®, which are proprietary calcium oxy-hydroxide and
peroxide products, respectively) to treat petroleum hydrocarbons and other aerobically
degradable contaminants. Commonly, an alignment of air injection wells is installed to
create a continuous oxidising barrier. Flow rates are high enough to meet the oxygen
demand, but low enough to minimise volatilisation (see Section 4.2.6). Alternatively,
slow-release oxygen products can be injected using DPT points. These applications
are typically appropriate for smaller plumes and require less O&M than the biosparging
systems; however, re-application(s) are often required to maintain the PRB.

4.2.6 Volatilisation
An aeration curtain, often paired with soil vapour extraction (SVE), can be used as a
PRB to intercept volatile contaminants. Like the biosparging barriers described earlier,
air is injected into an alignment of wells to facilitate the mass transfer of contaminants
from the dissolved-phase to the vapour-phase. In some cases, horizontal directionallydrilled (HDD) wells have been used in lieu of a vertical air sparging well array to deliver
air to the subsurface. Although the unit cost of installation associated with HDD wells is
higher than for vertical wells, HDD wells can offer several advantages:
•

the HDD wells can be installed beneath high traffic areas, minimising the impact to
site operations
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•

the complex network of conveyance piping and control manifolds associated with a
large number of vertical wells would be largely eliminated, thereby significantly
reducing capital and O&M costs, and

•

due to their position at the bottom of the formation, HDD wells can effectively and
uniformly deliver oxygen in relatively thin saturated zones.

Co-located SVE wells (vertical or HDD) then extract the volatilised contaminants and
convey them to an aboveground treatment system (for example GAC or oxidation) as
necessary prior to discharge to the atmosphere.
The number of wells and air injection rate is a function of the volatility of the
contaminant (based on its vapour pressure or Henry’s Constant), groundwater velocity,
saturated thickness, and formation materials. A 450 m full-scale air sparging and SVE
boundary control system has been successfully installed in a fractured basalt aquifer at
a site in Melbourne, Victoria to minimise off-site migration of chlorinated hydrocarbons
in groundwater (Goodwin et al. 2010). In NSW, pilot-tests to establish the potential
effectiveness of air sparging coupled with SVE as a remediation approach for the
treatment of hydrocarbon contamination have been completed at Coramba (WSP
2008).

For more information on volatilisation PRBs:
•

Air Sparging Design Paradigm (Leeson et al, 2002).

•

Air Sparging in Gate Wells in Cutoff Walls and trenches for Control of Plumes of
Volatile Organic Compounds (VOCs) (Pankow et al) 1993.

4.3 Treatability studies
A treatability study is often conducted to select the preferred medium or substrate for
the PRB, and estimate the half-life of the degradation reaction to calculate the required
residence time for the treatment system. In some cases, treatability studies are also
used to evaluate the hydraulic properties of potential reactive material (especially those
that have not been used before) and assess the longevity of the medium. Treatability
studies are typically carried out following the completion of site characterisation
activities, and the identification of one or more potential reactive materials or treatment
processes. Depending on the conceptual PRB approach and site geochemistry, the
treatability study may include laboratory bench-scale testing (using batch or column
studies) and/or field testing, which are discussed in Sections 4.3.1 and 4.3.2,
respectively. The choice to conduct testing in the laboratory and/or in the field is often
based on a number of factors, including the following:
Transferability of the laboratory results to the field
Laboratory testing results for many reactive materials are good predictors of field
performance with respect to half-lives and longevity (Gavaskar et al. 2000). In those
cases, which often include materials that are placed in trenches where placement is
reliable, field trials are not typically required to complete the design process.
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Scalability of the remediation approach
In many cases, the option to conduct field testing is an economic decision. For
example, the cost to implement and evaluate a pilot-scale trench-based ZVI PRB can
be similar in cost to the full-scale system. With strong evidence that laboratory benchscale testing is predictive of ZVI PRB performance (as well as other abiotic treatment
processes), field testing is often bypassed for these applications. Conversely, a
biobarrier using injection wells is readily scalable, as costs are often directly
proportional to the number of injection wells. In other words, a biobarrier field trial that
yields meaningful design data can be relatively small and cost-effective.
Need to assess media/substrate distribution
For processes that rely on injection or other non-excavation emplacement methods,
field trials are often critical for evaluating achievable injection rates and volumes, radius
of influence (ROI), media distribution and in-place concentrations, and other key design
factors.
Nature of treatment process
In some cases, the laboratory setting is not appropriate for testing. For example, if an
air sparging barrier was being considered, there are no suitable laboratory bench-scale
studies that could be conducted to evaluate injection pressures, ROI, and overall
impact to the formation.
Constructability testing
When the PRB requires trenching through potentially unstable soils or unknown fill
materials, an excavator can be used to construct small pilot trenches to the target
depth. Potential construction problems such as flowing sands, unstable sidewalls, and
unknown debris can be discovered before full-scale design and trenching equipment
selection.
When mixtures of contaminants, and/or significantly different geochemical conditions
than those previously tested are present, and/or reactive material mixtures or
sequential zones of treatment are proposed, treatability studies are meaningful and
recommended. It is preferable to use site groundwater and the proposed reactive
material where possible during treatability studies.
For sites with less complex groundwater geochemistry, common contaminants (for
example, TCE) and reactive materials (such as ZVI), treatability studies may not be
required as part of the design process. In those cases, published reaction rates and
media hydraulic properties may be used to design the PRB. The decision to move
directly to full-scale design should include all project stakeholder input, as there is
always some risk that unknown site factors can adversely influence the effectiveness of
a PRB (or any in-situ remedy). Again, bench and/or pilot-scale testing can serve to
mitigate these risks.

4.3.1 Laboratory testing
Laboratory testing typically includes batch and column testing, both of which are
discussed in further detail herein. Careful consideration should be given when selecting
the preferred laboratory to undertake laboratory scale testing. Where possible,
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specialist laboratories (which can include university laboratories) with proven expertise
in treatability studies and appropriate accreditation should be engaged.
Batch testing
Batch treatability studies (see Figure 11) are most suitable for screening candidate
PRB reactive materials. Results obtained using various types of materials give relative
rates that can be useful in selecting the most appropriate material(s) for subsequent
column testing and/or field application.

Figure 11. Batch test bottles (CH2M).

Batch tests are usually faster, cheaper, and simpler to set up than column tests, and
allow rapid comparison of varied parameters on the experimental results (Powell et al.
1995a). These tests can be used to evaluate various commercial media sources, which
may have differing permeabilities, gradation, specific surface areas and/or other trace
inorganic concentrations. Batch tests also allow various field conditions to be tested
including a range of temperatures, pH levels and contaminant concentrations. Batch
testing can be used to assess the performance of a single commercial medium that has
been produced in multiple batches, and may have differing concentrations of traces
metals that could influence reaction kinetics (Birke et al. 2010). Inconsistent
performance of a commercial iron should be factored into the final selection of the
medium. For any batch tests, care should be taken in extrapolating the results to
dynamic flow conditions.
In addition to abiotic processes, batch testing also includes microcosm studies, which
are often used to assess the effectiveness of various substrates to facilitate biological
treatment for a biobarrier or biowall. Unlike the abiotic batch tests, which often just use
site groundwater and the various reactive media, microcosms combine site
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groundwater and soil with various substrates and microorganisms (if biostimulation is
being considered) to identify the most effective substrate, first-order degradation rates
and potential inhibitions.
The overall method for both abiotic and biotic batch testing is similar. Multiple tests
representing the various alternatives (including placebo or ‘no treatment’ tests for
comparison) are set up in small capped bottles. Often, each test includes multiple
replicates to validate the results, or in case any of the bottles are broken or otherwise
compromised. Samples are collected at specific temporal intervals to assess treatment
effectiveness and estimate degradation rates.
Depending on the process, batch tests can be completed within several hours (for
example, ZVI or GAC) or may take several months (for example, biological treatment).
For biotic batch tests, sterilised media may also need to be tested to separate the
effect of biotic processes from abiotic processes.
Column testing
Column tests are more costly and may be more time consuming than batch tests.
However, they are useful in determining contaminant removal rates under conditions
that more closely approximate the operating conditions anticipated in the field.
Laboratory column tests often include sampling of the 10 to 100 cm column profile
and/or influent and effluent to assess changes in contaminant concentrations and the
major ion composition of the water. These data provide information concerning
potential mineral precipitation in the reactive material caused by changing redox
potential and pH conditions, which are also important parameters affecting the removal
of inorganic contaminants in PRBs. Mineral precipitation rates may also impact the
operation and maintenance requirements for VOC removal systems.
After the column is packed with the proposed reactive material, site groundwater is
pumped through the column at a constant velocity that is similar (if feasible) to site
conditions. Where possible, site derived contaminated groundwater as opposed to
synthetic groundwater should be used for treatability studies. Contaminated
groundwater is pumped through the column until a steady-state concentration profile is
achieved (for example concentrations at a point remain relatively constant over time).
For example, this generally occurs after 40 to 100 pore volumes 1 of flow for VOCs in
granular iron, with samples often collected after every 5 to 10 pore volumes.
Concentrations of the major cations, anions, and alkalinity are usually monitored at less
frequent intervals to help predict the potential for mineral precipitation within the
reactive material. If necessary, other chemical parameters relevant to a particular site
can also be measured. Contaminant concentrations are then plotted as a function of
distance along the column. An example plot of TCE degradation is shown in Figure 12.

1

Pore volume is the total column volume minus the media volume.
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Figure 12. Column concentration profile of TCE and its degradation by-products (Gavaskar et al.
2000). The required residence time is indicated by t (not to scale).

With the flow rate and reactive media porosity established, the residence time can be
calculated at each sampling position. The required residence time is the longest time
taken by TCE or its breakdown products (also known as daughter products) to reach
treatment goals; it is often controlled by VC. For ZVI columns, VOC and Cr (VI)
generally follow first-order kinetics as follows:
𝐶𝐶𝑡𝑡 =𝐶𝐶𝑜𝑜 𝑒𝑒 −𝑘𝑘𝑘𝑘

Where:

Ct = contaminant concentration in solution at time t (mg/l)
Co = influent concentration (mg/l)
k = first-order rate constant (1/hour)
t = time (hours)
Once the rate constant for each contaminant is known, the half-life 2 can be calculated.
Table 10 shows the estimated half-lives for various common contaminants using ZVI
and a carbon substrate to promote enhanced reductive dechlorination. The half-lives
reported in Table 10 are for illustration purposes only, and should be confirmed using
site-specific information. Contaminant half-lives may vary depending upon the reactive
media source and also site-specific groundwater chemistry. When comparing half-lives
obtained for the same contaminant in columns with different reactive media, the
reactive medium with the lowest half-life is generally selected, although costs,
availability, sustainability, and other factors also influence the decision.

2

Time required for the effluent concentration to be 50% of the influent concentration or when Ct/Co = 0.5.
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Table 10. Examples half-lives for contaminants commonly treated.

Example half-life using various media
Contaminant

Commercial iron1

Food grade carbohydrate
substrate (e.g. molasses)2

Carbon tetrachloride

0.3 to 0.9 hours

Not available

Tetrachloroethene

2 to 10 hours

Not available

Trichloroethene

1 to 5 hours

17 to 257 days

Cis - 1,2-Dichloroethene

10 to 50 hours

17 to 428 days

Vinyl chloride

5 to 12 hours

39 to 365 days

Source: 1 Normalised to 1 m2 iron surface per ml solution. Gavaskar et al. (2000); 2 AFCEE (2004).

4.3.2 Pilot field trials
As introduced previously, pilot field trials are often employed to validate the laboratory
results in the field, assess field-scale implementability, or evaluate technologies that
are not conducive to laboratory testing. PRBs, or other trenched systems, are not
commonly pilot-tested prior to full-scale implementation. This is primarily because the
laboratory results are typically reliable predictors of field performance and field trials
can be expensive relative to the cost of the full-scale application. Exceptions often
include the following:
•

the proposed construction technique is relatively new or there are concerns about
implementability due to site constraints

•

the full-scale PRB is relatively large (for example, greater than 200 m long);
therefore, a meaningful pilot field trial can be conducted at a cost that is relatively
low compared to the potential full-scale PRB cost, or

•

site hydrogeology or geochemistry are complex and could not be reliably simulated
in the laboratory.

In such cases, the pilot-scale PRB may actually be the first phase of the full-scale
implementation. Following completion of the design, the pilot field trial would be
implemented using the construction methods and monitoring techniques discussed in
Sections 5 and 6, respectively. As discussed in the beginning of Section 4, pilot field
trials are ideal for technologies that are scalable or require an in-situ assessment of
amendment or substrate distribution and effectiveness. These often include PRBs that
use injection technologies to emplace the reactive media in the saturated zone.
Specifically, this includes the following approaches:
•

biobarriers, which use the injection of organic carbon substrates to create a zone
of reducing conditions to facilitate biodegradation of chlorinated compounds or
oxidised metals (for example, Cr [VI])

•

biosparging barriers, which use the injection of air at low flow rates to stimulate
aerobic degradation processes (commonly used for BTEX and other petroleum
hydrocarbons)

•

air sparging barriers, which use the injection of air at high flow rates to volatilise
contaminants as they migrate through the treatment barrier, and
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•

barriers that use pneumatic and hydraulic fracturing to emplace the reactive
materials.
For more information on field trials:
•

Biobarriers: Principles and Practices of Enhanced Anaerobic Bioremediation of
Chlorinated Solvents (AFCEE 2004)

•

Air sparging: Air Sparging Design Paradigm (Battelle, 2002) and Air Sparging in
Gate Wells in Cutoff Walls and trenches for Control of Plumes of Volatile Organic
Compounds (VOCs) (Pankow et al. 1993)

•

Tracer studies and remediation hydraulics: In Situ Remediation Engineering,
Suthersan, SS & Payne, FC 2005, Remediation Hydraulics (Payne et al. 2008).

The pilot field trials would include one or more of the injection wells or points and a
number of monitoring wells to meet some, or all, of the following objectives to help
complete the full-scale design:
•

measure the achievable injection rate and required injection pressures

•

evaluate the ROI and reactive material distribution in the subsurface

•

estimate field abiotic or biotic degradation rates

•

evaluate the distribution and extent of contaminant mass reduction and the
persistence of reactive conditions within the subsurface, and

•

determine full-scale implementability implications.

Field trials can last a few days or a few years, depending on the objectives and the
treatment process. For example, an air sparging field trial may last a few days to
establish flow rates and ROI to evaluate well spacing and complete the design; an
anaerobic biobarrier field trial may last more than a year to allow the micro-organisms
to acclimate and begin degrading the contaminants. Ultimately, the data and
observations collected during the field trials are then integrated in the full-scale design.

4.4 Hydraulic capture zone and residence time
With the reactive medium or media selected and half-life (or degradation rate)
estimated, the next step in the PRB design process is to identify the preliminary PRB
location, length, depth, and width (or thickness) (see Figure 13). Once these are
selected, then the hydraulic and geochemical modelling described in Section 4.6 can
be used to optimise its configuration and orientation.
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Figure 13. PRB geometry (ITRC 2005).

In addition to aboveground site features which may dictate the location of the PRB due
to construction constraints, the PRB location, length, and depth are a function of the
contaminant plume geometry and groundwater flow direction. In the most straightforward scenario, the PRB is located perpendicular to groundwater flow and extends
across the width of the plume (where the plume extent is often defined by the sitespecific remedial goals). As an example, Figure 14 shows the location of a ZVI PRB
that was based on several factors:
•

position of the landfill – the PRB needed to be downgradient of the source

•

topography – the PRB was not installed adjacent to the landfill because of relative
steep slopes)

•

groundwater flow direction –- the PRB accounted for the groundwater flow arc from
the landfill to a nearby river, and

•

groundwater concentrations – the PRB did not span the entire plume because
natural attenuation processes were expected to complement the performance of
the PRB.

The PRB depth is frequently based on the presence of a confining layer, which the
PRB is often keyed into. In some cases, however, where the bottom of the plume is
well above the top of the confining unit, a hanging PRB can be installed to intercept the
target contaminant(s). The depth of a hanging PRB does not extend to the top of the
confining unit (because it is not keyed into the confining unit it is consider ‘hanging’).
Hanging walls require thorough site characterisation to reduce the risk of underflow.
Groundwater modelling, as discussed in Section 4.5.1, is also warranted to
demonstrate plume capture.
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Figure 14. Plan view of PRB layout (Courtesy of CH2M).
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The location and length of a PRB should also consider seasonal fluctuations in
groundwater flow direction, which will have been observed and noted during the site
characterisation activities prior to PRB design. The PRB should be long enough to
capture the contaminant plume, even if the groundwater flow direction shifts tens of
degrees from the average flow direction.
The reactive zone width (or thickness) is based upon the reaction rate or half-life, which
are determined during the desktop analysis, laboratory bench-scale testing, and/or field
trials, and the groundwater flow velocity. Based on first-order kinetics, which often
govern ZVI PRB and biological systems, the following equation can be used to
estimate the thickness of the PRB:
z

=

z

=
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Z = PRB thickness
K = hydraulic conductivity of the reactive media or zone (m/day)
i = hydraulic gradient through the reactive media or zone
n = porosity of the reactive media or zone
Ct = contaminant concentration in solution at time t (mg/l)
Co = influent concentration (mg/l)
k = first-order rate constant (d-1)
SF = safety factor
A thorough site characterisation and well-understood CSM can minimise the need for
a safety factor. However, in some cases, a number of site parameters including influent
concentration, hydraulic gradient, groundwater flow direction, temperature, and
hydraulic conductivity may vary over the lifespan of the PRB. These uncertainties may
require that the PRB be longer or thicker to ensure that the residence time and capture
zone is adequate to meet treatment goals over the lifespan of the PRB. For example,
the influent concentration may fluctuate as high concentrations migrate toward the
PRB, or seasonal water levels intercept a layer of LNAPL in the smear zone. Further,
temperature variations must be considered in the design as colder temperatures often
slow the rate of abiotic and biotic reaction kinetics (Gavaskar et al. 2000).
The exact value of the safety factor depends on the judgement of the practitioner, sitespecific risk tolerance, thoroughness of the site characterisation, and overall complexity
of the site geochemistry and hydrogeology. This factor can be minimised with hydraulic
and geochemical modelling (see Section 4.6) or by using a probabilistic design method
(rather than deterministic, which typically uses average or maximum values for the
input variables), which is discussed further in Section 4.8.
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4.5 System type and configuration
With the treatment process identified and the dimensions of the reactive zone
calculated, the type and configuration of the PRB can be selected. As introduced in
Section 2, there are three primary types of PRBs: continuous, funnel and gate, and
reactive vessels. The basis for and objective of each of these methods are discussed
below; specific construction techniques are discussed in Section 5. Choosing the type
and configuration is often a function of the following:
•

media type

•

required PRB depth and thickness

•

geology and lithology

•

dewatering and soil disposal costs

•

health and safety considerations

•

site constraints

•

frequency tolerance for re-injections or re-applications, and

•

presence of contaminants with differing treatment needs.
4.5.1 Continuous reactive barrier

As shown previously in figure 14 a continuous PRB is installed to intersect the entire
width and depth of the contaminant plume. The primary objective of the continuous
PRB is to have relatively minimal influence on the natural groundwater flow at the site.
As such, groundwater flows through the reactive zone under its natural gradient and
velocity. The groundwater flow velocity through the PRB will be very similar to the
velocity in the aquifer. As long as the hydraulic conductivity of the reactive zone is
higher than the formation, the groundwater should not flow around or underneath the
barrier. Unlike the funnel and gate system, which alters the natural groundwater flow,
the thickness of a continuous PRB is determined as described in Section 4.4.
Because they do not impact natural groundwater flow, continuous PRBs are often
preferred over funnel and gates and reactive vessels. They are often used when
groundwater flow and plume geometry is well understood and relatively consistent.
Continuous PRBs are also used when there are no significant construction constraints,
since some of the construction methods require enough room for soil stockpiles,
support vehicles, media storage, and other components. They can be installed using
the following trench-based or other soil removal methods (specific construction
techniques are discussed in Section 5), which replace formation material with the
selected medium:
Excavated trenches with no sidewall support during installation
Depending on the geology, groundwater table elevation, and required depth of the
reactive zone, trenches without any stabilisation can be used for PRBs that are 7 to 10
m deep. A geotechnical engineer should be consulted to determine whether trench
construction without side wall support is feasible for specific installations.
Excavated trenches with sidewall support
This may include trench boxes, driven sheet piles, or biopolymer slurry.
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Trenches using biopolymer slurry for sidewall support can be 25 to 30 m deep
depending on lithology, trench width and availability of suitable excavation equipment.
One-pass or continuous trenchers
These can be used to simultaneously excavate native material and backfill with the
reactive medium. These have been used to construct PRBs to about 15 m depth.
Non excavation methods including deep soil mixing, caissons, vibrating beams,
and jet grouting.
These relatively innovative methods are used less frequently than the conventional
excavation methods but still replace formation materials with the selected media.
Depending on site characteristics, these methods allow the PRB to be installed deeper
than the conventional excavation approaches but are often more expensive and have
slower production rates.
The trench-based or other soil removal methods are typically used when installing
solid, relatively large-grained reactive materials including, but not limited to: granular
ZVI; limestone; organic mulch; GAC; zeolite; and EHC® (or other commercial media).
In cases where the standard width of trenching equipment does not provide enough
residence time, multiple parallel trenches can be installed to provide the required
residence time. In cases when the width of trench is larger than the required residence
time, then an inert media like sand or gravel can be added to the medium as a bulking
agent. For example, if 0.25 m of ZVI is required to treat a chlorinated ethene plume and
the trench width is 0.5 m, then the reactive media backfill would be 50% sand and 50%
ZVI. The best practice is to use an inert material that has a similar grain size profile to
the reactive media, so that flow through the blended matrix is consistent and serves to
maintain relatively high permeability. As an example, Figure 15 shows grain size
distributions for a range of ZVI materials.

Figure 15. Grain size distribution for a range of ZVI materials including micro-scale (H200) and
granular (CC materials) (Courtesy of ETI).
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For ZVI PRBs, EnviroMetal Technology Inc. (ETI), the former 3 ZVI PRB patent holder,
recommends that the percentage of ZVI is no less than 20% of volume of the PRB.
However, others have suggested that higher percentages of ZVI relative to the bulking
agent result in better performance (Bi et al. 2009). Alternatively, for smaller-grained
media, liquids, and gases, the following approaches can be used in lieu of trenching.
These do not require formation materials to be removed and managed (except for
drilling cuttings):
Injection using temporary points
This relatively broad category commonly includes injection using direct push
technology (DPT) or pneumatic and hydraulic fracturing. For this approach, a series of
injection locations would be positioned along the PRB alignment to amend the
geological formation within the entire contaminant plume cross-section. The number of
injection locations would be controlled by the ROI (perhaps determined during a field
trial) and the size of the reaction zone in the direction of groundwater flow. In some
cases, the media – which commonly include micro- and nano-scale iron, carbon
substrates (typically slow-release so that re-injections are relatively infrequent), EHC®,
and slow-release oxygen compounds – would be installed in multiple rows,
perpendicular to groundwater flow to create an adequate treatment zone.
Injection using permanent wells
Permanent injection wells are typically used for air sparging barriers, biosparging
barriers and biobarriers. Unlike temporary injection points, permanent injection wells
allow for both continuous and batch applications and can also be used for recirculation
when more soluble substrates are desired. Injection-based PRBs have fewer depth
limitations than trench-based PRBs, and are more flexible when considering
aboveground site constraints. While temporary injection points offer the most flexibility,
PRBs that have shorter life spans are often created because small-grained media or
soluble substrates do not last as long as trench-based media. Regardless of the
construction technique, multiple continuous PRBs can be installed to sequentially treat
a multi-contaminant plume. For example, a BTEX and chlorinated ethene plume might
be treated with a ZVI PRB to treat chlorinated ethenes, followed by a biosparging
barrier to treat BTEX compounds. In Bellevue, WA sequenced continuous trenchformed PRBs comprising sawdust followed by ZVI have been installed to treat nitrate
and TCE, respectively.

4.5.2 Funnel and gate
In a funnel and gate application, low permeability funnels direct groundwater towards
high permeability reactive gates. The funnels often consist of driven sheet piles, low
permeability slurry walls, or other materials keyed into a low permeability confining unit
(for example, clay or bedrock). The funnels are installed to encompass the entire width
of the plume to direct it to the reactive gates. Funnel and gate systems are often
selected when:
•

3

the groundwater flow direction fluctuates over time or is radial (like a contaminant
plume emanating from a landfill)

Their United States patent expired at the end of 2010.
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•

there are construction constraints for a continuous barrier, or

•

a smaller reactive zone is desirable due to economics (in some cases less material
is required because the plume is consolidated).

Due to directing a large cross-sectional area of water through the much smaller crosssectional area of the gate, groundwater velocities within the gate will be higher than
those resulting from the natural gradient. The higher velocities are required to maintain
the natural hydraulic head behind the PRB (if possible). As a result, the gate will be
narrower and thicker than its continuous PRB counterpart. Its thickness will be
controlled by the residence time requirements in the funnelled system.
Because flow over the reactive gate and/or around the funnels is possible, hydraulic
modelling discussed in Section 4.6 is critical for designing such a system. The design is
sensitive to natural groundwater flow patterns (seasonal velocity and direction), aquifer
and reactive media or zone conductivity, funnel length, and location, number, and size
of the gate(s). In some cases, multiple gates may be required to alleviate the hydraulic
head created by the low permeability funnels. The modelling can be used to adjust the
parameters to identify the optimal configuration. The gates can be constructed in a
similar manner as the continuous PRBs, and can use both excavated and injection
applications depending on the width, length, depth, and medium selection. Because the
gates have a tendency to be thicker than the continuous PRBs, sheet piles are often
used to encircle the gate so that the formation material can be excavated and replaced
with the large-grained media (for example, ZVI PRB or a mix of aggregate and mulch to
form a biological PRB). This method also allows the construction of multiple sequential
gates if desired.

4.5.3 Reactive vessels
The third type of PRB is a variation of the funnel and gate configuration where the
gates are replaced with in-situ reactive vessels. This system uses funnels, collection
trenches, or complete containment to capture the plume and pass the groundwater (by
gravity or hydraulic head) through a buried vessel containing either granular iron for
VOC removal, or a series of treatment materials for the remediation of mixed plumes
(ETI 2010). The benefit of this type of system is that the reactive vessels can be
constructed in such a way that the medium can be readily replaced when it is no longer
effective. An example of a reactive vessel PRB that uses a gravel-filled trench to collect
the groundwater and convey it through GAC-filled vessels is shown in Figure 16.
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Figure 16. Example reactive vessel PRB using GAC (courtesy of CH2M).

As introduced in Section 2, the reactive vessel system relies on hydraulic gradients to
convey the groundwater through the treatment system. In Figure 16, the combination of
a soil bentonite wall and gravel-filled collection channel serves to collect and then divert
groundwater to pre-cast concrete vessels that are filled with GAC. The hydraulic
gradient moves the water upwards through the vessels, through conveyance pipes to
an infiltration gallery on the downgradient side of the soil bentonite barrier. This system
is successful in capturing groundwater flow because the collection channel and precast concrete vessels are the only relief for the groundwater on the upgradient side of
the slurry wall. In this application, the treated groundwater distribution channel was also
located as far downgradient as feasible to increase the overall amount of hydraulic
head across the system, to assist in drawing groundwater through the reactive vessel.

4.6 Modelling for full-scale implementation
Once the preliminary dimensions of the PRB have been identified, hydraulic, particletracking, solute transport, and geochemical modelling can be used to optimise the
design. As introduced in the previous section, modelling can be used to account for
potential hydrogeologic, contaminant, and geochemical variability. The major
advantage of constructing a detailed groundwater flow model is that several design
configurations, site parameters, and performance and longevity scenarios can be
evaluated once the base model has been established and calibrated. Models are not
required for all PRBs, but should be considered when:
•

complete treatment or groundwater capture is required

•

the PRB is located at a property boundary

•

the PRB will be used to protect other sensitive downgradient receptors, and/or
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•

the site hydrogeology is relatively complex.

Commercially available groundwater flow, particle tracking, solute transport, and
geochemical models can be used to simulate the performance of a PRB once the CSM
has been developed for the site. The modelling process using these tools is discussed
in Section 4.6.1.

4.6.1 Hydraulic modelling
Once the hydrogeology and contaminant transport mechanisms are understood, the
groundwater flow model can be developed as follows:
Base model construction
The base model is constructed using hydraulic conductivities that can vary vertically
and horizontally. The distribution of hydraulic conductivities is based on a combination
of the observed lithology of the subsurface units, slug and aquifer test results, and trial
and error calibration adjustments. A groundwater flow model like MODFLOW
(McDonald and Harbaugh 1988, 1996) can account for a number of vertical layers that
include transmissive and low permeable (confining) units.
Model calibration
The calibration process is a succession of model runs made with different values of
hydraulic conductivity (and storage coefficient for transient simulations) in an attempt to
match observed groundwater elevations, and simulate the groundwater flow direction
that is consistent with the known distribution of the major contaminant plume.
Sensitivity analysis
A sensitivity analysis can be performed to demonstrate how changes in calibration
parameters affect the quality of model calibration and its quantitative predictions.

4.6.2 Particle tracking modelling
Once the modelled potentiometric surface and the plume match existing conditions,
various PRB scenarios can be evaluated using a particle tracking model such as
MODPATH. This is a three-dimensional particle-tracking model that computes the path
a particle takes in a steady-state or transient flow field over a given period of time. In
other words, combined with the groundwater flow model, the particle tracking software
can be used to evaluate various PRB configurations to assess whether the plume is
effectively captured. As discussed in Section 4.5, a variety of configurations, including
continuous barriers and funnel and gate systems, can be modelled to identify the
optimal design. The PRB parameters that can be varied in the MODFLOW/MODPATH
model include:
•

the reactive zone length, width, depth (including hanging walls) and conductivity

•

length of the low permeability funnels (if applicable)

•

location, and

•

alignment.
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Some key considerations when adjusting design parameters include the following
(adapted from Carey et al. 2002; Gavaskar et al. 2000):
•

capture width is proportional to groundwater flow rate through the PRB

•

residence time is inversely proportional to groundwater flow rate

•

capture zone width and residence in the PRB are inversely proportional

•

capture zone width increases with increasing hydraulic conductivity of the reactive
cell

•

maximum flow through gates occurs where the funnel walls are straight and
perpendicular to the groundwater flow direction, and

•

at high ratios of hydraulic conductivity of the PRB to the aquifer, then the residence
time is sensitive to changes in the hydraulic conductivity of the aquifer; at low
ratios, then the hydraulic conductivity of the barrier is the most sensitive
parameter.

4.6.3 Solute transport modelling
Solute transport modelling can be used to evaluate the influence of PRB reactive zone
kinetics on effluent concentrations and the downgradient plume. For example,
MT3DMS (Zheng and Wang 1999) can be used to simulate changes in concentrations
of miscible contaminants in groundwater. The model considers advection, dispersion,
diffusion and first-order decay and production reactions, and linear and nonlinear
sorption with various types of boundary conditions and external sources or sinks.
RT3D, which is the next generation of the MT3D platform, adds the ability to model
multiple species.
The output of the three-model approach includes effluent contaminant concentrations
and the capture zone. Figure 17 shows the output of a model that simulated the
performance of an air sparging barrier for 5 years, with natural attenuation thereafter.
Ultimately, the hydraulic model can be used to select the most cost-effective PRB
design to ensure plume capture and maximum PRB longevity under a variety of site
scenarios. The model can be used to evaluate trade-offs between the various design
parameters so that site-specific objectives are met. It can also be used to design the
performance monitoring network to assess changes along specific flow paths.
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Figure 17. Simulation of TCE plume using an air sparging barrier for 5 years followed by 25 years of natural attenuation (CH2M 2008).
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4.6.4 Geochemical modelling
Once the PRB dimensions and configurations have been optimised using hydraulic,
particle tracking, and solute transport modelling, geochemical modelling can be used to
assess the influence of geochemistry on reactive media performance and longevity. A
more comprehensive discussion of media longevity is provided in Section 4.8.
For ZVI, inorganic species in the groundwater can passivate the iron surface, or may
form precipitates that impact flow through the PRB. In the highly reducing environment
within a ZVI PRB, dissolved species including oxygen, carbonate, sulfate, calcium,
magnesium, iron, and silica can interact to form precipitates that could (very) slowly fill
pore spaces within the PRB. For biological barriers, the secondary groundwater
constituents may also serve as oxygen (for aerobic process) or carbon substrate (for
anaerobic processes) sinks. These constituents can also accelerate GAC or ion
exchange usage rates and must be factored into the design.
The influence of groundwater geochemistry can be assessed using site groundwater
data and/or laboratory bench-tests as discussed in Section 4.3. Site groundwater
quality can be used as an initial gauge of geochemistry influence. Elevated inorganic
concentrations may indicate a shorter PRB lifespan. Meanwhile, the change in
inorganic species concentrations during a column test can be extrapolated to the fullscale system to evaluate medium loading rates. In theory, the depletion of an ion in the
influent can equate to a volume of mineral precipitate and, ultimately, a loss of porosity
(Carey et al. 2002). Moreover, isotherms can be developed for adsorptive processes to
account for non-target constituents and estimate the site-specific medium usage rate.
In addition to the stoichiometric relationships, the microcosm studies and field trials for
biological systems can be used to determine the carbon substrate demand under sitespecific geochemical conditions.

Example geochemical modelling programs:
•

PHREEQC version 2 (with PHREEQI for user interface) is a United States
Geological Survey (USGS) program that is designed to perform a wide variety of
low-temperature aqueous geochemical calculation (USGS 2010).

•

The Geochemist’s Workbench® is commercial software from Rockware that
performs a number of geochemical and transport simulations (RockWare 2010).

Alternatively, more sophisticated geochemical modelling can be conducted to assess
the influence of site geochemistry on the proposed PRB. This can include, but is not
limited, to the following:
•

speciation and saturation-index calculations

•

batch-reaction and one-dimensional transport calculations involving reversible and
irreversible reactions

•

mineral dissolution and precipitation kinetics

•

microbial metabolism and growth, and

•

ion sorption and surface complexation.
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These simulations using influent geochemistry data can be integrated into the hydraulic
model to assess how the groundwater quality changes – spatially and temporally –
during the treatment period. The results can provide a screening level prediction on the
types of precipitates that may form on the reactive medium, and how they might affect
long-term performance. As discussed in Section 4.7, some of the precipitates that form
within a ZVI PRB may actually be beneficial. Further guidance on the use of
geochemical modelling is provided by Gavaskar et al. (2000).

4.7 Assessment of reactive media longevity
Using groundwater data, laboratory bench- and field-scale testing, and hydraulic and
geochemical modelling to predict media longevity has been discussed throughout
Section 4. The designer must use these predictive tools to decide what level of safety
factor is required when selecting the type, dimensions, and permeability of the PRB.
Examples of methods to predict longevity include the following:
Column tests
Column tests can be used to assess ZVI longevity (in addition to the primary objective
of determining residence time and the initial PRB thickness). This can be accomplished
by either analysing changes in the geochemistry during the test, or increasing the flow
rate of site groundwater through the system to simulate years of treatment in the field.
For example, the sampling ports along the column can be used to assess how fast
the passivation front moves through the ZVI PRB (for example a passivation rate of
0.05 m per year suggests that a 0.5 m thick PRB would become ineffective after 10
years). The thickness of the PRB may be increased to account for premature reactivity
degradation. The longevity of solid organic media (for example, wood chips and mulch)
can also be evaluated using column tests. In the same manner as the ZVI PRBs,
geo-chemical and contaminant concentration changes can be observed over time to
assess how long a biological PRB might last before installing the full-scale system.
Batch tests
Batch testing results can be used for the development of a biobarrier to intercept and
treat a chlorinated ethene plume. The batch tests can be used to assess the dosing
frequency required to sustain reducing conditions; this can be directly input into the lifecycle cost estimate to calculate project costs.
Isotherms
These can be used to estimate the lifespan of GAC (like the system shown in Figure
17).
Though these tools are good for estimating/predicting the lifespan of the proposed
PRB, and allow the designer to choose the optimal process and media for the
application, the actual duration of effectiveness is unlikely to be known until the PRB is
installed and monitored. Therefore, the following are examples of some of the
processes that may influence the long-term effectiveness of a PRB:
Geochemical mass flux
In general, because of increased geochemical mass flux, sites with a higher
groundwater flow rate are likely to encounter higher rates of decline in PRB
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performance compared to similar sites with lower groundwater flow rates. Based on
two long-term column tests (Gavaskar et al. 2002), the reactive performance of the iron
is likely to decline much faster than any potential decline in long-term hydraulic
performance. The progressive decline in iron reactivity over time indicates that the
residence time required to meet groundwater cleanup targets also will be progressively
higher in the long-term, and should be factored into the design.
Media distribution
This is typically more of an issue for the injected systems (though deep trench systems
may have iron and sand stratification), as poor distribution of amendments can impact
system effectiveness as portions of the PRB may expire prematurely. Media
distribution problems can be mitigated during the design process by selecting a
delivery approach that is appropriate for the media and the formation; this is the theme
of the PRB feasibility assessment and design process presented in Sections 2, 3, and
4. Poor distribution can also be mitigated after the initial application process by adding
more injection points, using groundwater recirculation (for soluble substrates), or
repeating injections following hydraulic or pneumatic fracturing to enhance delivery. If
segregation occurs in a trenched PRB, the system may require re-installation.
Precipitation of secondary minerals
Though carbonates may passivate the surface of the ZVI PRBs (see text box), some
mineralisation in PRBs is actually beneficial to its performance. The formation of green
rust, ferrihydrate, mackinawite and other minerals may actually provide secondary
reactivity, and can be critical to long-term removal effectiveness for some contaminants
(for example, chloroethenes).
Microbial fouling
Biofilm formation in the highly reducing environment, particularly in the presence of
dissolved organic carbon, may lead to pore occlusion over time. Based on a number of
laboratory bench- and field-scale results, microbial activity has had little impact on the
long-term performance of ZVI PRBs. In fact, in the presence of high sulfate
concentrations and iron, the microbial process may actually help treatment
effectiveness by generating iron sulfides that will reduce the target contaminants
(AFCEE 2008). Microbial fouling may be more of an issue for biological treatment
systems, where stimulated biological growth degrades the target contaminants but, if
not controlled, could adversely influence groundwater flow over time. Discussion on
remedies to counteract biofouling is provided in Section 7.3.
Media source
In some cases, the long-term reactivity of a granular iron may be a function of its batch
(possibly due to varying trace metals, some batches perform better than others even
for the same vendor). Conversely, because some are specifically manufactured for the
remediation industry, the micro and nano-scale iron products tend to have more
predictable performance. Risks associated with poor medium batches can be mitigated
by conducting bench-scale tests prior to full-scale installation.
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Zero-valent iron and carbonate precipitate
Groundwater passing through a ZVI barrier undergoes geochemical changes. If the
groundwater is high in carbonate, precipitation of calcite (CaCO3) or siderite (FeCO3)
may occur while precipitation of oxyhydroxides is also anticipated. Precipitation of
ferric hydroxide (Fe(OH)3) can occur upgradient of the reactive zone due to the
reaction of dissolved oxygen with the iron. Figure 18 illustrates the potential impact of
precipitation on reactivity of a barrier when TCE impacted groundwater is flowing
through reactive material comprising ZVI.

Figure 18. Potential effects of precipitation build-up on iron particles over time (US EPA 1998).

Following PRB emplacement, TCE enters the reactive material unimpeded with a
residence time of 1 as per the PRB design. With time, precipitates may form and
coat the iron particles. Reduced availability of ZVI particle surface area in turn limits
dechlorination of TCE (reaction process). At this stage, both velocity and residence
time of 1 exists; however, due to the reduced reactive surfaces, the residence time is
no longer sufficient to allow complete dechlorination of the contaminant. Intermediate
products of the incomplete dechlorination are therefore generated, and will appear
downgradient of the PRB. With further precipitation, pore spaces between iron
particles may become blocked and preferential pathways are formed. Groundwater
velocity through preferential pathways may increase and residence time will
decrease, resulting in incomplete contaminant degradation. On a broader scale,
blocked pore spaces within the reactive barrier can lead to changes in hydraulics
upgradient of the system resulting in the potential flow of groundwater around or
under the barrier. Source: Permeable Reactive Barrier Technologies for Contaminant
Remediation (US EPA 1998).
In the field, ZVI PRBs have been performing for 10 years or more (O’Hannesin and
Gillham 1998; Warner et al. 2005; Phillips et al. 2010), with no apparent decline in
reactive performance.
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For example, iron material retrieved from the Borden test site 10 years after installation
was still capable of degrading VOCs (Reynolds 2002). Of over 90 full-scale
installations, no site has required rehabilitation because of loss of iron reactivity. Two
PRBs evaluated by the U.S. DOD indicate that these PRBs are currently performing as
designed and were predicted to perform acceptably for at least 30 years (NAVFAC
2002).

4.8 Design optimisation
This section summarises the techniques that can be used to optimise the PRB design.
References are provided for those techniques that have been discussed in previous
sections.

Probabilistic (vs. deterministic) analysis
As introduced previously, and discussed in ITRC (2005), a probabilistic design
incorporates the variability in the input design parameters into a probabilistic model to
determine the PRB thickness required to achieve a certain confidence level.
Probabilistic distributions are determined for the input parameters, including aquifer
and PRB hydraulic properties, influent concentrations, and reaction rates and
breakdown product yields. Advantages of this probabilistic approach include:
•

incorporation of the variability of input data into the design

•

prediction of the degree of confidence in effluent concentrations

•

elimination of the need for arbitrary safety factors, and

•

potential to complete sensitivity analyses to quantify the influence of the variability
of specific parameters on the design.

For more information on probabilistic design:
•

Probabilistic Design of a Combined Permeable Barrier and Natural
Biodegradation Remedy (Vidumsky and Landis, 2001)

•

Probabilistic Design of Permeable Reactive Barriers (Hocking, Wells and Ospina,
2001)

•

Effects of Aquifer Heterogeneity and Reaction Mechanism Uncertainty on a
Reactive Barrier (Eykholt, Elder, and Benson, 1999)

•

Permeable Reactive Barriers: Lessons Learned/New Directions (ITRC 2005).

Hydraulic and geochemical modelling
As discussed in Section 4.6, hydraulic and geochemical modelling can be used to
optimise a design. Though not a mandatory component of PRB design, modelling can
help the designer select the best PRB configuration and predict media longevity for a
given reactive zone thickness.
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PRB thickness vs. cost
In some cases, adding more volume of iron or other media to the reactive zone, than the
minimum required to achieve remedial goals under current conditions, will provide
significantly more treatment capacity and longevity confidence for an incremental cost
increase. Since much of the cost is associated with the construction, adding more media
is a small percentage of the treatment cost. For example, for a PRB that is 30 m long and
7 m deep, every 2.5 cm of additional ZVI thickness would typically add approximately
3% to the total cost of the PRB.
Consider site reuse
If possible, the PRB could be designed to enhance site reuse. This might include
backfilling the trench above the reactive zone with materials with suitable geotechnical
properties.
Consider source treatment
Extending the life of a PRB can be expensive. As such, coupling an appropriate source
remedy with a PRB that is used to protect a downgradient receptor until upgradient
concentrations have reached remedial goals can save costs by minimising the
robustness of the barrier.
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5. Construction management
Constructing a PRB that operates as designed requires careful selection, and effective
implementation, of appropriate construction methods. A wide variety of methods are
available for construction of PRBs. Depending on the PRB specifications, including its
depth, width, length, nature of materials to be used, and the geologic setting, it is
possible that several different construction methods could be suitable for a simple PRB
and site setting. Conversely, if the PRB design requires a deep installation or the
geologic setting is complex, only a limited number of construction methods may be
feasible. The selection of the specific construction methods to be used, and how they
will be applied, is a crucial step in the process of PRB emplacement. It is
recommended that an experienced geotechnical engineer be involved in the PRB
design and emplacement phase. Additionally, input from highly qualified geotechnical
construction firms, or from specialty firms such as ETI (for ZVI PRBs), may also be
valuable in selecting the best suited construction methods.
An important element of the design and construction process is the bidding and
contracting phase. A variety of bidding strategies have been used for PRB
construction, including conventional bidding approaches (in which the construction
contractor bids for defined elements of the work on a lump sum or unit price basis), as
well as performance-based contracting (in which the construction contractor is held
accountable for all construction methods as well as the performance of the PRB after
construction is complete). The specific bidding and contracting method selected will
depend on the specific aspects and nature of the project. For elements of the scope of
work that can be clearly defined, lump sum bidding may be most appropriate. For work
elements where the nature of the work is well defined but uncertainties exist with
regard to the quantities involved or underground utilities, unit price bidding may be
appropriate for those items. For situations where there is an advantage to the client in
transferring responsibility for overall PRB performance to a construction contractor, the
use of performance-based contracting may be worth considering. It should be noted
that the amount of effort involved in developing clear and precise performance-based
contract bidding documents is often significantly greater than for conventional bidding
documents, and the benefits and costs for transferring performance risks to the
contractor need to be carefully evaluated. Regardless of the bidding and contracting
method selected, an experienced and well qualified construction contractor should be
hired to implement PRB construction.

5.1 Site preparation
During the site preparation stage, critical site activities needed to ensure effective PRB
construction are completed. These activities may include:
•

preparation of construction staging and material laydown areas

•

mobilisation of office trailers, temporary utilities, security fencing, or other
construction support facilities

•

removal of surface obstructions that may interfere with construction activities, and

•

removal or relocation of underground utilities that would interfere with PRB
construction or developing a clear strategy for working around utilities.
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Development of efficient material handling strategies is particularly important if the PRB
is large, as material handling (including reactive material and residuals such as
excavated soils, liquids and surplus reactive material) can be one of the more
expensive aspects of onsite construction activities. Also, effective planning of material
delivery routes, both onsite and offsite, is important to ensure incident-free construction
and to minimise the impacts of heavy traffic through adjacent areas.

5.2 Health safety and environment
Constructing the PRB without any health and safety incidents should always be a key
objective for the PRB emplacement phase. As per Australian occupational health and
safety legislation and regulation, a site-specific occupational health and safety
management plan and task-based risk assessments should be prepared before any
work commences on the PRB project site. Plans must be kept up to date and be made
available to any person who is to work on the site.

For more information on PRB health and safety:
•

Permeable Reactive Barriers: Lessons Learned/New Direction (ITRC 2005)

•

Design Guidance for Application of Permeable Reactive Barriers for Groundwater
Remediation (Battelle 2000)

•

Guidance on the Design, Construction, Operation and Monitoring of Permeable
Reactive Barriers (Carey et al. 2002)

The hazards most likely to be encountered during PRB installation include:
•

physical hazards, including those associated with the presence of underground
utilities (for example electricity and gas), the use of heavy construction equipment,
implementing high pressure injections, and working around high traffic construction
areas

•

chemical hazards, such as exposure to soil vapours or dust during excavation,
dermal contact with contaminated groundwater and soil, and handling certain
reactive media

•

confined space entry that may be associated with specific construction methods,
and

•

trench collapse.

The precautions required for the safe handling of some reactive media (for example
iron) are specific to PRBs, and consideration of the occupational health and safety
requirements in this regard should be highlighted. It is recommended that a qualified
occupational hygienist is consulted to provide advice on the appropriate storage and
handling of the reactive media.
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5.3 Construction method comparisons
The appropriate method of construction for a PRB is based on many considerations
including but not limited to:
•

depth, length, and width of the PRB

•

presence of subsurface utilities or infrastructure

•

type of PRB to be installed, and

•

geologic setting and geotechnical characteristics of the site.

5.3.1 Excavation methods
Excavation methods include conventional excavation using backhoes and trackmounted excavators, clamshell excavation, and continuous trenchers. In addition to the
excavation methods, reactive material placement, monitoring well installation, and
trench completion are discussed herein.
Conventional excavation
Conventional excavation involves the use of excavators. Excavators are the most
common equipment used because they are the cheapest and fastest method available
for digging trenches. Excavators have the potential for reaching depths of 10 m,
although extended (long) arm can be added that extend the depths available up to
approximately 30 m (see example in Figure 19).
If the water table is sufficiently below grade and soil conditions are appropriate, it may
be possible to increase the effective depth of excavation using conventional excavators
by benching down the area in which the PRB will be installed. Bucket width for
conventional excavation equipment is typically on the order of 0.5 to 1 m, although
wider buckets may also be used if site conditions are suitable.
At some sites, the geologic setting may be suitable for open or unsupported
excavation. However, at many sites, sidewall stabilisation is required to ensure the
stability of the trench during installation of the PRB, until the reactive material is added.
Sidewall stabilisation can take the form of sheet piles (as adopted during the PRB field
pilot trial in Botany, NSW), coffer dams, biopolymer slurry (as utilised during full-scale
installation of the PRB at Bellevue, WA) or trench boxes (as adopted for the PRB field
pilot trial in Queensland). Figure 20 illustrates the use of a trench box for sidewall
support.
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Figure 19. Installation of a 30 m deep PRB using a long-arm excavator, clamshell, and biopolymer
slurry in Atlanta, GA (courtesy Lockheed Martin and CH2M).
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Note: Photo 1 includes aerial view of construction site including the trench and slurry management system.

Figure 20. Installation of a PRB using a trench box for sidewall support (courtesy of CH2M).

Clamshell excavation
Clamshell excavation requires the use of a hydraulic or mechanical clamshell bucket
attached to a crane. Clamshells are efficient for almost any type of material except
highly consolidated sediment and rock, are relatively inexpensive to operate, can reach
depths up to 70 m and can be operated in confined areas. Clamshells typically have a
lower production rate than excavators. As with construction using conventional
excavation equipment, clamshell excavation may require the use of sidewall
stabilisation to maintain an open trench until reactive material is placed in the trench
(see example in Figure 20).
Continuous trenchers
As shown in Figure 21, continuous trenchers use a large chainsaw-like apparatus to
cut through the soil, while an attached trench box stabilises the trench walls until the
reactive medium can be placed into the excavation from a hopper mounted on top of
the machine. Thus, a continuous trencher simultaneously excavates the trench and
backfills it with the reactive media in a single step. Some continuous trenchers allow for
a flexible and slotted pipe to be installed at the bottom of the trench as it is constructed;
this pipe can be used to inject amendments as needed.
Continuous trenchers have a relatively fast production rate, minimise site disturbance
and spoil, and do not require sidewall stabilisation, but they are currently limited to
trench depths of approximately 15 m and these machines are not widely available.
The maximum width that can be constructed is limited to approximately 1 m, and this
construction method cannot be used in soils that are highly unconsolidated or contain
large cobbles, boulders or other obstructions. Adequate room alongside the trencher
must also be available to allow for periodic refilling of the hoppers that deliver the
reactive material. However, for applications where conditions allow for its use, this
method may be less expensive than conventional or clamshell excavation methods.
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Figure 21. Continuous trencher used to install approximately 12 m deep ZVI PRB in Dallas, TX
(courtesy US Navy and CH2M).

Reactive media placement
Placement of reactive media into a PRB trench is a critical step. It is important that the
reactive material be placed uniformly in the trench in accordance with the design
specifications. PRBs that use ZVI often mix the ZVI into a sand-ZVI mixture. It is
important that the sand and ZVI be mixed uniformly and in the correct proportions. It is
also important that the mixture is placed into the trench in a manner that does not allow
for differential settling or changes in the mix ratio as the material is being emplaced.
Concrete mixing trucks or mobile batch mixers are commonly used for mixing ZVI and
sand onsite to ensure thorough blending.
Comparatively, media for biowalls (which often includes gravel, mulch, and/or wood
chips) can be mixed with front-end loaders before backfilling into the trench. A biowall
media mixing operation example is shown in Figure 22.
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Figure 22. Continuous trencher used to install approximately 12 m deep ZVI PRB in Dallas, TX
(courtesy US Navy and CH2M).

When placing a reactive media into a trench that is being kept open using the
biopolymer slurry method, the tremie method is often used for placement of the
reactive material to minimise the potential for differential settling or changes in the mix
ratio as the material is placed. The method comprises the emplacement of material via
a pipe, the tip of which is kept below the surface of the material being discharged. The
tremie method may also be suitable for placement of reactive media in trenches that
are maintained open using trench boxes or other sidewall stabilisation methods. In
addition, other methods (such as material hoppers or excavator buckets) have also
been used to place reactive media in PRB trenches.
Monitoring well installation
Monitoring wells may be easily installed into excavation-based PRBs during
construction while the trench is open and prior to placement of the reactive media.
It is important to maintain the well casing in a vertical position during placement of the
media around the well. Further information on monitoring well installation is provided in
Section 6.5.
PRB trench completion
A geotextile is often placed on top of the reactive material prior to placement of backfill
soil in a PRB trench. The geotextile prevents fine soil from migrating downward into the
reactive material. Site soils are often suitable for use in backfilling the top of the PRB,
provided that they have the appropriate geotechnical qualities and limit the infiltration of
surface water that may compromise the effectiveness of the PRB. Care should be
taken to not over-compact the reactive material, as well as the soil overlying the PRB,
when completing the PRB construction. If soil is used as final cover, it may be prudent
to provide a slight mounding along the trench to allow for some final settlement over
time.
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Alternately, pavement (such as reinforced concrete or asphaltic cement) may be used
to complete the surface restoration. Trench completions in high traffic areas should be
engineered to prevent differential settling and cracking.

5.3.2 Direct installation/injection options
In addition to the excavation-based construction methods described in Section 5.3.1, a
variety of alternate direct installation or injection-based construction methods have
been adapted for the installation of PRBs. The most significant difference between
excavation-based construction methods and injection-based construction methods is
that excavation-based methods remove the native soil present along the alignment of
the PRB, and replace that soil with reactive media. In contrast, when using injectionbased methods, the native soil along the alignment of the PRB remains in place and
reactive materials are delivered into the soil. For this reason, the amount of reactive
material per unit volume placed into the ground with injection-based methods is
typically much less than with excavation-based methods. This typically results in
injection-based PRBs having less uniform treatment and a shorter effective treatment
period than excavation-based PRBs. This lack of uniformity and shorter treatment
period may require that additional injection events occur during the life of the PRB.
However, despite the burden of additional O&M costs, the relatively low capital costs of
the direct installation/injection options (compared to excavation-based methods) allow
these approaches to be cost-effective alternatives.
Injection-based PRBs typically consist of one or more rows of injection wells or
injection points oriented across a plume, generally perpendicular to the direction of
groundwater flow. These types of PRBs offer a greater degree of flexibility in their
layout, and can often be installed in locations where installation of an excavation-based
PRB is not practicable.
The decision as to whether to use an excavation-based or injection-based construction
method will depend on the site characteristics and remediation performance objectives.
For sites where the degree of treatment is not high, where the expected duration of the
plume is anticipated to be relatively short, or where site conditions prohibit installation
of other types of PRBs, an injection-based approach may offer an effective alternative
to an excavation-based PRB. Several types of direct- or injection-based methods are
described as follows:
Injection wells
Injection wells have been widely used to create in-situ treatment zones that perform the
same function as an excavation-based PRB, particularly for the use of enhanced in-situ
biodegradation. The injection well depth and length of well screen are determined by
the depth and thickness of the target treatment zone. The well spacing is determined
by the hydraulic characteristics of the aquifer, desired or target radius of influence, and
nature of the in-situ reactions to be used to treat the contamination. Typical well
spacings may range from less than 3 m to up to 10 m apart. The length of the injection
well screens is typically from approximately 2 m to up to 7 m long, with a well screen
length of approximately 3 m most commonly used. Longer well screens may be used,
however with longer screens there is less control over into which part of the formation
the reactive reagent is delivered to.
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Once injection wells have been installed and developed, a reactive agent (typically
contained in an aqueous solution) is injected. This method has been most often applied
using dissolved phase reagents such as organic substrates or chemical oxidants.
Injection of solid phase reagents can be done using this method; however, the effective
radius of influence for solid phase reagents is more limited and may require closely
spaced injection wells. Multiple injection events are often required over the life of these
systems.
Direct push technology (DPT)
DPT involves the use of a drill rig to advance injection rods (for example, up to 10 cm in
diameter) into the soil without removal of drill cuttings. Once they reach the appropriate
depth, an injectate containing reactive material in an aqueous solution can be injected
in a vertical interval ranging from 0.5 m to 2 m. The injection process may be
performed multiple times until the entire target vertical interval has been treated.
Typically, the effective radius of influence achievable using DPT is less than that
achievable using permanent injection wells. Therefore, the spacing for DPT injection
points is often closer than with injection wells. As with injection wells, multiple injection
events are often required over the life of these systems. Solid phase reagents are often
delivered as a slurry using DPT methods.
Pneumatic/hydraulic fracturing
Pneumatic fracturing refers to the injection of a gas (such as air or nitrogen) at an
injection pressure that exceeds the in-situ fracture pressure of the soil until the
formation fractures. This allows reagents to be delivered into the fracture matrix. Once
the formation begins to fracture, the injection of the reactive agent in a carrier gas
begins. This process is effective at depths of up to 50 m. A conceptual layout for a
pneumatic injection operation is shown in Figure 23.
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Figure 23. Conceptual equipment layout for a pneumatic fracturing application (courtesy CH2M).
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Hydraulic fracturing is similar to pneumatic fracturing except that it uses a high
pressure injection of liquid slurry solution to force the formation of fractures. The
pressure is dropped dramatically once fracturing begins so that the slurry can fill
the fractures.
Pneumatic and hydraulic fracturing methods are particularly useful for delivery of
solid phase reagents, such as ZVI, into the ground. Many applications occur in low
permeability soil where standard pressure injections do not achieve an adequate radius
of influence. These methods can be used to achieve a larger radius of influence around
an injection point for solid phase reagents than are achievable using liquid phase
injection methods. As with injection wells and DPT, multiple injection events may be
required using these methods.
Jet grouting
Jet grouting to install a PRB typically uses a multi-rod (double or triple) system that is
driven into the ground. With a triple rod system, one rod injects air and another injects
water, while the third injects a slurry of granular iron and guar gum (the guar gum
acting as a fracturing gel keeping the iron in suspension). The rod system is lowered to
the lowest depth of the PRB, and materials are then discharged at high pressures while
the rods are either rotated or pulled up. If the rod is rotated, the slurry will replace the
soil in a column around the rod. If kept in one direction, a thin wall will be created
instead. As shown in Figure 24, the PRB is created by injecting multiple columns or
walls in a row.

Figure 24. Conceptual jet grouting application including plan view and cross section (courtesy of
CH2M)
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Deep soil mixing
During the deep soil mixing process, a hollow stem auger with special mixing paddles
is lowered to the desired depth and rotated to mix up the soil. As the auger is removed,
a reactive slurry is injected through the drill stem. A succession of these penetrations
will create a column and a row of columns will create a PRB. This construction
technique is best used in soft soils but should not be undertaken when layered
geologies are present. Deep soil mixing can be used at depths of 40 m, creates a
minimal amount of spoil, and has a higher production rate with lower costs than jet
grouting. Because the soil is mixed (instead of replaced) with the slurry, the slurry must
be more concentrated than that used in jet grouting. The uniformity of treatment is
generally improved with soil mixing when compared to injection and fracturing
techniques.

5.3.3 Other construction approaches
Several alternative construction techniques are also available:
Vertical hydrofracturing
Vertical hydrofracturing involves the drilling of 15 cm boreholes approximately every
5 m along the alignment of the PRB. After a special split-winged casing is lowered into
the borehole, the annular space is filled with grout. When the grout has cured, a gel
containing iron filings is injected into the casing at low pressure until the casing opens
and creates a fracture pathway for the gel to flow through. The gel breaks down within
a few hours and the iron filings remain. Vertical hydrofracturing can be used at depths
up to and exceeding 100 m with a thickness of up to 25 cm. The installation is
minimally invasive and produces minimal spoil.
Vibrating beam
The vibrating beam technique uses an H-beam or mandrel that is driven into the
ground with a vibratory hammer and then raised (see Figure 25). As the beam is
raised, reactive slurry is injected into the void space through a series of nozzles at the
bottom of the beam. By creating a series of columns, a PRB is established. This
construction method can be used to create either a permeable or an impermeable
barrier.
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Figure 25. Vibrating beam installation method (courtesy of CH2M).

5.4 Record keeping and quality assurance
Record keeping and quality assurance are essential elements required for effective
implementation of PRBs. The types of records that should be maintained and QA/QC
activities that should be implemented will vary to some degree depending on the type
of PRB being constructed. A general description of key record keeping and QA/QC
activities is presented here:

5.4.1 Daily work records
Daily work records are a standard record keeping activity for most construction
projects. For PRB construction, the types of items and activities typically recorded
would include:
•

summary of workers present and specific hours onsite

•

weather conditions

•

specific construction activities completed

•

quantities of materials and equipment delivered, excavated, installed, or taken
offsite

•

sampling and testing activities (such as groundwater or soil sampling or pH or
Marsh funnel tests for biopolymer slurry)
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•

visual observations, depth soundings within trenches, and trench alignment
surveys, and

•

problems or construction issues encountered and manner in which they were
resolved.

5.4.2 Other records
In addition to daily records, other records that should be maintained include:
•

copies of freight or shipping records

•

soil boring logs

•

photographic records

•

analytical or other test results

•

waste disposal records

•

design documents and drawings

•

contracts and subcontracts.
5.4.3 General QA/QC requirements

Specific QA/QC requirements will vary with the type of system being installed. For
example, a trench-based PRB constructed using sheet piling for trench construction,
and organic mulch carbon as the reactive medium, would have different QA/QC
requirements than an injection based system using ZVI as the reactive medium. The
PRB designer will need to specify QA/QC requirements that are applicable and
appropriate to the system being designed. Some examples of QA/QC requirements
that may be applicable to PRB system include:
Trenching-specific QA/QC requirements
Typical QA/QC requirements for trench-based systems would address trench stability
requirements, mixing and placement requirements for reactive material, and backfilling
and restoration requirements. For trenches constructed using the biopolymer slurry
method, QA/QC requirements may also address slurry composition and consistency
testing, such as pH and Marsh funnel tests and confirmation of guar specifications. For
trenches constructed using sheet piling, QA/QC methods may address sheet piling
quality, sealing of joints between sheets, and geotechnical stability requirements. For
all types of trenching, QA/QC requirements would typically address trench depth
verification and alignment requirements.
Sampling media after mixing and when in place
Sampling of emplaced reactive media, both before and after placement within a PRB,
is an important QA/QC activity for some amendments (such as sand-ZVI mixtures) to
ensure that the required media specifications have been achieved within the PRB and
did not change during mixture emplacement. This process also applies for reagent
solutions, in order to verify that the specified dose is maintained and injected
throughout the project. Depending on the specific media used, characteristics that may
be appropriate for testing include bulk density, material ratios, grain size distribution,
surface area, hydraulic conductivity, or other characteristics.
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For some sites, post-placement sampling may require the use of a small drill rig to
obtain representative media samples from within the PRB. Sufficient number of media
samples should be collected to allow for effective evaluation, as some variability in
media characteristics may occur between samples. Samples from different vertical
horizons and lateral locations should be collected and analysed.
Injection-based system QA/QC requirements
Specific QA/QC requirements that may be appropriate for injection-based PRB
systems include:
•

actions to ensure that the target radius of influence is achieved during injection

•

verification that the media to be emplaced meets the required specifications

•

verification of injection or delivery rates during emplacement, and

•

post-injection confirmation borings to assess radius of influence achieved and
distribution of injected reactive media.

5.5 Residuals management
Residuals from the construction of a PRB may include soil excavated from the
alignment of the PRB, drill cuttings, excess reactive material, and groundwater and
other liquids generated during PRB construction. Methods for disposal of the residuals
will depend on the nature and characteristics of the material, as well as applicable
transportation and waste regulations. In many cases the reactive media does not
extend to the excavation surface, and after installation of a geotextile layer, trench spoil
can be used to backfill the top of the PRB excavation.

5.5.1 Excavation generated soil
Soil in the area to be excavated can be sampled before construction begins so that it
can be characterised and segregated (clean versus contaminated) during construction,
rather than simply stockpiling all excavated soil together. The regulatory waste
classification of the soil will determine the proper disposal method, and may result in
costs savings by reducing the volume of contaminated soil and optimising the soil
handling process. Alternatively, the excavated materials can be sampled after they are
stockpiled and managed accordingly. Plastic sheeting or other materials can be used to
segregate materials on site.
If the moisture content is high, drying of the soil may be required prior to transporting
the material offsite. Dewatering can often be accomplished by placing the material
within a sloped, bermed area lined with a plastic liner, and allowing free liquid to drain,
(possibly back into the excavated area) or to be collected for subsequent disposal.
Alternately, the material may be stabilised by mixing Portland cement, lime, or other
dewatering agents into the soil prior to transport offsite and disposal.
Ultimately, any surplus excavated soil will need to be managed in accordance with the
Australian state – and territory – based waste regulations, and guidance should be
sought from the appropriate authority in relation to local requirements for disposal.
Precautions should also be taken to minimise the amount of dust generated when
handling excess soil.
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At some sites, watering trucks or other methods may be required to provide adequate
dust suppression.

5.5.2 Excavation generated liquid
Excavation generated liquids may include groundwater pumped to dewater the
excavation, purge water from well development, residual water from biopolymer slurry
operations, water used to decontaminate heavy equipment, or other sources. As with
residual soils, the regulatory classification of the liquids should be determined to
evaluate appropriate disposal methods. All contaminated liquids should be contained
and disposed of per local regulatory requirements.
It should be noted that water associated with biopolymer slurry often contains elevated
levels of degradable organic carbon, due to the breakdown of the guar material used to
create the slurry. Such water has the potential to become anaerobic upon extended
storage and, under those conditions, may cause odour problems due to fermentation of
the organic carbon; enzymes can be added to accelerate the degradation or ‘breaking’
of the slurry. Appropriate handling, storage, and disposal methods should be used for
waste liquids from biopolymer slurry systems.

5.5.3 Reactive materials
Ideally, all procured reactive material will be emplaced into the subsurface as part of
the PRB installation. The rate of reactive material placement should be monitored
carefully during implementation, so that all material is used as the PRB is installed. If it
appears that excess reactive material is available onsite, it may be possible to
incorporate the additional material into the PRB design in a manner that extends or
increases the PRB treatment efficiency. If leftover substrate or media remains after
construction is complete, it should be disposed of as noted on the Material Safety Data
Sheet (MSDS) or based on local regulations.

5.5.4 Waste minimisation
Although it is likely not possible to eliminate the generation of all waste during PRB
construction, the amount of waste generated can be minimised through careful
planning of the work. Segregation of soil during excavation, and storing clean or
minimally contaminated materials separately from contaminated materials, will often
reduce the amount of waste required to be disposed offsite. It may be feasible to return
much of the uncontaminated or minimally contaminated soil to the subsurface or to
reuse it elsewhere on site, rather than dispose of the material offsite.

5.6 Community complaints and resolution
Many projects will require community engagement and consultation as part of the
decision making processes and risk management, as described in Section 2.9.5.
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Community complaints may arise during the course of a project for various reasons
including poor communication, lack of involvement, misinformation or nuisance (noise,
odour or dust). A records management system should be put in place for the handling
of community complaints to ensure they are dealt with appropriately and efficiently.
CRC CARE (2010) and the NEPM (www.nepc.gov.au/contam) provide approaches for
community engagement and resolution of conflict.

5.7 Completion reporting
After construction activities have been completed, a construction completion report
should be prepared. Topics that should be addressed in the report include:
•

a description of construction activities, in chronological order, including dates for
completion of key construction milestones

•

a description of changes to the PRB system design, if any

•

a description of construction issues encountered during implementation and how
they were resolved

•

record drawings (sometimes referred to as ‘as-built’ drawings) that show key
changes to the design, compared to the original design drawings

•

a summary of final quantities of materials emplaced into the PRB

•

a summary of waste disposal

•

a summary of initial performance testing and results (if available), and

•

selected photographs.

Geologic cross-sections showing the placement of the PRB, based on additional
information collected during construction, are often useful in understanding the
geologic setting and evaluating performance of the PRB. Preparation of new geologic
cross sections should be considered for the report, particularly if substantial new
information regarding the site geologic setting was identified during construction. In
addition, new contaminant isopleth maps may also be able to be prepared based on
new data collected during PRB construction.
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6. Monitoring
A program of monitoring in and around the PRB system should commence during
emplacement of the PRB. Monitoring will be necessary as long as targeted
groundwater contaminants pose a concern or as agreed by relevant stakeholders.
Monitoring requirements will vary on a site-by-site basis and will be influenced by the
CSM, regulatory and stakeholder requirements, decision-making requirements, project
timeframe, costs, receptor sensitivity and location, and long-term site access.
Post-construction, both short- and long-term monitoring programs should be adopted to
confirm that the PRB is performing to expectation and that sensitive receptors are
protected. Following achievement of the remediation objectives, post-remediation
monitoring is likely to be required as part of the exit strategy – particularly if the PRB
system is to remain in-situ after the site is closed.

6.1 Objectives
The primary objectives of post-emplacement PRB monitoring are to:
Evaluate whether the PRB is meeting hydraulic expectations
In other words, is groundwater flowing through the system as designed? For example,
the post-construction and baseline potentiometric surfaces should be similar for a site
with a continuous PRB. If this is not the case, then groundwater may not be flowing
through the PRB as designed.
Demonstrate an effective treatment process is occurring
These temporal and spatial monitoring data will be used to show compliance with
adopted remedial objectives (often referred to as remediation criteria or operational
control levels). Performance or effectiveness monitoring is discussed further in Section
6.3.
Demonstrate that concentrations at downgradient point(s) of compliance are
meeting remedial goals
Ultimately, the objective of the PRB is to reduce concentrations such that they are
below remedial goals at points of compliance. Compliance monitoring is discussed
further in Section 6.3.
Develop longevity expectations
As discussed in Section 4.7, it is difficult to obtain more than a qualitative or semiquantitative estimate of PRB performance and reactive material longevity prior to the
emplacement and monitoring of the PRB (given the inherent variability of subsurface
conditions, contaminant mixtures and PRB treatment processes). Therefore, monitoring
of key factors such as the hydraulic flow behaviour through and around the PRB, target
contaminants and their breakdown products, and geochemical conditions will allow a
post-design ‘re-appraisal’ of PRB performance and longevity. This can then assist in
both the short- and long-term planning of the project.
Identify when the media require replacement or rejuvenation
Long-term monitoring data can be used to provide a line of evidence to support project
stakeholder decisions such as the rehabilitation of the PRB material or implementation
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of mitigation measures for receptor protection. Lines of evidence may include changes
in contaminant concentrations and flux, changes in hydrogeological and geochemical
conditions in and around the PRB treatment area, and evidence of permeability loss.
Provide sufficient data to optimise the monitoring strategy
Consistent monitoring data can be used to gradually reduce the amount of data that
are collected (thereby reducing costs), while still allowing the operator and other
stakeholders to make sound technical decisions.
Identify when the PRB can be decommissioned
Particularly when coupled with source area treatment, the long-term monitoring data
can be used to identify when the PRB is no longer needed in order to meet remedial
action objectives.

6.2 Monitoring planning
Pre-planning of monitoring strategies is important and should be completed with the
development of a site-specific monitoring plan. Development of the monitoring strategy
can be completed as early as the PRB design stage. The monitoring plan should
clearly document the monitoring objectives, including the number of monitoring
locations, monitoring well construction design, sampling parameters, sampling
frequency and duration. Procedures and techniques to be adopted during monitoring
should be documented and should include monitoring well installation, well
development, groundwater sampling and sample handling. Information relating to
field and laboratory analytical requirements, quality control and assurance procedures,
data interpretation, remedial objectives/compliance criteria and reporting requirements
should also be included.

6.3 Performance and compliance monitoring
The purpose of performance monitoring is to regularly evaluate the PRB effectiveness
and estimate reactive material longevity. Compliance monitoring is regulatory-driven,
and is conducted to demonstrate that potential downstream receptors are protected in
accordance with the remedial action objectives. Performance and compliance
monitoring are discussed further in Section 6.3.1.

6.3.1 Performance monitoring
To adequately assess performance monitoring data, a clear understanding of the
process(es) occurring in the reactive zone is essential. Site characterisation data will
provide baseline data for comparison with monitored performance indicators which will
include:
Groundwater flow and hydraulic properties
Monitoring for changes in hydraulic properties in and around the PRB will provide
valuable information for the performance of the PRB. Where significant changes in flow
path behaviour or hydraulic head characteristics occur upgradient of the PRB, there is
a potential that the assumed design parameters will be no longer sufficient to meet the
needs of the changing hydrogeological regime and plume behaviour.
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Such changes in the subsurface system may have several impacts, such as altered
residence time for the contaminants in the reactive material, or simply that the plume is
no longer effectively physically intercepted by the PRB.
Geochemical indicators
Monitoring of geochemical parameters which are specifically tailored to the
groundwater conditions at the site, and also the reactive material in use in the PRB,
should be undertaken; these parameters act as useful indicators for the performance
of the system. Because a number of the geochemical parameters can be reliably
measured in the field using test kits, they are a relatively quick and low cost approach
to assess PRB effectiveness without an exhaustive groundwater sampling event. Some
common examples include:
•

For a ZVI PRB, geochemical indicators can provide valuable information relating
to the progress of iron corrosion as treatment proceeds, and also provide
information on the potential formation of precipitates within the barrier which may
lead to poor performance with time.

•

For an air sparging barrier, an increase in dissolved iron concentrations in influent
groundwater could result in an increased risk of iron precipitation around the well
screens. This could require higher injection pressures and long-term operational
issues (including the need to clean the well screens on a routine basis).

•

For a biobarrier, an increase in ORP values and nitrate concentrations (after a
period with concentrations below detection limits) could foreshadow the expiration
of the substrate before the chlorinated ethene concentrations begin to increase.

Target contaminants
It is necessary to monitor and evaluate that target contaminant degradation or
transformation is occurring effectively as the plume passes through the PRBs reactive
zone. Demonstrating efficient contaminant remediation and an absence of deleterious
secondary breakdown product contaminants is an important measure in demonstrating
successful PRB performance. These parameters will provide valuable information on
PRB performance and longevity including loss of reactivity, decrease in permeability or
contaminant residence time in the reaction zone, and bypassing or underflow
groundwater around the PRB. An effective performance monitoring strategy should
plan to collect data from monitoring locations upgradient, downgradient and within the
PRB system.

6.3.2 Compliance monitoring
Compliance monitoring locations will vary in location depending upon the
characteristics of the project site and the relative location of sensitive receptors. It
would be expected that prior to PRB emplacement, remediation criteria and appropriate
compliance monitoring well locations would be established in consultation with the
project stakeholders. Typically the identification of compliance monitoring locations and
remediation criteria is driven by local and/or national regulatory requirements. Some
compliance monitoring locations may be positioned immediately downgradient of the
PRB system while others may be positioned at site boundaries. Monitoring for the
presence of target contaminants exceeding the remediation goals will be the primary
compliance measure referred to by project stakeholders and regulators as an indicator
as to the efficiency of the remedial approach.
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In some cases, project stakeholders may agree to extend the compliance monitoring
suite of analysis to include undesirable secondary products.
Where a PRB has been emplaced within a contaminant plume, as opposed to
downgradient of the plume boundary, it may take an extended period of time
for monitoring of downgradient wells to demonstrate effective remediation of
groundwater contaminants. Therefore, contaminant concentration reduction goals
or milestones can be set (during development of the remedial action plan) for
monitoring wells between the PRB and the downgradient compliance wells. This acts
as a means of demonstrating progress towards meeting remediation objectives. For
example, a 50% reduction in the target contaminant concentrations at a specific
downgradient monitoring well one year after PRB installation might be a component
of the compliance monitoring program. Not meeting this objective could trigger
contingency planning (see Section 7.3).

6.4 Monitoring well network
The monitoring well network design must be site-specific and should be based upon
the type of PRB installed and the CSM. Monitoring well placement is extremely
important in ensuring that adequate and representative compliance and performance
monitoring data are collected, in order to allow subsequent evaluation of the
remediation system. It is important to note that monitoring wells should be positioned
such that they do not act as preferential pathways within the PRB system, thus
impacting upon the adequacy of the PRB performance.
The position and number of monitoring locations will depend upon site constraints and
the scale and design of the PRB system. Consideration should be given to the zones of
influence of proposed sampling methods as this may dictate the position of some wells
(US EPA 1998).
Designing monitoring networks
•

Guidance on Design Construction Operation and Monitoring of Permeable
Reactive Barrier (Carey et al, 2002) provides example borehole monitoring
networks for varying system configurations.

•

Permeable Reactive Barriers: Lessons Learned/New Directions (ITRC, 2005)
contains schematics illustrating possible borehole monitoring networks for
compliance and performance monitoring of PRBs.

6.4.1 Performance monitoring well locations
Performance monitoring points will be located within or immediately adjoining the
PRB system. The placement of monitoring wells for effective performance monitoring
(and, in particular, hydraulic characterisation and flow path assessment) requires
consideration of the selected PRB, the CSM and the available detailed site
characterisation data to ensure strategic positioning of the monitoring points is
achieved. Of particular importance are groundwater velocity at the site and the
timeframe required to make decisions, should the data indicate that the PRB is not
performing as designed.
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For example, if groundwater is travelling at 100 m per year, a monitoring well placed 10
m from the PRB would have 10 pore volumes pass in one year. This monitoring well
positioning would likely provide a strong line of evidence as to whether the PRB is
performing as designed. With a slower groundwater velocity of 10 m per year, closer
positioning of the downgradient well to the PRB would be required to mitigate the
potential for false negative results.
Figure 26 and Figure 27 provide illustrations of monitoring networks that have been
designed to provide multiple transects of monitoring data. An advantage of this
monitoring network design is that project stakeholders are provided with multiple lines
of evidence on PRB performance. This is beneficial as a single transect through the
system may not provide a representative image of the system as a whole and by
combining both multiple transects, with multiple depths, project stakeholders have a
robust three-dimensional data set to evaluate performance.

Figure 26. Example of borehole compliance and performance monitoring network for a funnel and
gate PRB (ITRC 2005).

Figure 27. Example of borehole compliance and performance monitoring network for a continuous
PRB (ITRC 2005).
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The use of small diameter wells and multiple or nested screen arrangements is often
adopted to provide the opportunity for discrete sampling and evaluation of the
subsurface conditions.

Nested wells to understand three dimensions
It is important to monitor and understand vertical and
lateral conditions, as variations in flow rates and
contaminant degradation/transformation may be
occurring in the PRB system. Nested wells with varied
short screen intervals allow discrete sampling, and
can be useful in capturing heterogeneities in three –
dimensions – particularly within the PRB reactive zone
where heterogeneities may occur due to differential
compaction of the media during emplacement, or due
to the irregular formation of precipitates.

In light of the relatively narrow zone of interest for aspects of performance monitoring
(for example the PRB reactive zone), more traditional monitoring well construction
and/or sampling techniques are adapted to meet the performance monitoring
objectives when installing wells within the reactive material. This is discussed in further
detail in Sections 6.5 and 6.6.

6.4.2 Compliance monitoring well locations
Compliance monitoring wells should be placed downgradient of the PRB between the
treatment area and the identified receptor(s). These sentinel wells will be monitored to
confirm that contaminant breakthrough does not occur, causing risk to the receptor(s).
If the sentinel wells are far downgradient of the treatment zone, it may take some time
before the effectiveness of the PRB is demonstrated and therefore data collected from
wells located more immediately downgradient of the PRB, as shown in Figures 26 and
27, can be evaluated in the interim against contaminant reduction goals (as discussed
in Section 6.3.2). An upgradient well will provide background water quality conditions
throughout the lifetime of the PRB, which will be beneficial for comparison purposes.
When positioning compliance monitoring wells, it is important to note:
•

downgradient compliance wells should be located sufficiently away from the
treatment zone to ensure that mixing of groundwater from distinct geochemical
regimes does not occur during purging and sampling and that water from the
treatment zone is not unintentionally sampled, and

•

upgradient wells should not be placed too close to the PRB as groundwater from
the reaction zone that is not intended for sampling may be inadvertently drawn into
the zone of influence during purging and sampling.

Where a PRB has been installed within a mature contaminant plume (as opposed
to downgradient of the plume’s leading edge), downgradient compliance monitoring
wells may not immediately observe a decrease in contaminant concentrations due to
back diffusion of contamination held within the tighter less permeable horizons.

CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

92

Back diffusion can be slow and is not always detected during monitoring. Compliance
results often initially indicate decreasing concentrations before downgradient results
are observed to increase again as back diffusion occurs.

6.5 Monitoring well construction
Prior to the commencement of monitoring well installation and construction (which
is not unlike the construction of conventional monitoring wells utilised for site
characterisation), close consideration must be given to the monitoring objectives
and data collection needs. For transects of monitoring wells installed within the aquifer
zone or PRB treatment zone (for example biological reducing zone of a biobarrier), the
well construction should take into account the site geology, aquifer characteristics such
as thickness, hydraulic properties such as vertical and lateral flow, contaminant
characteristics and distribution, and the PRB design specifications. Overall, well
construction should comply with the relevant Australian state, territory and national
regulatory requirements for monitoring well construction, with the necessary approvals
and licences (where applicable) obtained prior to installation. General guidance on
monitoring well construction can be found in ARMCANZ (1997).
Monitoring wells which are to be placed directly within the reactive materials of a PRB
can be installed either during or post PRB construction. The configuration, depth and
thickness of the PRB need to be considered during well installation, as difficulties in
accurate well placement may arise for PRBs of significant depth or narrowness.
Monitoring and evaluation of background concentrations is a useful way of verifying
correct well positioning within the reactive barrier, as background conditions between
the surrounding aquifer and the reactive zone will differ. For example, in cases where
ZVI is being used as a reactive material, certain geochemical indicators or a
conductivity probe can be used to confirm well positioning (US EPA 1998).
Installation of wells concurrently with emplacement of the PRB has been undertaken on
some funnel and gate systems, by suspending the well within a metal framework which
is removed during backfilling of the reactive material (US EPA 1998). When the PRB is
being installed in parallel with soil excavation and trenching activities, well installation
during construction is not feasible. In this case, wells can be installed into the reactive
barrier post construction by DPT or drill rig.
Monitoring wells within the PRB reactive media are often constructed slightly differently
to the more common aquifer monitoring wells. Typically, wells placed within the PRB
use pre-packed screens or are modified so that they do not have a sand pack around
the screen. This allows the screen to have direct contact with the reactive media, which
minimises disruption to groundwater flow and groundwater geochemistry (ITRC 1999;
2005). Limiting the diameter of wells placed within the PRB material can be of benefit
as it reduces the volume to be purged when sampling, which in turn minimises
disruption to groundwater flow in the reactive zone (ITRC 1999; 2005). A small well
diameter also reduces the potential for groundwater to pass through the PRB without
adequate reactive media contact time.

CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

93

6.6 Groundwater sampling approaches
A variety of groundwater sampling techniques can be applied when monitoring the
surrounding aquifer and within the PRB reactive zone. The focus during monitoring
should be to minimise disruption of groundwater flow when purging and sampling.
The volume of groundwater removed during purging and sampling in order to obtain a
representative sample will vary for each project, and should be determined on a site
by site basis. Most importantly, project stakeholder – and in particular, regulatory
endorsement – of the adopted monitoring strategy and selected sampling technique(s)
is essential. Due to the scale of the disturbance of subsurface conditions during PRB
emplacement, initial sampling results may not be representative of the remedial system
performance until re-equilibrium is achieved, which may take up to three months (US
EPA 1998).
In both compliance and performance wells, low-flow sampling methods are favourable;
this is because groundwater samples can be collected from within the screened interval
with minimal drawdown and mixing of casing water, and negligible disturbance to the
sampling zone. With correct monitoring well construction, sampling at discrete intervals
can be achieved to assist in understanding both lateral and vertical conditions within
the PRB and surrounding aquifer. Short screen lengths of less than 1 m should be
used where high resolution sampling is desirable. Where heterogeneous geological
conditions exist at a site, care should be taken to note if monitoring well screens extend
across multiple geological horizons, as higher permeability horizons may be
preferentially sampled unintentionally.
The use of dedicated submersible pumps can be advantageous as it mitigates the
need to repeatedly insert a sampling device into the monitoring well, which causes
disturbance and mixing of the stagnant casing water with the screened interval.
Where non-dedicated sampling equipment is used, good sampling practices should
be adopted. Thorough equipment decontamination between sampling locations is
required, as is the commencement of sampling at wells that are expected to have the
least contamination, progressing to the well considered to be most contaminated.
For performance wells positioned within the PRB reactive zone, minimal disturbance
of groundwater is critical. The use of down-hole geochemical monitoring tools
combined with passive sampling devices (such as passive diffusion bags) could be
utilised at these locations, and have the potential to provide an undisturbed picture of
the PRB performance. Passive diffusion bags are low-density polyethylene bags
containing deionised water. The passive diffusion bags are placed within the screened
interval, and rely on the diffusion of contaminants across the bag material from the
surrounding groundwater until the deionised water reaches equilibrium with the
surrounding groundwater. Because passive diffusion bags cannot be used for all
potential target contaminants (for example metals and other geochemical parameters
that will not diffuse through the bag), other passive samplers such as the Snap
Sampler (<www.snapsampler.com>) or HydraSleeves (<www.hydrasleeve.com>) are
available. These are both instantaneous grab-sampling devices used to collect water
samples from groundwater wells without purging or mixing fluid from other intervals.
General best practice procedures should be adopted when completing all monitoring
events.
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Field notes, for instance, should be taken during all events; these should record
observations which may have an influence on groundwater conditions, such as tidal
fluctuation or excessive periods of rain prior to monitoring which may lead to a change
in local recharge.

6.7. Groundwater parameters for analysis
Monitoring objectives will vary for each project site, with sampling parameters falling
broadly into the following categories:
•

geochemical parameters including field water quality parameters, and

•

target contaminants of interest including transformation and degradation products.

6.7.1 Geochemical parameters
Geochemical parameters will provide information on the PRB performance, its impact
upon the surrounding geochemical environment and, often, information on natural
attenuation that may potentially be occurring downgradient of the PRB.
The collection of geochemical parameters in the field provides valuable indicators for
assessing changes in hydrogeological conditions, which may indicate modification in
the performance of the reactive material and effectiveness of the remedial approach.
Field parameters are typically recorded during groundwater purging to confirm that
stable groundwater conditions have been achieved, and sampling of representative
formation groundwater can be completed. As such, these parameters should be
collected during each performance monitoring event. Field parameters will typically
include pH, temperature, redox potential, dissolved oxygen, turbidity, salinity, alkalinity
and specific conductance.
Given the unstable nature of many of the field parameters, measurements should be
recorded as soon as practicable in the field during sampling. Field parameters can be
measured by using an in-line flow cell, by collecting discrete samples for analysis at
ground surface in the field, or by using down-well probes. Typically, in-line flow cells
are the most commonly used method for collecting field parameters. Where possible,
the use of down-hole geochemical monitoring tools is advantageous, allowing the insitu collection of these unstable parameters.
The suite of geochemical parameters to be analysed will vary depending upon the
type of reactive material being used and the nature of contamination present.
Geochemical analysis completed during site characterisation (refer to Table 6 in
Section 3) will provide baseline information to assist in establishing a targeted suite
of geochemical indicators for performance monitoring. An understanding of the
reactions occurring within the treatment zone will allow further tailoring of this suite
of geochemical parameters.
Typically monitored geochemical parameters will include metals, major cations and
anions, total dissolved solids (TDS), total suspended solids (TSS), total organic carbon
(TOC) and dissolved organic carbon (DOC). Nutrients such as potassium, phosphorus
or nitrogen may be monitored where biological processes are to be evaluated or there
is a risk of biofouling.
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Where ZVI is being utilised as the reactive media, dissolved iron, sulfate, sulfide, nitrate
and hydrogen are important parameters in evaluating the performance of the PRB
(ITRC 2005). To reduce long-term monitoring costs, some of the geochemical
parameters can be analysed using relatively inexpensive field sampling kits.
As discussed in Section 6.3, geochemical parameters can provide valuable information
relating to the PRB treatment process and the formation of deleterious secondary
breakdown products downgradient of the PRB. For biobarriers, the measuring of DO
and redox potential provides an indicator as to whether appropriate reducing conditions
are present for anaerobic degradation. Further, the geochemistry upgradient, within,
and downgradient of a PRB can also be used to assess the health of a biobarrier. For
example, neutral pH levels, increasing chloride and carbon dioxide concentrations, and
decreasing redox potential, DO, nitrate, and sulfate levels are good indicators of a
functioning anaerobic biobarrier used to treat chlorinated ethenes. In the case of a ZVI
PRB, monitoring of redox in conjunction with dissolved ferrous iron can provide
information on the corrosion process for iron-mediated reactions.
Geochemical indicators can also provide valuable information relating to the potential
precipitation of mineral phases onto the ZVI reactive material particles. Geochemical
changes (such as an increase in pH) can impact upon the presence of bicarbonate and
carbonate ions leading to the precipitation of carbonates, which in turn can impact upon
PRB performance. These variations in the subsurface regime can be assessed and
evaluated by monitoring for geochemical parameters. When coupled with monitoring
data and geochemical modelling techniques, geochemical parameters can assist in
modelling projections for potential precipitate formation and thus provide information
relating to the longevity of the PRB. Where monitoring data are providing inconclusive
information, samples of the reactive material can be collected for inspection. Guidance
on the collection of reactive material samples is discussed in Section 6.8.
As a guide, Table 11 summarises how geochemical parameters may be used to
evaluate the performance of a ZVI PRB, an anaerobic biobarrier, an air
sparging/biosparging PRB, a pH control/neutralisation PRB system and downgradient
monitored natural attenuation (MNA). Where available, example values and ranges for
some geochemical parameters have been included in Table 11. These values should
be used as a guide only as parameters are likely to vary for individual projects.
Parameters should be evaluated on a site by site basis.
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Table 11. Comparison of geochemical parameters for example PRBs.

Neutralisation/ pH
control PRB

Downgradient MNA3

Use in conjunction with pH to
assess biodegradation processes

Use in conjunction with
pH to assess precipitation
processes

Provides an indication of
the buffering capacity of
the water and the amount
of carbon dioxide
dissolved in the water

A pH of near neutral is
desirable for most
biodegradation processes

For biosparging applications, a
neutral pH is desirable for
biodegradation processes.
pH is also monitored to assess the
likelihood of precipitation of metals
in oxic environment (potential well
screen clogging issue)

Critical for the
effectiveness of pH
barriers
pH levels must remain at
design levels for chemical
reactions (e.g.,
precipitation) to occur

Microbial activity tends to
be reduced outside of a
pH range of 5 to 9 and
many anaerobic bacteria
are particularly sensitive
to pH extremes

Affects rates of microbial
metabolism. Biodegradation is
slower at lower temperatures

Affects rates of microbial
metabolism. Biodegradation is
slower at lower temperatures

Not a critical parameter
for pH barrier applications

Affects rates of microbial
metabolism
Biodegradation is slower
at lower temperatures

Not a critical parameter
for pH barrier applications

Highest energy-yielding
electron acceptor for
biodegradation of organic
constituents, typically less
than 10 ppm

Parameter

ZVI PRB1

Anaerobic biobarrier2

Alkalinity

Declines as minerals
precipitate in the PRB.
Indicates that the
groundwater is
contacting the granular
iron

Concentrations that remain at
or below background in
conjunction with a pH of less
than 5 indicates that a
buffering agent may be
required to sustain high rates
of anaerobic dechlorination

pH

Generally increases.
Provides an indication
that the groundwater is
contacting the granular
iron

Temperature

Affects rate of
degradation of VOCs
with granular iron.
Degradation is slower
at lower temperatures

Dissolved
oxygen

DO is completely
removed in an iron
PRB

DO of less than 0.5 ppm
generally indicates feasibility
for anaerobic dechlorination
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Parameter

ZVI PRB1

Anaerobic biobarrier2

Air sparging/biosparging PRB

Neutralisation/ pH
control PRB

Downgradient MNA3

Redox
potential

Typically reduced to
less than −200 mV as
the groundwater flows
through the PRB

Typically redox potential
should be less than –200mV
for optional rates of anaerobic
dechlorination

Redox is used to assess the zone
of influence of sparging.
Positive redox suggests conditions
suitable for aerobic biodegradation.

Will vary with aerobic and
anaerobic conditions
experienced

Redox ranges from +500
mV for aerobic conditions
to −300 mV for
methanogenic conditions.

Sulfate

Typically reduced
through biological
reactions as the
groundwater flows
through a PRB. May
be considered a
competing compound

Sulfate levels of less than
20 mg/l are desirable, but not
required, for anaerobic
dechlorination to occur. Sulfate
concentrations should be
considered during the
development of the dosing
strategy

Not a critical parameter for sparging
applications

Depending on target
contaminant and design
pH, sulfate concentrations
upgradient and
downgradient of the
barrier may be indicative
of system performance

An electron acceptor in
biodegradation of organic
constituents. As such,
high sulfate
concentrations may
adversely influence
completely of reductive
dechlorination

Typically occurs as a
precipitate in the PRB
(see sulfate)

By-product of sulfate
reduction. Sulfide typically
precipitates with iron minerals;
elevated levels of sulfide may
be toxic to dechlorinating
microorganisms

Tends to be present under reducing
conditions therefore its presence
suggests that sparging is not
effective

Depending on target
contaminant and design
pH, sulfide concentrations
upgradient and
downgradient of the
barrier may be indicative
of system performance

Microbially reduced form
of sulfate. Indicates
reduced conditions

May be produced in
the PRB

Elevated methane indicates
fermentation is occurring in a
highly anaerobic environment

Tends to be present under reducing
conditions therefore its presence
suggests that sparging is not
effective

Not a critical parameter
for pH barrier applications

Indicator of anaerobic
conditions and presence
of methanogenic bacteria.
Produced by the microbial
reduction carbon dioxide

Metabolic end product
of reductive
dehalogenation of
halogenated ethenes
and ethanes

Elevated ethene and ethane
(at least an order of magnitude
greater than background
levels) can be used to infer
anaerobic dechlorination

Not a critical parameter
for pH barrier applications

Metabolic end product of
reductive dehalogenation
of halogenated ethenes
and ethanes

Sulfide

Methane

Ethane/
ethene
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Parameter

Total organic
carbon

Chloride

ZVI PRB1

Anaerobic biobarrier2

High concentrations
may affect degradation
rate of VOCs with iron.
Initially, there may be
elevated levels of TOC
for PRBs constructed
with biopolymer

Concentrations of TOC greater
than 5 to 10 mg/L are required
to sustain anaerobic
degradation processes

Generally increases
and may be useful as
an indication of
dechlorination

Chloride is produced by
anaerobic dechlorination

Neutralisation/ pH
control PRB

Downgradient MNA3

Not a critical parameter for sparging
applications

Not a critical parameter
for pH barrier applications

A measure of the total
concentration of organic
material in water that may
be available for biological
degradation

Not a critical parameter for sparging
applications

Not a critical parameter
for pH barrier applications

May be useful as an
indication of biological
dechlorination and as a
conservative tracer
A product of bacterial iron
reduction. Only the
reduced form (ferrous) is
soluble. The oxidised form
(ferric) is used as an
electron acceptor

Air sparging/biosparging PRB

Iron (total,
dissolved)

Produced in the PRB
but typically
precipitated within the
PRB

Elevated concentrations of
ferrous iron relative to
background can indicate that
iron reduction is occurring

Used to assess the potential of iron
fouling around the sparging well
screens

Depending on target
contaminant and design
pH, ferrous iron
concentrations upgradient
and downgradient of the
barrier may be indicative
of system performance

Nitrogen

See below

Nutrient needed for microbial
growth, may be needed as a
substrate amendment

Not a critical parameter for sparging
applications

Not a critical parameter
for pH barrier applications

An essential nutrient of
microbial growth and
biodegradation

Alternate electron acceptor for
microbial respiration. Nitrate
concentrations should be
considered during the
development of the dosing
strategy

Not a critical parameter for sparging
applications

Not a critical parameter
for pH barrier applications

Used as an electron
acceptor. Consumed next
after oxygen

Nitrate

Reduced to
ammonia/ammonium

Source:1 ITRC (2005); 2 AFCEE (2004; 2008); 3 ITRC ( 2005).
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Microbial impacts
Microbiological activity plays a role in the performance of some PRB systems,
particularly those which have adopted a biologically-mediated treatment process. The
composition and activity of microbial communities in the subsurface environment will
respond to environmental changes, including the introduction of PRB reactive material
to the aquifer system. Therefore, an understanding of both the geochemical and
microbial characteristics of the treatment zone is important (particularly for biobarriers)
so that microbial activity can be used to promote and then help assess the PRB
effectiveness. For example, the emplacement or injection of an organic substrate in a
biobarrier is intended to change the microbial ecology of an aquifer system by
stimulating anaerobic microbial populations capable of degrading the targeted
groundwater contamination. Evidence of an increasing population of dechlorinating
bacteria DHC within the biobarrier treatment zone would indicate enhanced
contaminant degradation; conversely, the lack of DHC growth would suggest that the
dosing strategy could require changes to meet treatment goals. On the other hand, as
discussed in Section 4.8, a negative aspect of microbial activity within the treatment
zone is the potential for the formation of a biofilm within the reactive media, which can
potentially lead to reduced permeability of the media over time due to the clogging of
pore spaces. In the case of ZVI PRBs, results from a number of laboratory bench- and
field-scale trials suggest that microbial activity has potentially little impact on the longterm performance, and may in fact enhance the treatment process (AFCEE 2008). This
has been confirmed by recent reports on the ZVI PRB in Monkstown, Northern Ireland
(Phillips et al. 2010) and pilot-scale ZVI PRB at the Orica site in Botany, NSW (Stening
et al. 2008), which verify enhanced reductive dehalogenation treatment of
contaminated groundwater due to the presence of microbial communities within the
PRB.
To assess and evaluate the presence of microbial communities within the PRB,
samples of the reactive material can be collected for specialised laboratory preparation
and analysis. Microbial data which can potentially be collected includes lipid analysis,
DNA analysis and culture analysis (ITRC 2005). Further information on the collection of
samples of reactive material is provided in Section 6.8. Because heterogeneities in the
distribution of microbial populations (both density and type) can often be encountered
throughout the treatment zone, it is important to collect multiple transects of monitoring
data as discussed in Section 6.4 to identify and address any anomalies.

Microbiological assessment and impact
•

Permeable Reactive Barriers: Lessons Learned/New Directions (ITRC 2005)
provides discussion on microbial assessment and impacts using specific project
examples from the United States.

•

Technical Protocol for Enhanced Anaerobic Bioremediation using Permeable
Mulch Biowalls and Bioreactors (AFCEE 2008) provides detailed information on
biobarriers and microbial considerations.
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6.7.2 Target compounds
Monitoring for target contaminants forms the core component of compliance monitoring
and is the ultimate indicator of the success of the PRB system. Unlike performance
monitoring, which is a multi-variable and occasionally subjective assessment,
compliance monitoring focuses solely on whether remedial goals are being achieved
(for parent compounds and daughter products) at specific locations downgradient of
the PRB. The detection of unacceptably high concentrations of these targeted
contaminants downgradient of the treatment system may indicate PRB performance
non-compliances.
A clear understanding of the processes occurring within the treatment zone is important
in order to identify potential secondary products from the contaminant degradation or
transformation process. As discussed previously in Section 6.3, degradation products
such as VC and cis-1,2, DCE may prove to be regulated compounds and should be
incorporated in the suite of target contaminants considered during monitoring.
When evaluating the presence of target contaminants within the downgradient
groundwater, consideration should be given to the potential presence of stagnant
zones within the aquifer. Experience (ITRC 2005) has found that, following PRB
construction, it may take several years to observe improved groundwater conditions
downgradient of the PRB due to back diffusion (refer Section 6.4) and poor flushing of
contamination through stagnant zones. Monitoring data must, therefore, be critically
reviewed to establish if groundwater monitoring results represent inefficient PRB
performance or insufficient flushing of pre-existing contamination in the downgradient
aquifer.

6.7.3 Laboratory analysis
Samples should be collected in appropriate laboratory supplied containers and
immediately packed in ice (as applicable to the individual preservation requirements)
and forwarded to the laboratory for analysis. The project laboratory should be
appropriately certified and demonstrate a suitable level of QA/QC. Guidelines on
laboratory QA/QC requirements are provided in the NEPM (www.nepc.gov.au/contam).
Where possible, the laboratory should have National Association of Testing Authorities
(NATA) accreditation for the analysis conducted and/or participate in a laboratory
proficiency program. Analytical methods and techniques must be recognised,
consistent and comparable with regard to the monitoring objectives. Given the
extended timeframe associated with groundwater treatment by PRB, it may not be
feasible to maintain the same laboratory throughout characterisation and long-term
monitoring activities. Where possible, maintaining a consistent project laboratory is
favourable as it can minimise uncertainties in data associated with changes in
laboratory teams, systems and methods.

6.8 Reactive material sampling
Physical inspection of a core sample of the reactive material may be required during
the lifetime of the PRB. Sampling of the core may be driven by the need to gain a
better understanding of the in-situ reactive material, or perhaps because monitoring
data has been insufficient or inconclusive.
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Collection of a core sample of the reactive material will allow project stakeholders to
directly observe hydraulic properties, geochemical conditions or microbial community
characteristics within the material. Core sampling within the reactive material can be
completed using DPT. The use of an inner plastic sleeve or tube when coring can be
beneficial as it allows easy handling of an intact core of reactive material. Collection of
a complete core of reactive material may not always be feasible due to the nature of
the material as experienced at the ZVI PRB in Monkstown, Northern Ireland (Phillips et
al. 2010).
Following removal of the core sample, the core should be appropriately preserved until
analysis is required. Typically, the cores should be sealed and stored at 4 ºC to
minimise degradation of the core. Following removal of the core, the excavation should
be backfilled with replacement reactive material. When inspecting the core sample for
potential cementation, corrosion or precipitate formation, several techniques are
available including scanning electron microscopy, auger spectroscopy and x-ray
photoelectron spectroscopy (US EPA 1998; ITRC 2005; Phillips et al. 2010). Subsampling of the core material can be completed for further analysis (microbial or
geochemical) of targeted sections of the reactive material core.

6.9 Hydraulic performance monitoring strategy
Assessment of the hydraulic performance of a PRB must be undertaken on a regular
basis: firstly, to ensure that the post-construction site conditions are consistent with the
design basis; secondly, to ensure continuing performance of the remediation system.
Hydraulic performance of the PRB can be simply assessed by monitoring the
groundwater levels upgradient, within, and downgradient of the PRB. Often, the postconstruction potentiometric surface can provide early evidence that groundwater is or is
not flowing through the treatment system. If the groundwater levels from the monitoring
well network suggest that the groundwater flow regime has changed due to the
installation of the PRB, then it may be necessary to carry out more detailed
assessment to confirm that the PRB intercepts the plume and that the design residence
time is being maintained. This could include aquifer testing (slug or pump testing)
around the PRB to assess post-construction hydraulic conductivities in PRB media and
the formation, tracer testing to evaluate groundwater flow paths, and/or in-situ flow
metres to evaluate changes in hydraulic conditions including permeability and flow
paths (US EPA 1998). The results from such monitoring activities are most clearly
useful when they can be compared with the site characterisation baseline data used in
the PRB design.
Where substantial variations in flow patterns or groundwater gradients are observed,
there is potential that the effectiveness of the PRB performance is comprised. Changes
in groundwater hydraulics may be caused by:
•

Changes within the PRB system, such as precipitation of minerals or biofouling,
causing a reduction in hydraulic conductivity of the media. Heterogeneity within the
reactive zone can also lead to the formation of preferential pathways within the
reactive material. This in turn can result in a decrease in contact time with the
reactive material within the preferential flow paths, resulting in insufficient
degradation or transformation of the contaminant.
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•

The use of nested and short screen interval wells can be a valuable resource for
the detection of potential preferential flow paths within the reactive media.

•

Changes in external conditions, including variations in regional or local
groundwater flow due to modifications in groundwater use or weather conditions.
Alterations in local land uses can also play a part by influencing infiltration rates
and groundwater flow.

Assessment of the groundwater flow regime may also indicate that the overall hydraulic
capture zone has not been fully characterised. Monitoring of surrounding wells for
contaminants of concern may confirm that contaminated groundwater is by-passing the
barrier.
Assessment of hydraulic performance
•

Design Guidance for Application of Permeable Reactive Barriers for
Groundwater Remediation (Gavaskar et al. 2000) provides guidance on
methods of evaluation of hydraulic performance (hydraulic capture zone and
residence time) of PRBs.

•

Permeable Reactive Barriers: Lessons Learned/New Directions (ITRC 2005)
also provides some information on the evaluation of hydraulic performance.

6.10 Monitoring frequencies
The monitoring frequency is dictated by a number of factors, and will vary with each
site. To an extent, monitoring frequencies are influenced by the level of site
characterisation undertaken prior to emplacement of the PRB, and the level of
confidence placed in the baseline data for the site. During, and immediately following
emplacement, a high frequency of monitoring is typically completed to confirm PRB
emplacement and the treatment process, and also establish initial trends. Once the
system has re-equilibrated following emplacement, and a level of confidence can be
placed in the baseline and initial monitoring data, the frequency of monitoring may be
altered and will be dictated on each site by factors such as:
•

type of PRB (for example, those PRBs that require re-amendments to remain
effective are often monitored more frequently)

•

anticipated target contaminant arrival time/breakthrough at downgradient
monitoring locations

•

hydrogeological conditions including aquifer properties, flow velocities and
heterogeneities across the subsurface system

•

contaminant plume properties, extent and behaviour, and the understanding of
variations in contaminant concentrations across the plume and associated
uncertainties, and

•

sensitivity and proximity of nearby receptors and knowledge of the risk posed to
the receptor.

Monitoring frequencies should be developed in consultation with the project
stakeholders and should take into account site-specific conditions, regulatory
requirements and professional judgement. A guide to suggested monitoring
frequencies is presented in Table 12.
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Table 12. An example of monitoring frequencies.

Monitoring stage 1

Purpose

Frequency

Comments

PRB emplacement
and until
equilibrium is
achieved

To confirm PRB emplacement and
verify the PRB system is stabilising
and approaching equilibrium.

To be determined based on site-specific
conditions, PRB selection and construction,
and regulatory requirements.
As a guide consider weekly to monthly for
water level measurements, and monthly to
quarterly for all other monitoring parameters.

Continue high frequency monitoring until
equilibrium is achieved. As a guide this may take 3
to 6 months but will vary on site by site basis.

Post-construction
(short-term)

To verify PRB performance and
compliance and establish a trend so
that the PRB can be evaluated on
compliance, performance and
stability during long-term monitoring
period.

To be determined based on site-specific
conditions and regulatory requirements.
As a guide consider monthly to quarterly
water level measurements and quarterly to
semi-annually for all other monitoring
parameters.

Short-term typically extends 1 to 2 years. During
this period a higher frequency of monitoring is
completed to better understand PRB performance.
If behaving as designed, potential to adjust
monitoring frequency in long-term. Potential for
clogging and channelling of reactive material
should be considered when adjusting frequency.

Post-construction
(long-term) 2

Monitor progress towards remedial
goals and identify need to re-amend
or apply contingency measures as
necessary.

To be determined based on site-specific
conditions and regulatory requirements.
As a guide consider quarterly to semi-annual
water level measurements and annually for
all other monitoring parameters.

Monitoring period beyond 2 years. Monitoring
frequency gradually decreases as trends stabilise
and progress towards remedial goals is
consistently achieved.

Post closure

To confirm that remedial objectives
have been met and evaluate
remobilisation of contaminants, for
example, if PRB remains in place.

To be determined based on site-specific
conditions, closure method and regulatory
requirements.

Will be influenced by understanding of system
gained during monitoring.

Notes:
stages should include (as applicable for the site) assessment of field water quality parameters, geochemical indicators, target contaminants (including secondary products)
and groundwater levels.
2 Subject to performance of PRB which can be established from short-term monitoring data.
Source: ITRC (2005); Carey et al. (2002).
1 All
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6.11 Quality assurance/quality control procedures
QA/QC procedures for the sampling and analysis of groundwater are documented
within Australian state, territory and national guidelines. QA/QC procedures should
include (but not be limited to) equipment decontamination, appropriate sample handling
techniques and preservation, and the collection of QA/QC samples. QA/QC samples
should be collected to verify the precision, accuracy, representativeness, comparability
and completeness of the monitoring data. Consideration can be given to optimisation of
the level of QA/QC adopted across the entire treatment area, as this can be
economically beneficial over the lifetime of the project. For example, less stringent
QA/QC can be adopted for monitoring locations immediately upgradient and
downgradient of the PRB where gross changes in target contaminant concentrations
are being assessed. More stringent QA/QC should be adopted at compliance
monitoring locations.
Over the lifetime of the project it may be suitable to augment laboratory samples with
field analysis. When laboratory samples and field analysis are well-correlated and there
is confidence in the data being collected, project stakeholders may agree to replace
some laboratory samples with field samples.
It is recommended that standard operating procedures (SOPs) are developed and
implemented throughout the project to ensure consistency in the data collection
approach undertaken. To further maximise continuity across the monitoring data sets, it
would be beneficial if the SOPs implemented during site characterisation were
consistent with those adopted for use during the short- and long-term monitoring effort.

6.12 Monitoring optimisation
Monitoring protocols should be reviewed periodically as part of the O&M plan to make
certain that the procedures in place are appropriate to allow documentation of
performance. Prior to considering optimisation of the monitoring program, it is
preferable that overall site conditions are relatively stable, with no large changes in
remediation approaches occurring or anticipated. Evaluation of the monitoring program
for optimisation will be aided by the availability of quality monitoring data for an
extended period of time, and an up-to-date CSM. With periodic review, the monitoring
protocols can be refined and optimised by:
•

removing unnecessary analytes

•

reducing the frequency of monitoring based upon experience and proven
performance from monitoring trends

•

adjusting the number of monitoring points sampled during each monitoring event,
and

•

employing new, cost-effective monitoring techniques.

Optimisation of the monitoring program can provide valuable cost savings over the
lifetime of the project. Like other key elements of any remediation project, stakeholder
concurrence is required prior to implementing changes to the monitoring program.
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6.13 Performance review
Throughout operation of the PRB, detailed review of the monitoring data will be
completed to confirm that the site-specific remediation objectives are being met. Critical
review of the monitoring data will allow evaluation of the performance of the PRB and
identify any management issues, such as the need to implement contingency
measures or perform maintenance and rehabilitation works, the possibility of
optimisation of the monitoring program or, perhaps, a move towards closure of the
PRB. The monitoring data used to verify performance of the PRB will be scrutinised by
project stakeholders and regulators, and must be of high quality to permit successful
validation of the PRB remedial approach.

6.13.1 Review of monitoring results
Monitoring results should be periodically reviewed against either baseline conditions or
remediation criteria to evaluate performance of the PRB. With each monitoring event
the CSM should be reviewed and updated as necessary. The results from the
monitoring program can be used to establish whether:
•

Remedial objectives have been achieved. This may be accomplished by
demonstration that contamination is no longer present or no longer poses a risk to
the identified receptors. If contamination is still persistent, monitoring may have
sufficiently demonstrated consistent falling trends in target contaminant
concentrations.

•

Remedial objectives have not been achieved and ongoing monitoring is required.

•

Optimisation of the monitoring program would be beneficial. This may comprise
refining of the analytical suite, frequency of monitoring or range of monitoring wells
to be sampled during each event.

•

Contingency measures discussed in Section 7.3 are required.

As an example, the overall procedure for assessing the effectiveness of an air sparging
PRB system is presented in the flow chart on Figure 28. Failure to meet treatment
objectives within the confines of the flow chart would trigger the contingencies measures.
Some difficulties may arise in the assessment of monitoring results. These are often
linked with uncertainties associated with sampling and analysis practices, the natural
variability of the subsurface environment, insufficient data or seasonal variations. The
implementation of comprehensive SOPs and robust QA/QC procedures can assist in
alleviating uncertainties in sampling and analysis practices. Where appropriate,
statistical analysis of the monitoring data can be undertaken to establish trends within
the data sets collected.
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Figure 28. Example of operations and maintenance plan for air sparging (AS) PRB system
(courtesy of CH2M).
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6.13.2 Reporting
The monitoring program will generate a large volume of data that need to be managed
and presented in a logical manner to ensure the effective communication of the
information gathered to all relevant project stakeholders. Typically, the monitoring data
will be compared with baseline data and/or remediation targets or criteria as outlined in
the monitoring plan. As a general guide for reporting, reference can be made to the
NEPM (www.nepc.gov.au/contam) for guidance on data presentation. When reporting,
consideration should be given to any Australian state, territory or national regulatory
reporting requirement which may be in place.

Data presentation
Presentation of monitoring data using figures and graphs is often beneficial. The main
approaches for presenting monitoring results include trend graphs, annotated site
plans/cross-sections or contour plots.
Trend graphs illustrating changes in groundwater quality or groundwater levels
spatially, or over a period of time, can clearly present trends with respect to a reference
point such as a target remediation criterion. Annotated site plans can be a useful
method of communicating a small amount of information, such as illustrating several
key results at monitoring locations of interest. Cross-sections are often a practical
method of relaying data to show changes in groundwater quality or hydraulic
information across the PRB. Contour plots of groundwater quality or hydraulic
parameters can be generated on site plans, and can demonstrate changes in
contaminant plume behaviour or hydraulic regime with time.

Data presentation – Important things to consider
•

Take into account any variable circumstances when comparing data from
different monitoring events (for example weather variation, water table
fluctuations, and equipment considerations).

•

Be vigilant when preparing and interpreting contour drawings, particularly when
data gaps exist as extrapolation between data points can influence your
findings. Include dashed lines where uncertain (NEPC 1999).

Conclusions and discussion
Data collected during each monitoring event will lead to the refinement of the CSM.
The monitoring data will form a component of lines of evidence that will be used to
draw conclusions about the effectiveness of the PRB system and the status of
groundwater remediation at the site with respect to the end-point objectives. Any
conclusions drawn should be fully explained and justified.
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7. Operation, maintenance and closure
A PRB may be required to operate for years or possibly decades. Monitoring will be
necessary throughout the operating life of the PRB to evaluate the system
performance, maintenance requirements such as replenishment of reactive materials,
whether contingency plans should be initiated due to poor performance, and if the
remedial objectives have been met. An O&M plan should be developed and should
provide guidance on the operational requirements of the system, maintenance
requirements, contingency plans and exit strategy. The exit strategy section should
discuss remedial objectives, cleanup criteria/operational control levels, closure and
decommissioning. Limited project experience can currently be drawn upon with regards
to closure and decommissioning of PRBs given that most, if not all, PRBs are still
actively operating and may be some years away from reaching their remediation
objectives.

7.1 Operations and maintenance plan
An O&M plan or method statement will take the form of a site-specific document that
sets out the best practice operation and maintenance methods that will be adopted
during the operating life of the PRB. This document will provide information and
assurance to the project stakeholders and regulators that the remedial objectives will
be met without risk to identified receptors. As a guide, the O&M plan should include the
following information:
•

a summary of site conditions including geology, hydrogeology, geochemical
regime, contaminant characteristics, receptors and potential risks

•

a health and safety plan including, but not limited to, project team contact details,
roles and responsibilities; and emergency response procedures

•

project background detailing the history of the site and the circumstances which
lead to the contamination present (if known)

•

remediation strategy and objectives including monitoring strategy (performance and
compliance), and remedial targets which will be used to assess and verify
performance

•

a detailed sampling and analysis plan including identified monitoring points,
frequency of sampling, suites of analytes, sampling techniques and operating
procedures

•

overview of PRB design and construction details including QA/QC procedures and
as built drawings, if available

•

contingency planning including identification of the criteria which, when met, will
activate contingency plans, and protocols/procedures should maintenance or
rehabilitation of the reactive material be necessary, and

•

closure and decommissioning strategy.
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7.2 Operational control levels
Operational control levels, also referred to as metrics or interim remedial goals, must
be established as part of the monitoring strategy and should be agreed with project
stakeholders and regulators. It is with reference to these control levels, in conjunction
with remediation criteria, that the compliance and performance monitoring data will be
evaluated. If it is demonstrated that these control levels are not being met, contingency
measures can be put in place to mitigate risk to identified receptors.
Operational control levels can vary between monitoring locations and may take the
form of a target concentration at a certain time post-construction. Example metrics for
downgradient compliance monitoring locations or sentinel well (where it would be
expected that contaminant removal can be achieved) include a site-specific
contaminant background concentration, or a regulated water quality criterion.
For wells located within or immediately downgradient of the reactive zone, where
complete contaminant removal may not yet be expected, the operational control level
may comprise a calculated acceptable concentration.
Hydraulic control levels can also be developed. These can include minimum
requirements for groundwater levels or flow paths in nominated wells to confirm that
the permeability of the PRB is not being compromised, and that the contaminant plume
is not by-passing the PRB. For example, for funnel and gate systems, the groundwater
model that was used to design the system could be used as a metric for assessing
post-construction hydraulics. If the groundwater levels upgradient of the system were
higher than expected, then changes might be required to minimise treatment problems.
Guidance provided by Carey et al. (2002) on the development of operation control
levels is summarised in Figure 29 and illustrated in Figure 30. This approach
incorporates natural attenuating processes and may require the collection of additional
information on the contaminant plume properties and hydrogeological regime at the
site.
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Figure 29. Flow chart for development of operational control limits (adapted from Carey et al. 2002).
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Figure 30. Schematics illustrating compliance locations and operational control limits (Carey et al.
2002).

7.3 Maintenance, rehabilitation and contingency planning
The need for relatively regular maintenance and rehabilitation of the reactive material
during the lifetime of the PRB may be determined or identified during the design stage.
Therefore, an objective of the O&M plan will be to determine and document when
replenishment of the PRB is required before breakthrough of target contaminants is
evident in downgradient wells. For example, in a biobarrier that uses injected substrate
to facilitate reducing conditions, frequent rejuvenation is expected throughout its
lifetime. For such systems, specific TOC, DO, and ORP levels could be used as
metrics to trigger re-injection.
In addition, a contingency plan should be developed as part of the O&M plan to
document the measures to be implemented, should the PRB prove to be ineffective or
insufficient for remediation of the identified target contaminants. The contingency plan
will include details of the contingency measures, estimated duration for implementation
of the contingency measures and information on the triggers which will activate the
contingency plan. Typically, it would be expected that the contingency plan triggers
would include contaminant exceedances of adopted remediation criteria or operational
control levels in downgradient monitoring wells. Alternatively, triggers might be
associated with precipitate build-up which affects the hydraulic conductivity and/or
reactivity of the material. In all situations, it is important that the monitoring program
adopted at the site is effective in providing adequate time for implementation of a
rehabilitation program following detection of the nominated indicators. Prior to the
implementation of relatively significant modifications to the PRB, preliminary
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contingency measures may be undertaken, subject to available timeframes, and may
include (Carey et al. 2002):
•

increased frequency of data collection to verify observed trends

•

review of the CSM and the PRB design to establish if the monitored results are of
significance, and

•

completion of additional testing - for example: permeability tests, inspection of
reactive material to assess the cause of the observed change.

If PRB performance is still not meeting the remedial objectives, the operator may elect
to use some of the following techniques to address diminishing performance. These
responses are not listed in any particular order since there is no broadly-applied
contingency hierarchy. The practitioner should integrate some of these approaches into
the site-specific contingency plan based on the PRB technology, remediation
objectives, stakeholder input, and other relevant site factors.
Media replacement
This can range from replacing the media in reactive cells, using in-situ regeneration (for
example using backwashing to remove precipitates or biofilm), or re-injecting the
amendment/substrate, to completely reconstructing the PRB (that is, install another ZVI
PRB). In the case of biowall PRBs, horizontal or vertical injection piping can be
installed during construction to allow liquid organic substrates to be injected to
recharge the biowall before the substrate expires.
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ZVI PRB Longevity
ZVI PRBs have been applied at over 125 private and government-owned sites
worldwide over the last 11 years. An evaluation of PRB installations was undertaken
by ETI to obtain a general perspective on the long-term performance of these
systems (ETI, 2005). The following conclusions were derived for the 68 PRBs where
reviewable site data were readily available:
• 90% of the sites are reportedly meeting regulatory objectives
• 6% of the sites had hydraulic issues that have required system expansion
(additional iron to address incomplete plume capture) or were related to
construction artefacts
• 4% of the sites implemented pump and treat alternatives to ensure capture of the
portion of the plume bypassing the PRB.
Therefore, of the few systems which have reported inadequate long-term
performance, the PRB system hydraulics appears to be the main cause. Ongoing
refinement/improvement of construction methods is minimising adverse impacts due
to construction. As discussed previously, it will also be critical that the permeability of
the ZVI PRB does not affect the overall groundwater flow pattern.
To date, no ZVI PRB has required rejuvenation due to hydraulic plugging or loss of
reactivity due to precipitate formation. In most environments, ZVI PRBs are expected
to last at least 15 years before refurbishment or replacement is considered. For
example, the porosity of the Elizabeth City, North Carolina (CA) ZVI PRB, which was
installed in the mid-1990s, is only decreasing by about 1 percent per year (Gavaskar,
2010). However, for the 10% of the PRBs with relatively poor performance, it is
apparent that hydraulic issues (rather than geochemical) have been the primary
cause. Potential problems include unrecognised variability in plume dimensions,
groundwater flow velocity and/or direction, and problems with PRB construction,
which have gradually been refined to minimise these potential impacts.

Bioaugmentation
The addition of biological cultures or nutrients to the reactive material to prompt
biodegradation.
Use a sacrificial reactive zone before the primary PRB
Another PRB can be installed upgradient of the primary (and possible expensive)
treatment zone to address secondary constituents. For example, this might include the
installation of an inert filter to remove mobile fines or a limestone PRB to adjust the pH
and precipitate metals. The high porosity of the sacrificial PRB allows for precipitate
formation without undue permeability reduction, and can reduce potential clogging at
the upgradient face of the main body of a PRB, and may also improve hydraulic
distribution of the contaminated groundwater over the face of the PRB (Henderson and
Demond 2007; Li and Benson 2008).
Adjust geochemical conditions within the treatment zone
The pH can be adjusted within the treatment zone to remobilise metals (as long as they
are not COCs) that have precipitated within a ZVI PRB or within injection wells used for
air sparging or biobarriers.
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Increase injection frequency
Fluctuating PRB performance may be due to an insufficient mass of reactive media.
This can be remedied by increasing the re-injection frequency via DPT, high pressure
injection (fracturing), or permanent injection wells.
Add injection wells or points
In the event that the PRB is not uniform or the residence time is insufficient, additional
injection wells or points can be added to supplement the original system.
Extend or add funnels to a continuous PRB
If contaminated groundwater is flowing around a continuous PRB due to a variable
groundwater flow direction or permeability issues, then the system can either be
extended along its alignment or funnels can be added to direct the groundwater
through the reactive zone. Groundwater modelling is recommended if funnels are
selected for the modification.
Add another PRB downgradient of the original system
In the event that the residence time is insufficient but the treatment process is working,
another PRB can be added downgradient to meet treatment goals.
Reverse biofouling
If flow through the PRB is inhibited or higher injection pressures are required to deliver
amendments to the subsurface because of bacterial growth, then the biofouling
remedies summarised in Table 13 can be implemented.
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Table 13. Biofouling controls.
Treatment

Advantages

Disadvantages

Sites where used

Hydrogen peroxide
injection1,2

Strong oxidiser that
works quickly

Requires purging and
treatment of large volumes
of wastewater; labor and
cost intensive; health and
safety concerns

Dover Air Force Base,
Delaware (DE),
Edwards AFB,
California (CA); Robins
AFB, Georgia (GA)

Pressurising wells1

Allows injection of
groundwater with
minimal headspace
and increased
injection rates

Slows, but does not stop
biofouling

Dover Air Force Base,
DE

Biocide addition1,2

Can be pumped
directly into wells so
site personnel
handling is minimised

Can kill all microbes at the
site, including those
required for bioremediation,
if concentrations are not
strictly monitored; requires
special needs permit

Dover Air Force Base,
DE; Aberdeen Proving
Ground, Maryland (MD)

Acid treatments1,2

Quickly and effectively
removes biomass and
precipitated iron

Purge water must be
neutralised before disposal;
health and safety concerns

Dover Air Force Base,
DE, Rocket Facility,
Nevada (NV)

Injecting substrate
and nutrient in
pulses rather than
continuously1,2

Reduces availability of
substrate and
nutrients in wells,
limiting biological
activity

Results in fluctuating
concentrations of substrate
through aquifer whereas
bacteria prefer stable
environments

Dover Air Force Base,
DE; Schoolcraft,
Michigan (MI); Cape
Canaveral, Florida (FL);
Kelly AFB, Texas (TX)

Iron sequestering
agent (glycolic
acid) addition1,2

Limits growth of iron
related bacteria which
are responsible for
most fouling; acid is
readily biodegradable

Delivery can be difficult due
to highly corrosive nature of
agent; lowers pH of
groundwater

Dover Air Force Base,
DE, Industrial Facility,
Massachusetts (MA);
Farmington, New
Hampshire (NH)

Chlorine dioxide
gas injection2

Effective for up to 6
months with one
treatment

Must be produced onsite as
it is illegal to transport;
explosive at high
concentrations

Athens Road Mitigation
System, Henderson,
NV; Aerojet Superfund
Site, CA; Research Site,
New Mexico (NM)

Heat pasteurisation
with steam
injection2

Heat improves
chemical reactivity;
effective on well
screen and filter

High energy costs; could
stimulate growth if used
improperly

No known examples

Physical
redevelopment
through scrubbing,
surging, or
purging1,2

Effective for removing
bulk biomass and
sediments; does not
require harsh
chemicals

Labour intensive;
diminishing results as the
biological system develops;
generates purge water with
high solids content

Dover Air Force Base,
DE; Cape Canaveral
AS, FL; Edwards Air
Force Base, CA

Reduction of flow
rate2

Requires no additional
activities during
injection

Potentially slows overall
injection process and
therefore, is likely to
increase labour costs; flow
rates could continue to
decrease with time

Rocket Facility, NV;
Aerojet Superfund Site,
CA

Electrical field
using impressed
current system2

Does not require
chemicals; no effect
on water quality

High cost involved with
installation of electrodes;
limited effectiveness in
some water wells

Saskatchewan, Canada

Ultrasonic Tube
Resonator emitting
sound waves2

Does not require
chemicals; highly
effective

Limited range; loses
effectiveness in high
temperatures

Test Facility, NV

Source: 1 Bloom et al. (2005); 2 ESTCP (2005).
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7.4 Closure and decommissioning
Typically closure of the PRB will not occur until it is demonstrated that remediation
objectives have been achieved. Closure criteria and decommissioning procedures
should be documented in the O&M plan (Section 7.1) and agreed with project
stakeholders and regulators. Closure criteria will fall broadly into the following
categories:
•

remedial objectives have been achieved

•

remedial objectives have not been fully achieved; however, monitoring trends
clearly demonstrate falling contaminant concentrations both up and downgradient
of the treatment zone which indicates that objectives will be met in the future

•

contamination is being managed by an alternative remediation approach and no
longer poses an unacceptable risk to sensitive receptors, and

•

remedial objectives have not been achieved but agreement with project
stakeholders and the appropriate regulator(s) has been obtained that further
remediation is no longer required.

Once closure of the PRB has been agreed, it must be decided whether components of
the PRB system (for example, monitoring wells, reactive media) will be removed or
remain in place after closure. When evaluating the potential to leave the PRB in place
following closure, consideration should be given to whether destructive or nondestructive treatment processes prevailed, and if there is a potential for remobilisation
of contaminants with changes to subsurface conditions over time. If the PRB is to be
left in place, factors to be considered when developing the decommissioning strategy
include (Carey et al. 2002):
•

deterioration of the reactive material may act as a source of contamination

•

the permeability of the PRB may alter resulting in an undesirable increase in
groundwater levels, and

•

with potential future changes in the subsurface environment (geochemical and
hydrogeological regime) remobilisation of contaminants sorbed to the reactive
material may occur. Where a destructive process occurred within the treatment
zone, other contaminants in the groundwater may accumulate in the reactive
material and variations in the environment may cause remobilisation.

Agreement should be achieved on whether the PRB is to be removed, left in place or
alternative works undertaken. Removal of the PRB is likely to be the preferred
approach, unless it can be clearly demonstrated that remobilisation of contaminants will
not occur. Or, if remobilisation will occur, it will be sufficiently slow that the identified
receptors are not impacted. Post-closure monitoring should be considered to support
justifications for leaving the PRB material in place.
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8. Conclusion
This document is intended to provide a comprehensive resource on the use of PRBs at
sites with contaminated groundwater. The information provided in this document via
text, graphics, tables, and lists is intended to guide stakeholders through various
stages of a PRB-related project from conception through design, construction, and
long-term monitoring. Though this document is broad and covers many PRB-related
concepts, it should not be considered exhaustive, and conversely it may also contain
information that is not relevant to all sites and projects. Therefore, it is suggested that
document users keep abreast of developments in the technology as research
continues into innovative and optimised approaches within the realm of PRB
technology. Ultimately, it is up to qualified practitioners to integrate the guidance from
this document, supplemental resources and reference materials (see Appendix F), and
site-specific conditions when recommending and then implementing a PRB.
To conclude the document, the following are a summary of key points from the
previous sections:
•

The primary functions of a PRB are to:
−

intercept contaminated groundwater

−

provide adequate residence time within the reactive zone to reduce
contaminant concentrations to the desired effluent concentrations, and

−

minimise long-term O&M costs.

•

While initial capital costs can be relatively high, the absence of recurring
operational labour and energy input makes PRB technology an economically
favourable remedial approach.

•

PRBs do not target or address sources of groundwater contamination; instead,
they passively treat and remediate the resultant contaminant plume.

•

Preliminary screening should be undertaken early in a project to assess whether
PRB technology is a suitable and viable remedial approach for groundwater
contamination at a given site.

•

Development of an appropriate CSM for a site is a critical part of any project, with
the CSM supporting the decision-making process in regard to site characterisation,
remediation/management option appraisal and subsequent remedial design.

•

Stakeholder (including regulators) involvement is critical and endorsement of any
adopted remediation approach is an important factor for project success.

•

Thorough PRB-specific site characterisation will be required for the design and
implementation of a PRB system. It is important to consider that, although
subsurface conditions may appear to be homogeneous in nature on a given site,
heterogeneities are likely to be present and should be understood before
implementing a PRB.

•

The three primary elements that comprise the design, and directly influence the
ability of a PRB to meet its primary functions, include reaction kinetics,
hydraulics/hydrogeology, and site geochemistry.
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•

A variety of reactive materials, system configurations and construction techniques
may be utilised depending upon the contaminants of interest, site conditions and
availability of resources.

•

Longevity of the reactive media can be estimated/predicted using groundwater
data, laboratory bench- and field-scale testing, and hydraulic and geochemical
modelling. However, often the actual duration of effectiveness will not be known
until the PRB is installed and monitored.

•

A program of monitoring in and around the PRB system should commence during
emplacement of the PRB, and will be required as long as targeted groundwater
contaminants pose a concern (or as agreed by relevant stakeholders).

•

An O&M plan should be developed to provide guidance on the operational
requirements of the system. Maintenance requirements, contingency plans and an
exit strategy discussing remedial objectives, cleanup criteria/operational control
levels, closure and decommissioning should be included in the plan.

•

Operational control levels must be established as part of the monitoring strategy
and should be agreed with project stakeholders and regulators.

Typically closure of the PRB will not occur until it is demonstrated that remediation
objectives have been achieved. Agreement should be achieved on whether the PRB is
to be removed, left in place or alternative works undertaken.

CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

119

9. References
Air Force Centre for Engineering and the Environment (AFCEE). 2008. Biowalls:
Technical protocol for enhanced anaerobic bioremediation using permeable mulch
biowalls and bioreactors. www.afcee.af.mil/shared/media/document/AFD-080630091.pdf.
Agriculture & Resource Management Council of Australia & New Zealand (ARMCANZ).
1997. Minimum construction requirements for water bores in Australia, Agriculture and
Resource Management Council of Australia and New Zealand, Canberra.
American Society for Testing and Materials (ASTM).2003. ASTM E1689-95 Standard
guide for developing conceptual site models for contaminated sites.
Standards Australia.1997. Australian Standard (AS 4482.1). Guide to the sampling and
investigation of potentially contaminated soil. Part 1: Non-volatile and semi-volatile
compounds.
Standards Australia.1999. Australian Standard (AS 4482.2). Guide to the sampling and
investigation of potentially contaminated soil Part 2. Volatile substances.
Bi, E., Bowen, I., and Devlin, J.F. 2009. Effect of mixed anions
(HCO3−−SO42−−ClO4−) on granular iron (Fe0) reactivity. Environmental Science &
Technology 43(15) : 5975–5981.
Bi, E., Bowen, I., and Devlin, J.F. 2009. Effects of mixing granular iron with sand on the
kinetics of trichloroethylene reduction. Ground Water Monitoring & Remediation
29(2): 56–62.
Birke, V., Burmeier, H., Jefferis, S., Gaboriau, H., Touze, S., and Chartier, R. 2006.
Permeable reactive barriers (PRBs) in Europe: potentials and expectations. Italian
Journal of Engineering Geology and Environment 1:1-7.
Birke, V., Schuett, C., Vigelahn, L., Naumann, A., Kundratek, H., Burnmeier, H., and
Friedrich, H. 2010. Impact of trace elements and impurities in technical zero-valent iron
brands on reductive dechlorination of chlorinated ethenes in groundwater. Seventh
International Conference on Remediation of Chlorinated and Recalcitrant Compounds.
Monterey CA.
Bloom, A., DeLong, G., Lyon, R., Buell, A., and Gwinn, R. 2005. Operation of an in situ
anaerobic biodegradation system for a chlorinated solvent source area. Remediation
Technologies (RemTechTM) Symposium. Alberta.
Booz , A.H. 2006. Final froundwater flow model report for LF-05 Leroy’s Lane Landfill
Andrews AFB, MD. Air Force Center for Environmental Excellence.
Carey, M.A., Fretwell, B.A., Mosley, N.G., and Smith, J.W.N. 2002. Guidance on the
use of permeable reactive barriers for remediating contaminated ground water.
National Groundwater & Contaminated Land Centre report NC/01/5. Environment
Agency. Bristol.
EPA (Solid Waste and Emergency Response). 2004. How to evaluate alternative
cleanup technologies for underground storage tank sites. A guide for corrective action
plan reviewers. EPA 510-R-04-002. www.epa.gov/oust/pubs/tums.html.
CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

120

Environmental Security Technology Certification Program (ESTCP). 2005. A review of
biofouling controls for enhanced in situ remediation of groundwater.
www.estcp.org/Technology/upload/ER-0429-WhtPaper.pdf.
ETI. 2005. Technical memorandum: Granular iron permeable reactive barrier
technology applications.
Eykholt, G.R., Elder, C.R., and Benson, C.H. 1999. Effects of aquifer heterogeneity and
reaction mechanism uncertainty on a reactive barrier. Journal of Hazardous Materials,
68: 73–96.
Federal Remediation Technologies Roundtable (FRTR). 1998. Guide to documenting
and managing cost and performance information for remedial projects. EPA
542-B-98-007. www.epa.gov/tio/download/frtr/costperf98.pdf.
Gavaskar, A.R., Sass, B., Gupta, N., Drescher, E., Yoon, W., Sminchak, J., Hicks, J.,
and Condit, W. 2002. Evaluating the longevity and hydraulic performance of permeable
barriers at Department of Defence sites. Technical Report TR-2213-ENV. Battelle.
www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA409969.
Gavaskar, A.R., Gupta, N., Sass, B., Janosy, R., and Hicks, J. 2000. Final design
guidance for application of permeable reactive barriers for groundwater remediation.
Battelle. www.clu-in.org/conf/itrc/prbll_061506/prb-2.pdf.
Gavaskar, A.R., and Bowers, K. 2010. Longevity expectations of ZVI barriers. Seventh
International Conference on Remediation of Chlorinated and Recalcitrant Compounds.
Monterey.
Gu, B., Phelps, T.J., Liang, L., Dickey, M.J., Roh, Y., Kinsall, B.L., Palumbo, A.V., and
Jacobs, G.K. 1999. Biogeochemical dynamics in zero-valent iron columns: Implications
for permeable reactive barriers. Environmental Science & Technology. 33(13): 2170–
2177.
Goodwin, B., Fales, D., and Lam, D. 2010. Evaluation of an AS/SVE boundary control
system for chlorinated hydrocarbons in a blast-fractured basalt aquifer. Seventh
International Conference on Remediation of Chlorinated and Recalcitrant Compounds.
Monterey.
Hedin, R.S., and Watlaf, G.R. 1994. The effects of anoxic limestone drains on mine
water chemistry. International Land Reclamation and Mine Drainage Conference and
Third International Conference on the Abatement of Acidic Drainage, Pittsburg.
Henderson, A.D., and Demond, A.H. 2007. Long-term performance of zero-valent iron
permeable reactive barriers: A critical review. Environmental Engineering Science,
24(4): 401–423.
Higgins, M.R., and Olson, T.M. 2009. Life-cycle case study comparison of permeable
reactive barrier versus pump-and-treat remediation. Environmental Science &
Technology 43(24): 9432–9438.
Hocking, G., Wells, S.L., and Ospina, R.I. 2001. Probabilistic design of permeable
reactive barriers. International Containment and Remediation Technology Conference.
Orlando.
Interstate Technology Regulatory Council. 2011. Permeable reactive barrier:
Technology update PRB-5. Washington, D.C. www.itrcweb.org.
CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

121

Interstate Technology Regulatory Council.2005. Permeable Reactive Barriers: Lessons
Learned/New Directions. PRB-4. Washington, D.C. www.itrcweb.org.
Interstate Technology Regulatory Council.1999. Regulatory Guidance for Permeable
Reactive Barriers Designed to Remediate Chlorinated Solvents.Washington D.C.
www.itrcweb.org.
Leeson, A., Johnson, P.C., Johnson, R.L., Vogel, C.M., Hinchee, R.E., Marley, M.,
Peargin, T., Bruce, C., Amerson, I.L., Coonfare, C.T., and Gillespie, R.D. 2002. Air
sparging design paradigm. ESTCP.
Li, L., and Benson, C.H. 2008. Evaluation of Two Strategies to Enhance the Long-Term
Hydraulic Performance of Permeable Reactive Barriers. Geotechnics of Waste
Management and Remediation. 587–594.
McDonald, M.G., and Harbaugh, A.W. 1988. A Modular Three-Dimesional FiniteDifference Groundwater Flow Model. Techniques of Water Resources Investigations of
the U.S. Geological Survey. Washington DC.
McDonald, M., and Harbaugh, A.W. 1996. User’s documentation for MODFLOW-96, an
update to the U.S. Geological Survey Modular Finite-Difference Ground-Water Flow
Model. USGS .96-485.
National Environment Protection Council (NEPC). 1999. National Environment
Protection (Assessment of Site Contamination) Measure. Australia.
NAVAC. 2005. PRB Multimedia Web Tool.
www.ert2.org/ert2portal/desktopdefault.aspx.
Naval Facilitates Engineering Command (NAVFAC). 2002. Advances in Permeable
Reactive Barrier Technologies. Washington DC. www.clu-in.org.
O’Hannesin, S.F., and Gillham, R.W. 1998. Long-term performance of an in-situ 'iron
wall’ for remediation of VOCs. Ground Water 36(1): 164–170.
Pankow, J.F., Johnson, R.L., and Cherry, J.A. 1993. Air sparging in gate wells in cutoff
walls and trenches for control of plumes of volatile organic compounds (VOCs). Ground
Water 31 (4): 654–663.
Parsons Corporation. 2004. Principles and practices of enhanced anaerobic
bioremediation of chlorinated solvents. U.S. Air Force Center for Environmental
Excellence, the U.S. Naval Facilities Engineering Service Center, and
the U.S. Environmental Security Technology Certification Program.
Payne, F.C., Quinnan, J., and Potter, S. 2008. Remediation hydraulics CRC Press,
Boca Raton, Florida.
Phillips, D.H., Van Nooten, T., Bastiaens, L., Russell, M.I., Dickson, K., Plant, S., E
Ahad, J. M.E., Newton, T., Elliot, T., and Kalin, R.M. 2010. Ten year performance
evaluation of a field-scale zero-valent iron permeable reactive barrier installed to
remediate trichloroethene contaminated groundwater. Environmental Science &
Technology 44(10): 3861–3869.

CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

122

Reinsch, B.C., Forsberg, B., Penn, R.L., Kim, C.S., and Lowry, G.V. 2010. Chemical
transformations during aging of zerovalent iron nanoparticles in the presence of
common groundwater dissolved constituents. Environmental Science & Technology
44(9): 3455–3461.
Reynolds, T.J. 2002. An evaluation of the ten year performance of a permeable
reactive barrier including an assessment of the in situ microcosm technique’, Master
thesis, Department of Earth Sciences, University of Waterloo, Ontario, Canada. 109.
RockWare 2010. The Geochemist's Workbench.
www.rockware.com/product/overview.php?id=132.
Stening, J., Manefield, M., Zemb, O., Przepiora, A., and Vogan, J. 2008. Reductive
dechlorination of 1,2-dichloroethane in a reactive iron barrier. Sixth International
Conference on Remediation of Chlorinated and Recalcitrant Compounds. Monterey.
Stening, J.R., Vogan, J., and Duran, J.M. 2002 . Assessment of reactive iron barrier
performance at a complex Australian site. Inter-national Conference on Remediation of
Chlorinated and Recalcitrant Compounds short course ‘Advances in permeable
reactive barrier technologies. Monterey.
Suthersan, S.S., and Payne, F.C. 2005.In Situ Remediation Engineering. CRC Press.
Boca Rato.
U.S. Army Environmental Command. 2008. Memorandum: Remediation Action Cost
Engineering and Requirements Memorandum.
United States Department of Defence (US DoD). 1999. Environmental Security
Technology Certification Program Cost and Performance Report - Permeable Reactive
Wall Remediation of Chlorinated Hydrocarbons in Groundwater.
US EPA. 1998. Permeable Reactive Barrier Technologies for Contaminant
Remediation. www.epa.gov/nscep/index.html.
US EPA.1997. Permeable Reactive Subsurface Barriers for the Interception and
Remediation of Chlorinated Hydrocarbon and Chromium (VI) Plumes in Ground Water.
www.epa.gov/nscep/index.html.
USGS.2010. PHREEQC (Version 2)--A Computer Program for Speciation, BatchReaction, One-Dimensional Transport, and Inverse Geochemical Calculations.
wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/.
Van Nooten, T., Lieben, F., Dries, J., Pirard, E., Springael, D., and Bastiaens, L. 2007.
Impact of microbial activities on the mineralogy and performance of column-scale
permeable reactive iron barriers operated under two different redox conditions.
Environmental Science & Technology 41(16): 5724–5730.
Vidumsky, J.E., and Landis, R.C. 2001. Probabilistic design of a combined permeable
barrier and natural biodegradation remedy. International Containment and Remediation
Technology Conference. Orlando.

CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

123

Warner, S.D., Longino, B.L., Zhang, M., Bennett, P., Szerdy, F.S., and Hamilton, L.A.
2005. The first commercial permeable reactive barrier composed of granular iron:
hydraulic and chemical performance at 10 years of operation’ in GA Bposhoff and BD
Bone (eds.), Permeable Reactive Barriers: Proceedings of the International
Symposium, 298: 32–42.
WSP Environmental Pty Ltd. 2008. Sparge Trial Report - Coramba, NSW.
Zheng, C., and Wang, P.P. 1999. MT3DMS: A modular three-dimensional multispecies
model for simulation of advection, dispersion and chemical reactions of contaminants in
groundwater systems. U.S. Army Engineer Research and Development Center.
Vicksburg, MS.

CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

124

APPENDIX A.
Non-technical summary/fact sheet

CRC CARE Technical Report no. 25
A framework for selecting, designing and implementing a permeable reactive barrier system

125

Factsheet for Permeable Reactive Barriers
What is a permeable reactive barrier?
A permeable reactive barrier (PRB) comprises reactive material that is placed below the ground
surface to intercept and treat contaminated or polluted groundwater. As the contaminated
groundwater flows through the PRB, the contaminants are adsorbed, biodegraded, volatilised, or
destroyed by the reactive material such that clean groundwater flows out the other side of the
treatment system.

How does it work?
Commonly, a PRB is constructed by
excavating a trench across the
contaminant
plume
and
perpendicular to the groundwater
flow direction. The trench is backfilled
with the selected reactive media,
which is often blended with sand or
other inert media to maintain
permeability, and then capped with
native soil. This application is called a Source: US EPA (2001) A Citizen’s Guide to Permeable Reactive Barriers.
Continuous PRB.
In some instances a PRB includes low permeability sections (funnels) that direct impacted
groundwater through the centrally-located permeable section of the PRB where the reactive
material is present (also known as the gate). This is called a Funnel and Gate PRB. A variation of the
funnel and gate system where the gate is substituted with a buried vessel that contains reactive
materials is called a Reactive Vessel PRB. Though this system requires specific hydraulic conditions
for it to function correctly, a potential benefit of the reactive vessel configuration is that
replacement of the reactive media during the operation of the PRB can be a relatively
straightforward procedure.
A wide range of reactive materials may be used in a PRB. The type of material used will depend upon
the targeted contaminant(s) and environmental conditions at the site. Common reactive materials
include iron, carbon, limestone, and mulch. Different reactive materials work in different ways to
clean up the contamination. The most common methods include:
•
•
•
•

Trapping or adsorbing of the target chemicals on the surface of the reactive materials
Transformation of the target chemicals into less harmful forms
Precipitation of the target chemicals so that they no longer migrate downgradient
Promote the growth of microorganisms which will degrade the target chemicals.

Why use a PRB?
•

PRBs provide the potential to passively treat a wide range of groundwater contaminants

•

PRBs have low life cycle costs and can be more sustainable (for example, use less energy and
generate less waste) when compared to mature treatment technologies like pump and treat

•

They can be installed to minimise long-term disruption to site operations or use.

APPENDIX B.
Australian case studies
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Permeable Reactive Barrier Australian Case Study Questionnaire
Questions:

1.
2.

Site Location:
Summary site characteristics – geology,
hydrogeologic regime:

3.

Contaminants and concentration (current and target):

Please complete blank cells below:
Bellevue, Perth metropolitan region, WA
The Helena river is the main drainage feature of the area and is located
approximately 120 m from the base of the river valley escarpment where the PRB
system has been installed.
Regionally Perth is underlain by a series of sandy aquifers separated by confining
beds. Two main units are relevant at the site:
• The unconfined Superficial Aquifer comprises the Guildford Formation and
adjacent alluvial sediments which infill the Helena River valley. At the site, the
Guildford comprises upper sand, clay, clayey sand and lower sand units. The clay
units are present as discontinuous lenses.
• The Leederville Formation beneath is a regionally important aquifer although at
the site it is a semi-confining unit with the upper portion comprising low
permeability clay and clayey sand.
Groundwater flow is towards the Helena River.
The cross-sectional area of the TCE plume is approximately 40m wide by 7m deep
upgradient of the PRBs. Current upgradient trichloroethene concentration is
approximately 0.5 – 1mg/L
Trichloroethene target at the river is 0.33mg/L
The barrier is also positioned to treat chlorinated and brominated hydrocarbons
present in a second groundwater plume.

4.

Purpose of PRB application:

To prevent a groundwater plume containing chlorinated hydrocarbons from
contaminating the Helena River, a tributary of the Swan River.

1

Permeable Reactive Barrier Australian Case Study Questionnaire
5.
6.
7.
8.
9.
10.
11.
12.

Project stages completed to date – site
characterisation/PRB design/PRB
installation/monitoring:
Project duration to date:
Date of PRB installation /proposed date of
installation if yet to be completed:
Was the PRB combined with another remedial
Technology?
Full scale/pilot scale:
Type of reactive media (Was another type of PRB
considered?)
Total (and unit) cost of media:
PRB configuration (e.g., continuous, funnel and gate,
reactive vessel) and dimensions:

PRB installed Apr /May 2010
Monitoring commenced Jul 2010 on a quarterly basis
1 year from installation
Installation completed May 2010
Contaminant source control is also required but is not yet implemented.
Full scale
De-nitrification barrier – sawdust (woodchips were also considered)
Zero valent iron – chlorinated solvents
ZVI $1,000 per tonne, $450,000 in total
Sawdust $25 per m3, $7500 in total
Continuous barrier
The PRB design comprises two parallel trenches 76m long by approximately 9m deep
and 1 m wide keyed in to a low permeability unit at the top of the Leederville. The
density of ZVI in the ZVI/sand mix was increased in the central panel of the barrier.
A denitrification barrier was installed upgradient of the ZVI barrier to reduce
potential passivation of the ZVI by nitrates.
The PRBs have been designed for a minimum 15 year lifetime.
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13.

PRB construction technique:

Bio-polymer slurry trench – a modified slurry trench technique that temporarily
supports the trench excavation below the groundwater table using a bio-degradable
polymer instead of bentonite slurry.
The PRB trenches were excavated with a 40 ton long arm excavator capable of
excavating up to 12m deep. As the trench was excavated, bio-polymer slurry was
added to maintain a constant slurry head above the natural groundwater table and to
keep the trench open.
The ZVI/sand mix was backfilled using a tremmie system. For the sawdust/sand
mix, the backfill was placed with either the tremmie or by more conventional
progressive displacement similar to the backfill method used for installing soilbentonite slurry walls. The ZVI differing density panels were separated using a
removable end stop to ensure an effective partitioning of the mixes.

14.

PRB construction cost (include media costs,
subcontractors):

Multi-level monitoring wells and temporary wells were installed as part of the
backfilling process. Slurry breaking agents were added via the temporary wells to
degrade the bio-polymer once the PRB installation was complete.
Total design and construction costs were approximately $3 million
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15.

Describe initial monitoring program (include number
and location of monitoring wells, monitoring
frequency, and sampling parameters):

The PRB performance monitoring network consists of 48 monitoring points
comprising 13 multi-level monitoring wells with 1m screens and 6 regional water
table wells with 3m screens. The monitoring points are located upgradient, within
and downgradient of the PRBs in plume centreline, and edge of plume locations.
Standard sampling parameters:
• VOCs (chlorinated ethenes, ethanes, methanes, BTEX)
• Major ions
• Nitrate, nitrite, ammonia and Kjeldahl nitrogen
• pH, EC, TOC, TDS
• Field measurement of water level, redox potential, dissolved oxygen, pH and EC
There is a contingency plan to increase sampling frequency from quarterly to
monthly should one of the following occur:
• Water levels indicate bypass flow around the end of the PRBs
• Chemical analyses indicate bypass flow beneath the PRBs
• Chemical analyses indicates that the denitrification PRB is not effectively
removing nitrate concentrations or
• Chemical analyses indicate that the ZVI PRB is not removing contaminant
concentrations below site risk based criteria.

16.

Describe long-term monitoring program (include
number and location of monitoring wells, monitoring
frequency, and sampling parameters):

The PRB performance monitoring network will be gauged and sampled on a
quarterly basis for the first year following installation. Following review and
interpretation of the first year’s monitoring results, this frequency may be increased
or decreased depending upon the degree of variability observed and the stability of
the groundwater chemistry observed.
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17.

Current compliance status:

18.

PRB total project costs:

19.

Problems encountered and lessons learned:

The TCE concentration in the multi- level monitoring wells within the PRBs is below
detection.
The full suite of monitoring data obtained to date indicates that the system has not
yet reached equilibrium.
Total design and construction costs were approximately $3 million.
Approximately $100,000 has been allowed for monitoring costs and contingencies in
the first year after installation.
The PRBs were constructed in difficult subsurface conditions as the subsurface along
the alignment contained large deeply buried boulders and rocks which made
excavating difficult and slurry support of the excavation problematic. The PRB
trenches had to be widened to permit removal of the boulders by the excavator and
hence increased material requirements. Although a geotechnical investigation had
been undertaken, this was not comprehensive enough to provide an accurate soil
profile along the exact alignment of the PRB trenches.
During the construction of the denitrification trench, microbial breakdown of the biopolymer slurry (guar-based) was observed to be much higher than is typical. The
source of the aggressive microorganisms may have been the sawdust or the native
soils. Warm (>20ºC) groundwater temperatures may also have contributed to the
aggressive breakdown of the bio-polymer.

20.

Regulatory considerations /permits required:

The project is overseen by an Accredited Contaminated Sites Auditor in accordance
with the requirements of the WA Contaminated Sites Act 2003
The EPA decided not to formally assess the project proposal. The Minister for
Environment dismissed an appeal against this decision.
The project required development approval from the local government authority.
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21.

Other relevant information:

The project is being undertaken with funding from the WA Contaminated Sites
Management Account (CSMA). The CSMA is a special purpose account, established
by the Contaminated Sites Act 2003, for the investigation and remediation of WA State
government contaminated sites.
The project team comprised:
• DEC,
• LandCorp (Principal and Project Manager on behalf of DEC)
• GHD (Engineering Technical Advisor to Landcorp)
• Golder Associates (Environmental Technical Advisor to LandCorp)
• AECOM – Contaminated Sites Auditor
• Menard Bachy – Contractor for the execution of the contract works
• Geo-Solutions (Technical Advisor to Menard Bachy)

22.

Contact details:

Dr Janet Macmillan, Contaminated Sites Branch,
Department of Environment and Conservation,
janet.macmillan@dec.wa.gov.au
www.dec.wa.gov.au/bellevue
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Permeable Reactive Barrier Australian Case Study Questionnaire
Questions:

1.
2.

Site Location:
Summary site characteristics – geology,
hydrogeologic regime:

3.

Contaminants and concentration (current and target):

4.

Purpose of PRB application:

5.

Project stages completed to date – site
characterisation/PRB design/PRB
installation/monitoring:
Project duration to date:
Date of PRB installation /proposed date of
installation if yet to be completed:
Was the PRB combined with another remedial
Technology?
Full scale/pilot scale:
Type of reactive media (Was another type of PRB
considered?)
Total (and unit) cost of media:
PRB configuration (e.g., continuous, funnel and gate,
reactive vessel) and dimensions:
PRB construction technique:

6.
7.
8.
9.
10.
11.
12.
13.
14.

PRB construction cost (include media costs,
subcontractors):

Please complete blank cells below:
Orica Australia Pty Ltd, Southlands, McPherson Street, Banksmeadow, NSW
Approx. 1 m fill overlying Aeolian sands with intercalated peaty layers, underlain by
Hawkesbury sandstone. High yield, high quality aquifer. Naturally high TOC
(volatile fatty acids), low pH and elevated sulphide (>30 mg/L).
Volatile chlorinated hydrocarbons (CHCs) up to ~6,000 mg/L. Mainly 1,2-DCA, plus
CTC, PCE, CTC and TCE. Some semi-volatile CHCs, including hexachlorobutadiene.
Installed as a pilot-scale trial to evaluate efficacy to degrade CTC, PCE and TCE in
low pH (<5), high TOC (>500 mg/L) aquifer. The combined concentration of the CTC,
PCE and TCE was around 200-250 mg/L.
Site characterisation, column (lab) trials, pilot-scale PRB design, pilot-scale PRB
installation, periodic monitoring, full-scale PRB design (not installed)
12 yr
February 1999
No
Pilot
100% granular ZVI. 72 te. No other type of PRB was considered.
~USD 350/te. ~USD 25,000 total.
Continuous. 5 m wide, 3 m tall (installed 4.5-7.5 m bgs), 1.5 m flow-through thickness.
Sheet pile & excavation to form trench. Filled with water prior to ZVI emplacement.
Covered with clean sand. Capped with concrete.
Not sure

1

Permeable Reactive Barrier Australian Case Study Questionnaire
15.

Describe initial monitoring program (include number
and location of monitoring wells, monitoring
frequency, and sampling parameters):

16.
17.
18.
19.

Describe long-term monitoring program (include
number and location of monitoring wells, monitoring
frequency, and sampling parameters):
Current compliance status:
PRB total project costs:
Problems encountered and lessons learned:

20.

Regulatory considerations /permits required:

21.

Other relevant information:

Monitoring wells within the PRB consisted of three longitudinal transects of tri-level
piezometers (ports at 5, 6 and 7 m bgs) plus one monitoring well (to gauge
groundwater velocity and direction) in each transect. Tri- level piezometers were also
installed up- and down-gradient of each transect. There are also numerous up- and
down-gradient monitoring wells.
Two tri-level piezometers retrofitted into PRB near its front face in late 2000.
Sampling started in all three transects, but quickly reverted to just the central
transect. Monitoring occurred in months 1, 3, 6, 9, 12 and 19.
Analytes included volatile CHCs and (briefly) semi-volatile CHCs plus pH, EC, DO,
DOC , TOC, COD, BOD, Fe, S2-, SO42+, alkalinity, TDS.
Two iron cores collected from front face at month 19.
Monitoring of all five central transect tri-level piezometers occurred in months 39 and
91 as well.
Analytes included volatile CHCs plus pH, EC, DO, metals.
Not applicable – all work done under Voluntary Remediation Agreement
~AUD 250k (I think)
Some minor problems during construction (e.g., lost a plastic liner from ZVI bulk bag
into trench, plus iron dust).
Surprisingly few operational problems. It was the first ZVI PRB installed in low pH,
high DOC aquifer. Negligible mineral fouling. Degraded CTC very quickly, TCE
quickly, PCE slowly (but almost entirely).
Installation of pump & treat system in 2005/2006 changed direction of groundwater
flow. Thereafter the PRB did not intercept CTC/TCE/PCE plume, but 1,2-DCA
plume instead. Curiously, the 1,2-DCA also degraded – found to be due to microbial
degradation occurring in the PRB.
All work done under Voluntary Remediation Agreement. Because of small scale, did
not require planning consent other than notification of Council.
Several papers published, most notably at Battelle conferences in May 2000 and May
2008.
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22.

Contact details:

James Stening
Senior Environment Engineer
Legacy Sites and Property
Orica Australia Pty Ltd
16-20 Beauchamp Road Matraville NSW 2036 Australia
Phone: +61 (0)2 9352 2213
Mobile: +61 (0)416 056 682
Fax: +61 (0)2 9352 2361
Email: james.stening@orica.com
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Questions:
1.

Site Location:

Please complete blank cells below:
QAL, Gladstone, Queensland
The QAL alumina refinery commenced operations in 1967. Currently QAL produces
4 million tonnes of alumina using the “Bayer process”. Bauxite residue disposal area
RDA-1 is located on Boyne Island, approximately 8 km south east of the refinery, and
was used for disposal of residue (red mud) until it was decommissioned during the
1980s.

2.

Summary site characteristics – geology, hydrogeologic
regime:

1000Ha bauxite residue ponds located in two dams 8km south of the QAL refinery on
Boyne Island.
The hydrogeology of the area consists of two aquifers consisting of coastal sand,
gravel lenses and silt deposits, separated from each other by a layer of low
permeability, stiff clay:
• Shallow, unconfined alluvial aquifer of medium hydraulic conductivity
encountered at approximately 0.5m to 6m and
• Deeper, semi-confined alluvial aquifer of high hydraulic conductivity, encountered
at 11 .5m to 14m below surface.

3.

Contaminants and concentration (current and target):

Fluoride is the main target
Elevated levels of Al, As, Cr, Cu, Fe, Mn, Pb and Zn were also observed in
groundwater downgradient of RMD-1.

4.

Purpose of PRB application:

This was a trial to evaluate a PRB for control of migration of fluoride in groundwater.

5.

Project stages completed to date – site
characterisation/PRB design/PRB
installation/monitoring:

Site characterisation/PRB design/pilot scale PRB installation/monitoring

6.

Project duration to date:

2002 – 2008
1
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7.

Date of PRB installation /proposed date of installation if
yet to be completed:

The barrier was constructed in February 2002

8.

Was the PRB combined with another remedial
Technology?

No

9.

Full scale/pilot scale:

Pilot scale

10.

Type of reactive media (Was another type of PRB
considered?)

Gypsum

11.

Total (and unit) cost of media:

$110,000 for 1800 cu.m.

12.

PRB configuration (e.g., continuous, funnel and gate,
reactive vessel) and dimensions:

The design is a multiple gate system.

13.

PRB construction technique:

1 Dewatering
2.Excavation of Trench
3.Backfilling with Gypsum
4. Installation of Protective Cover

14.
15.

PRB construction cost (include media costs,
subcontractors):
Describe initial monitoring program (include number
and location of monitoring wells, monitoring frequency,
and sampling parameters):

$300,000
~30 wells monitored for
• fluoride, arsenic, aluminium;
• pH, redox potential, electrical conductivity, dissolved oxygen;
• standing water level.
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16.

Describe long-term monitoring program (include
number and location of monitoring wells, monitoring
frequency, and sampling parameters):

17.
18.
19.

Current compliance status:
PRB total project costs:
Problems encountered and lessons learned:

20.
21.
22.

Regulatory considerations /permits required:
Other relevant information:
Contact details:

After 12 months annual monitoring of 11 wells for the following components:
• Alkalinity (as CaCO3);
• Sodium, Magnesium, Calcium;
• Fluoride;
• Aluminium, Arsenic, Cadmium, Chromium, Copper, Manganese, Lead, Zinc, Iron
(total and dissolved).
• pH, redox potential, electrical conductivity, dissolved oxygen;
• standing water level.
Not operational.
N/A
The PRB reduced high concentrations of fluoride in groundwater within the PRB.
During construction practical difficulties were experienced with the use of trench
boxes.
Construction issues resulted in some groundwater flowing around the PRB (localised
mounding of water observed at the PRB), so that downgradient fluoride
concentrations have not been reduced.
N/A
Diana Bozzetto, QAL, BozzettoD@qal.com.au
P: (07) 4976 2637
M: 0417 724 587
Stuart Rhodes
Principal Adviser - Legacy Management
Health Safety & Environment
Rio Tinto
Phone: +61 (0)417 346 984
stuart.rhodes@riotinto.com
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PRB Feasibility Screening Tool
Purpose:
It is intended that this screening matrix can be used by project stakeholders as a tool to assist
in assessing whether a PRB will be an effective and feasible remediation approach for a
given site. The screening matrix provides a list of operational, technical and regulatory
screening criteria to be evaluated using available site-specific information. The matrix allows
the user to assign relative weightings for each of the screening criteria. These weightings
will influence the decision-making process, for example, if a short remediation time-frame is
favoured by the project stakeholders the application of a PRB is unlikely to be considered a
feasible remediation option. A score of either 'High', 'Moderate' or 'Low' feasibility can be
assigned for each of the criterion with corresponding values of 3, 2 and 1 respectively.
Factors considered to be critical to the feasibility of a PRB have been highlighted within the
screening matrix. Unless modifications to the PRB design can be made, the presence of one
or more of these critical factors would indicate that a PRB will not be an effective method of
groundwater treatment.
A total numeric score is calculated which can then be utilised by the project stakeholders as
a semi-quantitative means of assessing the relative feasibility of the PRB approach. Using
professional judgment, the project stakeholders should determine if sufficient information is
available to assess whether adequate evidence is available to establish if a PRB will be an
effective and feasible remediation approach for a given site.
A total score interpretation has not been provided as the ultimate decision to proceed from
preliminary screening to detailed PRB-specific site characterisation and PRB design will be
based upon the collective professional judgement of the project stakeholders. The
importance of screening criteria will vary with each project and the decision process will be
influenced by the relative importance stakeholders assign to each of the screening criteria
such as time and cost
If uncertainties exist for any of the screening criteria, additional data collection should be
undertaken.

Procedure:
1. Cells highlighted in blue are to be inputted by the user.
2. Assign a relative "Weight or Importance" to each of the screening criteria. This allows
the matrix to be tailored to project-specific weighting for particular criteria which are
of greatest importance.
3. Provide an "Answer" to each question. The answer will be either "High", "Medium"
or "Low" with corresponding "Points" of 3, 2 and 1.
4. If a screening criterion is not applicable to a given site then a zero "Weight or
Importance” should be applied.
Source: UK EA (2002), Birke et al (2005), ITRC (2005).

PRB Feasibility Screening Matrix
Site Name: Confidential
Screening Criteria

Weight or
Importance

Feasibility
High

Moderate

Low

Potential access.

More favourable cost benefit from
alternative options.
No long-term funding secured.
CRITICAL: Limited or no access.

Answer (Points)

Score

High (3 points)

3.00

Low (1 point)
Moderate (2
points)
High (3 points)

1.00
2.00

2.00

Operational Considerations
Cost

1.0

Finances
Access and site infrastructure

1.0
1.0

Favourable costs relative to
alternative options.
Long-term funding secured.
Access available.

Monitoring locations

1.0

Access available.

Potential access.

CRITICAL: Limited or no access.

Health and Safety

1.0

-

Environmental impacts

1.0

No health and safety concerns
identified.
No impacts identified.

Health and safety concerns
identified.
Impacts identified.

Moderate (2
points)
Moderate (2
points)

Construction

1.0

-

Construction methods are not
available locally.

Low (1 point)

Geotechnical properties

1.0

Construction methods are
available and can be deployed to
the project site.
Ground conditions are favourable
for PRB emplacement.

Utilities

1.0

Utilities are identified and do not
obstruct access/can be relocated.

-

Reactive material availability

1.0

A suitable reactive material can be
sourced locally at a appropriate
cost

-

-

-

3.00

2.00
1.00

Ground conditions are
High (3 points)
unfavourable with
rocks/bedrock/highly consolidated
sediments.
Utilities obstruct access and
High (3 points)
cannot be relocated.

3.00

A suitable reactive material cannot
be sourced locally or is cost
prohibitive.

2.00

Moderate (2
points)

3.00

PRB Feasibility Screening Matrix
Site Name: Confidential
Screening Criteria

Weight or
Importance

Feasibility

Answer (Points)

Score

Poorly defined
Deep (>50 m)
Highly heterogeneous and
anisotropic.
Variations in flow rate, direction
and water table level which PRB
design may not be able to
accommodate.
Proven track record of successful Proven track record of successful No evidence to suggest treatment
treatment
treatment. Not proven to date but will be successful. Contaminant
contaminant properties indicate properties indicate treatment may
treatment could be successful.
not be successful.

High (3 points)
High (3 points)
High (3 points)

3.00
3.00
3.00

High (3 points)

3.00

Moderate (2
points)

2.00

High

Moderate

Well defined
Shallow (<20 m)
Relatively homogeneous and
isotropic.
Consistent flow rate, direction and
water table level.

20 m to 50 m thick
Moderately heterogeneous.

Low

Technical Considerations
Site and contaminant
Aquifer depth
Aquifer heterogeneity

1.0
1.0
1.0

Groundwater flow

1.0

Suitability of contaminant to
treatment

1.0

Hydrogeological characteristics

1.0

Conditions understood, no issues
identified (eg. unfavourable
geochemical conditions).

-

Poor understanding of conditions
or unfavourable conditions
identified.*

High (3 points)

3.00

Daughter product pollution
Contamination source

1.0
1.0

Less polluting.
Being removed or eliminated.

Equally polluting.
Managed and removal is short to
medium term.

More polluting.*
Persistent with continual release.

Moderate (2
High (3 points)

2.00
3.00

Combination of contaminants
present

1.0

All contaminants present can be
treated

Additional treatment options
required for some contaminants.

Contaminants can impact upon
success of PRB.

High (3 points)

3.00

Contaminants remobilising

1.0

Process is destructive or rate of
remobilisation is low risk.

-

Potential loss of reactivity or
clogging of material.*

Low (1 point)

1.00

1.0

Proven track record of reactive
material or design accommodates
rehabilitation of reactive material
during treatment.

-

Potential loss of reactivity or
clogging of material.*

High (3 points)

3.00

Longevity of reactive material

PRB Feasibility Screening Matrix
Site Name: Confidential
Screening Criteria

Weight or
Importance

Feasibility
High

Moderate

Regulatory considerations
Receptor

1.0

None identified or no risk. PRB will
protect receptor.

Receptors present, low risk.

Maintenance

0.5

-

Time frame to achieve remedial
objectives
Monitoring

0.5

Long-term operation can be
accommodated.
Can be achieved in acceptable
time-frame.
Monitoring can be implemented.

Acceptability to regulator

1.0

Remedial proposal endorsed by
regulators. Technical support.

Technical concerns

Acceptability to public

1.0

Remedial proposal accepted and
supported.

-

1.0

-

Total Feasibility Score
Minimum Possible Score
Maximum Possible Score
Notes
* potential for adjustments in the PRB design to be made which may allow reclassification to high or moderate.

Answer (Points)

Score

Low
CRITICAL: Receptors present and
Moderate (2
uncertain if PRB can provide
points)
protection.
Long –term operation cannot be High (3 points)
guaranteed.
Time-frame is uncertain.
Low (1 point)

2.00

CRITICAL: Verification of
High (3 points)
treatment is no possible as
monitoring cannot be
implemented.
CRITICAL: Endorsement refused. High (3 points)
Technical concerns.

3.00

Major concerns voiced by public,
remedial proposal not supported.

High (3 points)

1.50
0.50

3.00

3.00
64.00
26.00
78.00
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APPENDIX 6
Scoping Calculations
This appendix provides examples of scoping calculations that could be used in the initial
stages of an assessment, but for most studies there will be the need to move on to more
sophisticated approaches. Given the potentially large number of variables, the calculations
presented here should not be viewed as exhaustive and for particular cases alternative
calculations may be more appropriate.
Scoping calculations have an important function in aiding the understanding and designing of
permeable reactive barriers (PRB). Scoping calculations can be performed at any stage of the
design process but will be particularly useful to inform decision making during the early stages
of design. Such scoping calculations can help to avoid undertaking unnecessarily detailed
design as they may reveal basic flaws. They will also help to identify deficiencies in data,
where additional information gathering will be required prior to detailed design. Clearly stated
scoping reactions also help to ensure transparency in the design process, aiding both internal
and external reviewers to evaluate a design.

Equations of Groundwater Flow and Flux
Groundwater Flow
The hydraulic performance of a PRB is important for several reasons:
•

The PRB must be able to capture the contaminant plume;

•

The residence time within the PRB must be sufficient for the treatment process;

•

The treatment process may result in a reduction in the hydraulic performance of the PRB.

Groundwater Flow
Indicative total flow through the aquifer or barrier can be estimated from:
Q = wdKi = KAi

where w

= width of aquifer or width of reactive cell (m)

d

= saturated depth of aquifer, or depth or reactive cell (m)

K

= hydraulic conductivity of aquifer, or reactive cell (m/d)

i

= hydraulic gradient in aquifer, or across reactive cell

A

= cross sectional area through which water flows (m 2)

Q

= flow (m 3/d)

It is important to take into account the uncertainty and variability of parameter values
Environment Agency, 2001b), which be may arise from the natural heterogeneity of the
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system, variation in the parameter value with time (e.g. water level variation), measurement of
the parameter and whether it is possible to measure the parameter.
The main uncertainty in the determination of groundwater flow is likely to be the value of
hydraulic conductivity, as determined from field permeability tests, which can often vary by
one to two orders of magnitude (usually reflecting the natural heterogeneity of an aquifer).
Further guidance on dealing with uncertainty is given in Environment Agency, 2001b.

Contaminant Flux
The contaminant flux will need to be considered in assessing the likely operational life of the
PRB, although account will need to be given to the uncertainty in defining contaminant
concentrations and groundwater flow rates. The contaminant flux can be estimated using the
following equation:

Fi = QCi
where Fi

(assuming the diffusive flux is negligible)

= flux of contaminant i (mg/d)

Q

= groundwater flow (m 3/d)

Ci

= concentration of contaminant i (mg/m3) [Note units]

The calculation of the contaminant flux should consider the both the maximum observed
concentration and the average concentration across the plume (this assumes the plume
geometry is reasonably well defined) to take account of the potential for spatial and temporal
variation in the contaminant flux through the PRB and the potential for mixing of the plume.
The PRB design should take into account uncertainty associated with definition of the plume
geometry and contaminant concentrations.

Rate of groundwater flow
The rate of contaminant migration through the PRB will determine the residence time within
the reactive media, such that:
t res =

where t res

V .n p
Q

= residence time in PRB (d)

V

= total volume of the reactor (m 3)

np

= effective porosity of reactor

Q

= flow through reactor (m 3/d)

Q is a function of the cross-sectional area of reactor, groundwater velocity in the aquifer (v)
and the aquifer porosity, n a.
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For non-degradable, retarded substances it may be helpful to consider their relative rate of
migration, or retardation factor, R f:
Rf =1+

K d .ρ
np

where,
Kd

= reactive media-water partition coefficient (l/kg)

np

= effective porosity of reactor

?

= density of reactor media (kg/m3)

The above equation represents the average rate of movement, and takes no account of
dispersion and diffusion that is likely to result in quicker breakthrough times. An alternative
approach is to use an analytical fate and transport equation (such as the extended Domenico
equation) to examine the potential significance of dispersion. An evaluation of the validity of
the assumptions made in the sorption modelling may be required, to account for sorption in
high concentration mixtures, where other sorption models (e.g. Langmuir or Freundlich) may
be applicable.
The partition coefficient for non-polar organic chemicals (for example, aromatic hydrocarbons
such as benzene, toluene, or polyaromatic hydrocarbons PAHs) is often expressed as:
Kd = Koc × foc
where Kd

= soil-water partition coefficient (l/kg)

Koc

= solute partition coefficient to solid organic carbon (l/kg)

foc

= fraction organic carbon

The partition coefficient Kd describes the distribution of a solute (sorption) between
(ground)water and the solid (aquifer minerals / soil) and is typically represented by a range of
models such as:

Kd =

Cs
C

Linear isotherm

Kd =

Cs
C1 N

Freundlich isotherm

Kd =

Cs
C (b − Cs )

Langmuir isotherm

where C

= concentration in the aqueous phase (mg/l)
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Cs

= concentration in solid phase (mg/kg)

b

= maximum amount of contaminant that can be sorbed (mg/kg)

N

= chemical-specific coefficient value (values of 1/N typically range from
0.7 to 1.1)

A linear isotherm is typically used to describe the sorption of contaminants, although for some
reactive materials, such as granular activated carbon (GAC) or strongly hydrophobic
contaminants, or when contaminant concentrations are high a non-linear isotherm is often
more appropriate (Schad et al, 1998).

Determination of Rates of Reaction
The rate of reaction will depend on a range of factors such as contaminant concentration,
reaction process, surface area and temperature. A number of different models are used to
describe rates of reaction and some examples are given below.

First order decay
First order decay is described by the equation:
C t = C 0 e − kt

where Ct

= concentration at time t (mg/l);

C0

= initial concentration at time t = 0 (mg/l);

k

= reaction rate or decay constant (d -1);

t

= time (d).

The results to laboratory trials are typically plotted as concentration (logarithmic scale) against
residence time. If the reaction is first order this should plot as a straight line and the reaction
determined from the slope of the line as follows:
k=

− (ln C1 − ln C 2 )
t1 − t 2

where C1 = observed concentration after time t1 (mg/l)
C2 = observed concentration after time t2 (mg/l)
The half-life, t 1/2 is derived from (half-life is the time required for the measured concentration
of a species to decrease to that of one half of the initial concentration of that species) (see
Figure 4.2):

t½ =

ln(2)
k
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Gavaskar (2000), USEPA (1998) and USEPA (2000a) give examples of the approaches that
can be used to determine reaction rates for the degradation of organic compounds.
The multi-stage degradation of organic compounds can be represented by equations such as
those given below for the breakdown of trichloroethene (USEPA 1999c):
CTCE,t = CTCE,0exp (-kTCEt)
where C TCE

= concentration of TCE (mg/l)

t

= time (d)

kTCE

= reaction rate for TCE (d -1)

If measurements are available of the change in the concentrations of organic compounds with
time and distance (i.e. from laboratory trials) then it should be possible to derive degradation
rates for the different daughter compounds by fitting the above equation to the observed data.
An alternative approach to determining reaction rates and residence times for sequential
reactions is given in Gavaskar, 2000.

Monod kinetics
For microbiologically mediated reactions, reaction rates proportional to size of the microbial
population have been proposed, such as Monod kinetics, (Wiedemeier, 1999) expressed as:

u = u max
where u

C
Ks + C

= the specific growth rate of a microbial population (d -1);

umax

= the maximum specific growth rate (d -1);

C

= the substrate concentration (mg/l);

Ks

= the half-saturation constant (mg/l), i.e., the substrate concentration at which
the rate of growth is half the maximum rate.

Measurements of u, umax and Ks are not straightforward, although parameter values can be
derived by fitting this equation to laboratory measurements of changes in contaminant
concentration in suitably designed microcosm experiments.
Higher order reaction rates
Some reactions are controlled by orders of reactions greater than one – second or third order
reactions etc. If the order of reaction is greater than 1, the rate of reaction will decrease with
decreasing effective concentration of the reactant(s). Under such circumstances, the PRB
design should take account of these changes when extrapolating short-term treatability and
pilot-scale results to long-term field-scale activities.
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Estimation of Required Residence Time and Thickness of PRB
The required residence time for a contaminant in the PRB will depend on the reaction rate and
the required reduction in contaminant concentration. This is illustrated for first order reactions
by the following equation:
 ln(C T C 0 ) 
t res = 

−k



where tres

= residence time (d)

C0

= contaminant concentration entering the PRB (mg/l)

CT

= target concentration downgradient of the PRB (mg/l)

k

= reaction rate (d -1)

The minimum barrier thickness can be estimated from the following expression:
b = SF .v.t res

where b

= minimum thickness of PRB (m)

v

= groundwater velocity through barrier (m/d)

SF

= safety factor

A safety factor must be used to account for scaling up of laboratory derived reaction rates to
field conditions and to account for the uncertainty in determining rates of groundwater flow,
local contaminant concentrations and the long-term performance of the barrier. Where
multiple contaminants are present the design should be based on the most recalcitrant species.
Half-lives for scoping calculations are available for common PRBs (e.g. SERDP 2000,
Gavaskar, 1999) but require confirmation using site-specific data.

Cation exchange
For reactive materials that utilise ion exchange to remove contaminants, the number of
exchange sites is finite. The total CEC available in the PRB, CEC avail, can be estimated
according to:

CECavail = V .ρ soil .CEC.e
where V

= volume of reactive cell (m 3)

ρsoil

= bulk density (kg/m3)

CEC

= cation exchange capacity (meq/kg)

e

= reaction efficiency (fraction)

The contaminant loading rate can be estimated using:
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LR

= Q.C

where Q

= flow rate through the barrier (m 3/d)

C

= total cation concentration (meq/m3)

This equation makes no allowance for competition for exchange sites
The maximum theoretical operational life (t) of the reactive material (for strongly sorbed
species) can be estimated from:

 CEC avail 
t=

 LR 

Arrhenius Equation (correction of reaction rates for temperature)
Reaction rates may be temperature dependent and tests undertaken in the laboratory may
differ to those in the field. Laboratory tests are usually undertaken at temperatures in the
range 20 to 25°C, whereas groundwater temperatures in England and Wales are lower,
typically around 10°C.
The Arrhenius equation (generally appropriate to abiotic reactions) relates the rate of chemical
reaction to the temperature according to the relationship:
k ∝ e − E RgT

where k

= reaction rate

E

= activation energy

Rg

= universal gas constant

T

= absolute temperature

Rearranging and introducing the constant of proportionality:
ln(k ) = ln( Ar ) −

E
Rg T

where Ar = frequency factor for the reaction
Rg = ideal gas constant
A plot of ln(k) vs. 1/T should give a straight line with a slope of − E R and an intercept on the
g
1/T axis of

ln( Ar )
.
E 
 R 
g
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Generally, as a rule-of-thumb, abiotic reaction rates double for a 10°C increase in temperature.
For reaction rates recorded at laboratory temperatures, then an approximate halving of rates in
groundwater may be expected for UK conditions.

Stoichiometric calculations
Reactions occurring in a PRB can be summarised in reaction equations of the form:
[contaminant(s)] + [reactant(s)] = [product(s)]
The equation should be given in a balanced form to allow calculation of the mass of reactant
required to react with the mass of contaminant predicted to flow through the barrier during its
service life. The design of the PRB needs to ensure that there is sufficient mass of reactant to
deal with all contaminant.
In addition to the reaction between contaminant and reactant, account also needs to be taken
of other mechanisms that can affect the mass of reactant required. These include:
•

Heterogeneity: The aquifer will be heterogeneous in terms of variation in hydraulic
conductivity and contaminant concentration giving rise to variation in the contaminant flux
at different points along the PRB. This may give rise to localised breakthrough unless
adequate precautions are made in the design of the PRB. The reactive cell will also be
heterogeneous, due to variations in parameters such as density, permeability, mineral
composition and grain size.

•

Precipitation and biofouling may result in the reactive material becoming coated with a
layer that prevents or limits the required reaction from taking place.

•

Other species in groundwater may react with the reactive material, using up capacity
without reducing contamination.
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Additional Resources
U.S Air Force – AF Centre
for Engineering and the
Environment

CL:AIRE - Contaminated
Land: Applications in
Real Environments

The U.S. Air Force Center for Engineering and the Environment, with
headquarters in Texas, is a field operating agency of the Air Force
Civil Engineer. The centre provides Air Force leaders with the
comprehensive expertise they need to protect, preserve, restore,
develop and sustain U.S. environmental and installation resources.
http://www.afcee.af.mil/resources/
CL:AIRE is an independent not-for-profit organisation established to
stimulate the regeneration of contaminated land in the UK by raising
awareness of practical sustainable remediation technologies.
http://www.claire.co.uk

Envirometal Technologies
Inc.

EnviroMetal Technologies Inc. (ETI) involved in the application of
permeable reactive barrier (PRB) technology for the remediation of
contaminated groundwater, with experience in United States (113),
Canada (9), Europe (19), Japan (14) and Australia (1).
http://www.eti.ca/

Environmental
Restoration Technology
Transfer (ERT2)

List of Naval Facilities Engineering Command’s (NAVFAC)
environmental interactive web training tools with includes
information on PRBs.
http://www.ert2.org/ert2portal/desktopdefault.aspx

Environmental Science
and Technology Journal

A journal published bimonthly that reports on aspects of the
environment and its protection by scientific, engineering, and political
means. Contains several articles on PRB technology.
http://pubs.acs.org/journal/esthag

Environmental Security
Technology Certification
Program (ESTCP)

The Environmental Security Technology Certification Program
(ESTCP) is a Department of Defense (DoD) program that promotes
innovative, cost-effective environmental technologies through
demonstration and validation at DoD sites.
http://www.estcp.org/search-results.cfm

EU Project PEREBAR

A European Union research project on the long-Term Performance of
Permeable Reactive Barriers Used for the Remediation of
Contaminated Groundwater.
www.perebar.bam.de/PereOpen/PerebarFrameset-0.htm

EUGRIS

EUGRIS is a web portal offering information and services on topics
related to soil and water. EUGRIS began as a project supported by the
European Commission under the Fifth Framework Programme and
other supporters.

http://www.eugris.info
Federal Remediation
Technologies Roundtable
(FRTR)

The FRTR comprises US federal agencies who work jointly to make
data available on real experiences and lessons learned in selecting and
implementing treatment and site characterization technologies to
clean up soil and groundwater contamination at hazardous waste
sites.
http://costperformance.org/search.cfm

Hepure Technologies

Hepure is a chemical, reactive material and biological substrate
supplier.
http://www.hepure.com/

Interstate Technology and
Regulatory Council
(ITRC)

The ITRC consists of 50 US states, the District of Columbia, multiple
federal partners, industry participants, and other stakeholders whose
mission is to develop information resources and help break down
barriers to the acceptance and use of technically sound innovative
solutions to environmental challenges.
http://www.itrcweb.org/guidancedocument.asp?TID=5

NASA Kennedy Space
Centre: Groundwater
Remediation
Technologies
NICOLE – Network for
Industrially
Contaminated Land in
Europe

Information about environmental technologies developed at NASA’s
Kennedy Space Centre which includes emulsified zero-valent iron.
http://nasaksc.rti.org/index.cfm
NICOLE is forum on contaminated land management in Europe,
promoting co-operation between industry, academia and service
providers on the development and application of sustainable
technologies.
http://www.clarinet.at/

Oregon Graduate
Institute (OGI) School of
Science & Engineering:
Center For Groundwater
Research (CGR)

Provides an overview of research on contaminant remediation with
zero-valent iron led by OGI’s CGR.

Remediation
Technologies
Development Forum
(RTDF)

A public-private partnership to undertake research, development,
demonstration, and evaluation efforts focused on finding innovative
solutions to problems. Information and profiles of ongoing and
completed PRB demonstrations and installations is provided. (Note
that this website is no longer actively maintained. For up to date
information refer to CLU-IN – details provided below).

http://cgr.ebs.ogi.edu/iron/

http://www.rtdf.org/
RUBIN

The German Permeable Reactive Barrier R&D network that covers
more than 10 innovative PRB projects in Germany. The program is
funded by the German Federal Ministry for Education and Research.
http://www.rubin-online.de/english/introduction/index.html

US EPA

The US EPA provides an overview of PRB technology and a range of

published reference material.
http://www.epa.gov/ada/gw/prb.html
http://www.epa.gov/ada/pubs/reports.html
US EPA Contaminated
Site Clean-Up
Information (CLU-IN)

US EPA Technology Innovation Program which provides information
and some training resources on site characterization and innovative
treatment technologies including PRBs.
http://clu-in.org/conf/itrc/prb/resource.htm
http://cluin.org/techfocus/default.focus/sec/Permeable_Reactive_Barriers%2
C_Permeable_Treatment_Zones%2C_and_Application_of_ZeroValent_Iron/cat/Overview/
http://www.clu-in.org/conf/itrc/prb_031902/
http://www.clu-in.org/conf/itrc/advprb_032102/
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