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National Remediation Framework
The following guideline is one component of the National Remediation Framework
(NRF). The NRF was developed by the Cooperative Research Centre for
Contamination Assessment and Remediation of the Environment (CRC CARE) to
enable a nationally consistent approach to the remediation and management of
contaminated sites. The NRF is compatible with the National Environment Protection
(Assessment of Site Contamination) Measure (ASC NEPM).
The NRF has been designed to assist the contaminated land practitioner undertaking a
remediation project, and assumes the reader has a basic understanding of site
contamination assessment and remediation principles. The NRF provides the
underlying context, philosophy and principles for the remediation and management of
contaminated sites in Australia. Importantly it provides general guidance based on best
practice, as well as links to further information to assist with remediation planning,
implementation, review, and long-term management.
This guidance is intended to be utilised by stakeholders within the contaminated sites
industry, including site owners, proponents of works, contaminated land professionals,
local councils, regulators, and the community.
The NRF is intended to be consistent with local jurisdictional requirements, including
State, Territory and Commonwealth legislation and existing guidance. To this end, the
NRF is not prescriptive. It is important that practitioners are familiar with local
legislation and regulations and note that the NRF does not supersede regulatory
requirements.
The NRF has three main components that represent the general stages of a
remediation project, noting that the remediation steps may often require an iterative
approach. The stages are:
•
•
•

Define;
Design and implement; and
Finalise.

The flowchart overleaf provides an indication of how the various NRF guidelines fit
within the stages outlined above, and also indicates that some guidelines are relevant
throughout the remediation and management process.
It is assumed that the reader is familiar with the ASC NEPM and will consult other CRC
CARE guidelines included within the NRF. This guideline is not intended to provide the
sole or primary source of information.
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Executive summary
MNA is the monitoring of naturally occurring physical, chemical and biological
processes to demonstrate via multiple lines of evidence that one or any combination of
those processes reduce the mass, concentration, flux or toxicity of polluting substances
in groundwater, to an acceptable level within an acceptable timeframe.
In this context MNA includes:
•

Physical processes such as dispersion and diffusion which cause dilution by
mechanical mixing with un-impacted groundwater;

•

Chemical and abiotic processes include sorption that causes retardation
(contamination moving at a slower rate than groundwater) and reduced
dissolved phase concentrations but not mass reduction; and

•

Biological processes include metabolic oxidation to provide energy for
microbial cell maintenance and growth, resulting in degradation of the
groundwater pollutants, ultimately to carbon dioxide and water.

MNA can be appropriate for management or remediation of stable or shrinking
groundwater plumes. In the context of being considered a remediation method, MNA
needs to be capable of achieving site-specific remediation objectives within a
timeframe that is reasonable compared to other alternatives and be accepted by
relevant regulatory agencies.
MNA should not be used where significant contaminant migration will occur, or there
are unacceptable impacts to receptors. Therefore, sites where the contaminant plumes
are no longer increasing in size (stable), or are shrinking in size, will be the most
appropriate candidates for MNA.
Contaminants amenable to remediation by MNA include:
•

Petroleum hydrocarbons;

•

Polycyclic aromatic hydrocarbons;

•

Chlorinated aliphatic hydrocarbons;

•

Ammonia;

•

Cyanide; and

•

Heavy metals.

Significant monitoring is required to demonstrate that the processes of natural
attenuation are active and effective. Three lines of evidence are used for this purpose:
•

Primary lines of evidence: Historical groundwater and/or soil chemistry data
that demonstrate a clear and meaningful trend of decreasing contaminant
mass and/or concentration over time at appropriate monitoring or sampling
points.

•

Secondary lines of evidence: Hydrogeological and geochemical data that can
be used to demonstrate indirectly the type(s) of natural attenuation processes
active at the site, and the rate at which such processes will reduce
contaminant concentrations to the required levels.
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Tertiary lines of evidence: Data from field or microcosm studies (conducted in
or with actual contaminated site media) which directly demonstrate the
occurrence of a natural attenuation process at the site. Such studies are most
commonly used to demonstrate and quantify biological degradation
processes.

Given monitoring is an essential requirement to demonstrate natural attenuation is
occurring, the network of monitoring wells needs to be carefully designed and should
generally include:
•

Background monitoring wells up gradient of the source zone;

•

Lateral delineation monitoring wells across the plume;

•

Source zone monitoring wells;

•

Plume ‘centreline’ monitoring wells (along the middle of the plume in the
direction of groundwater flow); and

•

Sentinel monitoring wells at designated compliance points.

An MNA remediation strategy requires performance verification via a monitoring
program and the verification period typically lasts a minimum of two years, though
larger data sets collected over longer time frames enable trends to be better assessed.
A contingency plan should also be included in the monitoring program setting out
actions to take should monitoring results exceed specified trigger levels.
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Abbreviations
Abbreviation

Expansion

CAH

Chlorinated Aliphatic Hydrocarbons

CF

Chloroform

CRC CARE

Cooperative Research Centre for Contamination
Assessment and Remediation of the Environment

CSM

Conceptual Site Model

CT

Carbon Tetrachloride

DO

Dissolved Oxygen

EA

Enhanced Attenuation

Eh

Oxidation Potential

k

Attenuation Rate Constant

MNA

Monitored Natural Attenuation

NA

Natural Attenuation

NAPL

Non-Aqueous Phase Liquid

NRF

National Remediation Framework

P&T

Pump and Treat

PAH

Polycyclic Aromatic Hydrocarbons

PCE

Tetrachloroethylene

PHC

Petroleum Hydrocarbon Compound

RAP

Remediation Action Plan

TCE

Trichloroethylene

VC

Vinyl Chloride
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Glossary
Aerobic

A process that occurs in the presence of free oxygen.

Anaerobic

A process that occurs in the absence of free oxygen. In
this case it refers to degradation in the absence of
oxygen

Aquifer

An underground layer comprising bedrock,
unconsolidated natural material, or fill, that is capable of
being permeated permanently or intermittently with
groundwater, and that allows the free passage of
groundwater through its pore spaces.

Biodegradation

The transformation of a substance or chemical by
micro- organisms such as bacteria or fungi, resulting in
a change in chemical structure mass within the
environment.

Concentration

The amount of material or agent dissolved or contained
in unit quantity in a given medium or system.

Conceptual site model

A representation of site-related information including
the environmental setting, geological, hydrogeological
and soil characteristics together with the nature and
distribution of contaminants. Contamination sources,
exposure pathways and potentially affected receptors
are identified. Presentation is usually graphical or
tabular with accompanying explanatory text.

Contaminant

Any chemical existing in the environment above
background levels and representing, or potentially
representing, an adverse health or environment risk.

Contaminated site

A site that is affected by substances that occur at
concentrations above background or local levels and
which are likely to pose an immediate or long-term risk
to human health and/or the environment. It is not
necessary for the boundaries of the contaminated site
to correspond to the legal ownership boundaries.

Contamination

The presence of a substance at a concentration above
background or local levels that represents, or potentially
represents, a risk to human health and/or the
environment.

Dechlorination

A chemical reaction with a chlorinated hydrocarbon that
results in one or more chlorine ions being removed from
the original molecule to form a new hydrocarbon
molecule with less, or no, chlorine.

Dispersion

The breaking apart of a solid or mass, usually to be
held in suspension in a liquid.
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Environment(al) protection
authority / agency

The government agency in each state or territory that
has responsibility for the enforcement of various
jurisdictional environmental legislation, including some
regulation of contaminated land.

Groundwater

Water stored in the pores and crevices of the material
below the land surface, including soil, rock and fill
material.

k(point)

Point estimates of the concentration vs time rate
constant k

Monitored natural
attenuation

A remedial method comprising the monitoring of
naturally occurring physical, chemical and biological
processes, or any combination of those processes to
reduce the mass, toxicity, mobility, volume or
concentration of polluting substances in groundwater.
These processes must be sufficient to prevent
contaminants from reaching identified receptors and
minimise the expansion of plumes into currently
uncontaminated groundwater.

Natural attenuation

The effect of natural occurring physical, chemical and
biological processes to reduce the mass, toxicity,
volume, or concentration of contaminants.

Practitioner

Those in the private sector professionally engaged in
the assessment, remediation or management of site
contamination.

Proponent

A person who is legally authorised to make decisions
about a site. The proponent may be a site owner or
occupier or their representative.

Remediation

An action designed to deliberately break the sourcepathway-receptor linkage in order to reduce the risk to
human health and/or the environment to an acceptable
level.

Risk

The probability that in a certain timeframe an adverse
outcome will occur in a person, a group of people,
plants, animals and/or the ecology of a specified area
that is exposed to a particular dose or concentration of
a specified substance, i.e. it depends on both the level
of toxicity of the substance and the level of exposure.
‘Risk’ differs from ‘hazard’ primarily because risk
considers probability.

Site

A parcel of land (including ground and surface water)
being assessed for contamination, as identified on a
map by parameters including Lot and Plan number(s)
and street address. It is not necessary for the site
boundary to correspond to the Lot and Plan boundary,
however it commonly does.
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Sorption

The process by which one substance becomes
attached to another substance. This may occur through
adsorption or absorption.

Trigger level

The concentration of a contaminant above which the
contingency plan must be implemented.

Volatilisation

The process of a chemical turning from a liquid to a
gas, or vapourising.
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Measurements
Unit or symbol

Expansion

λ

biodegradation rate constant

Chemical symbols, formulae and abbreviations
Symbol or abbreviation

Meaning or expansion

1,1,1-TCA

1,1,1-Trichloroethane, C 2 H 3 Cl 3

1,1-DCE

1,1-Dichloroethene, C 2 H 2 Cl 2

1,2-DCA

1,2-Dichloroethane, C 2 H 4 Cl 2

CH 4

Methane

cis 1,2-DCE

cis-1,2-Dichloroethene, C 2 H 2 Cl 2

Fe(II)

Ferrous oxide, FeO

Fe(III)

Ferric oxide, Fe 2 O 3

H2

Hydrogen

HCO 3 -

Bicarbonate ion

Mn4+

Manganese (IV) ion

NO 3 -

Nitrate ion

O2

Oxygen

SO 4 2-

Sulfate ion
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1. Introduction
The purpose of this guideline is to provide information on using monitored natural
attenuation (MNA) as a remediation methodology to address groundwater
contamination, to assist with selection of remediation options. The document contains
information to inform remediation planning and aid compilation of a remediation action
plan (RAP).
This guidance is primarily intended to be utilised by remediation practitioners and those
reviewing practitioner’s work, however it can be utilised by other stakeholders within
the contaminated sites industry, including site owners, proponents of works, and the
community.
Soil washing is one of many technologies available for contamination remediation, and
other technologies may be more appropriate. It is assumed that the information
presented within will be used in a remediation options assessment to identify and
select the preferred technologies for more detailed evaluation. This guideline provides
information for both initial options screening and more detailed technology evaluation.
This guideline does not provide detailed information on the design of soil washing
systems as this is a complex undertaking and should be carried out by appropriately
qualified and experienced practitioners. Readers are directed to the NRF Guideline on
performing remediation options assessment for detailed advice on assessing
remediation options. In addition, the remediation objectives, particularly the required
quality of the soil after treatment, are a critical matter and it is assumed that these have
been determined and considered in the remediation options assessment and selection
process. Readers are directed to the NRF Guideline on establishing remediation
objectives for more detailed advice.
References to case studies are provided in Appendix A.
A number of sources of information were reviewed during the formulation of this
document to compile information on potential technologies. These are listed in
references, and provide an important resource to readers.
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2. Technology description and application
Contaminants in groundwater can decrease over time in both quantity and
concentration because of physical, chemical and biological processes which occur
naturally within the soil and groundwater. This is commonly referred to as ‘natural
attenuation’ (NA). It has been recognised that under certain circumstances NA can
provide a viable remediation or management strategy for contaminated sites. It has the
potential to reduce remediation costs while at the same time reducing the risk of
exposure to humans and the environment.
While the benefits of NA as a remediation solution can be significant, this strategy also
has risks that need to be managed. When the decision is taken to employ NA,
monitoring its effect is essential to assess performance and to confirm that the
remediation objectives and contaminant management are being met. This process is
commonly referred to as ‘monitored natural attenuation’ (MNA). MNA can be used to
remediate and manage groundwater contamination to ensure that it does not pose an
unacceptable risk to the beneficial uses of air, land, groundwater and surface water
(marine and fresh).
The NRF defines MNA as:

MNA is the monitoring of naturally occurring physical, chemical
and biological processes to demonstrate via multiple lines of
evidence that one or any combination of those processes
reduce the mass, concentration, flux or toxicity of polluting
substances in groundwater, to an acceptable level within an
acceptable timeframe.

In this context MNA includes:
•

Physical processes such as dispersion and diffusion which cause dilution by
mechanical mixing with un-impacted groundwater;

•

Chemical and abiotic processes include sorption that causes retardation
(contamination moving at a slower rate than groundwater) and reduced
dissolved phase concentrations but not mass reduction; and

•

Biological processes include metabolic oxidation to provide energy for
microbial cell maintenance and growth, resulting in degradation of the
groundwater pollutants, ultimately to carbon dioxide and water.

A thorough understanding of MNA provides a framework and associated tools to
assess the capacity of the subsurface environment to intrinsically remediate
anthropogenic impacts, and therefore the long-term risk associated with groundwater
contamination. MNA can be appropriate for management or remediation of stable or
shrinking plumes, but only where its use will be protective of human health and the
environment. In the context of being considered a remediation method, MNA needs to
achieve site-specific remediation objectives within a timeframe that is reasonable
compared to other alternatives, and to be acceptable to the relevant regulatory
agencies.
Information correct at time of publication
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3. Feasibility assessment
Key considerations that will often determine the feasibility of applying MNA as a
potential remediation or management option include:
•

•

Whether the situation and circumstances are consistent with gaining regulatory
acceptance, particularly whether the risk posed by the residual contamination can
be sufficiently controlled and is acceptable.
Whether the timeframe projected for MNA is sufficiently well defined and is
acceptable.

It is noted that at the time of publication the jurisdiction of Victoria does not consider
MNA an acceptable remediation option unless active remediation has been attempted
first. Readers are directed to EPA Victoria for more information.
The staged approach presented in CRC CARE (2010) is useful in conceptualising the
process of evaluating and implementing MNA. This approach is presented in Table 1.
Table 1: Stages of implementing MNA

Stage

Description

Components

Stage 1

Feasibility and
acceptability

•

Applicability to contaminants

•

Sustainability

•

Regulatory acceptance

•

Financial and legal considerations

•

Stakeholder acceptance

•

Source character and status

•

Plume status and delineation

•

NA indicators

Stage 2

Stage 3

Stage 4

Stage 5

Evaluation of
potential for NA

Demonstration of NA •

Verification of NA
performance

Achieving closure

Information correct at time of publication
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Collection of spatial and temporal data to
demonstrate NA is occurring

•

Primary, secondary and tertiary lines of evidence

•

Prediction of future plume behaviour

•

Assessment of uncertainty

•

Performance monitoring

•

Triggers for active remediation

•

Contingency plans

•

Analysis and reporting requirements

•

Performance monitoring

•

Contingency plans

•

Stewardship

•

Documentation
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MNA should not be used where significant contaminant migration will continue, or there
are unacceptable impacts on receptors. Therefore, sites where the contaminant plumes
are no longer increasing in size (stable), or are shrinking in size, will be the most
appropriate candidates for MNA.
Conditions that generally preclude the application of MNA are presented in Table 2
below:
Table 2: Conditions that generally preclude the application of MNA

Condition

Explanation

Expanding
Groundwater
Plume

An expanding groundwater plume indicates that contaminant
release exceeds the natural attenuation capacity of the system
to control the contaminants

Complex,
Fractured Rock
Hydrogeology

Complex hydrogeological systems such as fractured bedrock
or karst formations present difficulties for the monitoring of
contaminant migration and natural attenuation processes.
Such conditions potentially constrain the adequate monitoring
of a natural attenuation remedy to ensure, with a high degree
of confidence, that potential receptors will not be impacted. In
addition, the effectiveness of natural attenuation processes in
bedrock (particularly crystalline rock) have not been
established sufficiently

Receptors
Impacted

Contamination has impacted human and/or ecological
receptors (e.g. potable wells, surface water, vapour intrusion to
indoor air, utilities). Where vapour intrusion or potable well
impacts exist, but mitigation measures or remedial systems are
in place, MNA may be considered to be a supplemental
component of the site remediation strategy

Imminent Threat to
Receptors

When the travel time of contaminants to a potential receptor,
as estimated through calculation of the groundwater seepage
velocity represents an imminent threat to receptors, additional
justification is necessary to demonstrate the viability of MNA as
a protective remedy

Free and/or
Residual LNAPL

Free and/or residual LNAPL is not permissible in certain
jurisdictions.

Detailed characterisation and demonstration of NA involves collecting a comprehensive
data set to demonstrate and quantify the NA process using primary, secondary and
tertiary lines of evidence (as appropriate). This work includes prediction of the future
behaviour of the contaminant plume and consideration of the uncertainty of this
prediction. This work will provide the necessary multiple lines of evidence,
documentation and confirmation that NA is occurring, assist in obtaining and
maintaining regulatory acceptance, and provide an estimate of the time scale over
which remediation by NA is expected to occur.
SRNL (2006) published a simpler alternative approach for evaluating MNA for
groundwater contaminated with chlorinated solvents, referred to as the ‘Scenarios
Information correct at time of publication
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Evaluation Tool for Chlorinated Solvent MNA’. The key elements of this approach
involve a series of MNA ‘scenarios’. Figure 2 shows how the Scenario Evaluation Tool
is set up.
Figure 3 illustrates the types of biotic and abiotic reactions that chlorinated solvents can
undergo in an example physical setting, in this case, simple fast groundwater flow and
anaerobic geochemical conditions. The green circles indicate which types of reductive
dechlorination (RD) reactions are most likely to attenuate a variety of chlorinated
solvents.
USEPA (2007; 2010) published guidance of the evaluation of MNA for sites where
groundwater is contaminated by selected inorganic substances and certain heavy
metals.

*
Figure 1 Key elements that comprise the chlorinated solvent MNA scenario structure, from SRNL
(2006).
Information correct at time of publication
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Key dechlorination reactions in a simple and fast hydrogeological setting and
anaerobic geochemical conditions for a variety of chlorinated solvents, from SRNL
(2006).

3.1 Data requirements
This section presents a minimum set of requirements to guide the data collection
process for implementation of an MNA strategy.
The precise criteria that will determine the acceptability and applicability of MNA will
vary on a site-specific basis and will be described in detail in subsequent chapters, but
Information correct at time of publication
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examples of the main technical, practical and regulatory criteria for decision making
that can apply are given in Table 3 below. This same list is available in Appendix A in
the form of a checklist that can be easily printed and used in remediation options
planning.
Table 3: Criteria and considerations that can apply to MNA

Criteria

Consideration

Technical

•

NA has been demonstrated with an acceptable level of
confidence

•

The effectiveness of NA has been shown to be able to continue
in the future

•

There is sufficient time for NA to meet the remediation objectives
in a reasonable timeframe

•

Access can be obtained, and security can be provided for
monitoring boreholes

•

There are sufficient budget provisions to investigate and monitor
NA over the proposed timeframe

•

NA will work alone or in combination with other techniques

•

Future land uses will not adversely affect NA

•

Other remedial techniques will not adversely affect NA

•

There is sufficient time for monitoring

•

Third-party agreement has been obtained for monitoring the
contaminant plume beyond the site boundary

•

The long-term liability of landowners/polluters has been resolved

•

Relevant legislation can be complied with

•

and health and safety obligations met

•

NA will protect receptors in both the short-term and long-term

•

Expansion of the plume into uncontaminated groundwater should
be minimised as far as is practicable, taking account of the
sensitivity of the environment, the impact of any pollution and the
likely costs and benefits of preventing plume expansion

•

Remedial objectives can be achieved in a reasonable timeframe

•

A contingency plan has been developed and can be implemented
if NA proves to be ineffective

•

Sufficient financial provision for long-term monitoring and
contingency plan

•

Sufficient (institutional) controls over MNA if undertaken through
the planning system

Practical

Regulatory

For most sites that have limited temporal data, evidence for the viability of a MNA
strategy is typically indirect. For this reason, multiple lines of evidence should
Information correct at time of publication
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accompany any demonstration of applicability, particularly where the level of
uncertainty is high, and the sensitivity of the site is significant. Only in cases where the
time has been taken to collect sufficient data in primary lines of evidence and the
uncertainty is low, can secondary and tertiary lines be omitted.
A three-tiered approach is adopted for demonstrating MNA (also referred to as the
‘three lines of evidence’ approach). In this approach, successively more detailed
information is collected as necessary to provide a specified level of confidence in the
estimates of attenuation rates and remediation timeframes. These three tiers of sitespecific information, or ‘lines of evidence’, are presented in Table 4 below.
Table 4: Lines of evidence for MNA

Line of
evidence

Description

Purpose

Primary

Historical groundwater and/or soil chemistry data
(ideally a minimum of quarterly monitoring over two
years) that demonstrate a clear and meaningful
trend of decreasing contaminant mass and/or
concentration over time at appropriate monitoring or
sampling points.

Demonstrate
contaminant
concentration
stability or
decline

Secondary

Hydrogeological and geochemical data that can be
used to demonstrate indirectly the type(s) of natural
attenuation processes active at the site, and the rate
at which such processes will reduce contaminant
concentrations to the required levels. For example,
characterisation data may be used to quantify the
rates of contaminant sorption, dilution or
volatilisation, or to demonstrate and quantify the
rates of biological degradation processes occurring
at the site.

Provide
information
about the nature
and rates of NA
processes at the
site

Tertiary

Data from field or microcosm studies (conducted in
or with actual contaminated site media) which
directly demonstrate the occurrence of an NA
process at the site. Such studies are most commonly
used to demonstrate and quantify biological
degradation processes. Recent developments in the
use of isotopes to assess NA can also assist where
primary and secondary lines are insufficient.

Provide
information on
the potential for
MNA to occur

The primary lines of evidence are based on mainly temporal and, to a lesser degree,
spatial analysis of trends in contaminant concentrations. Where sufficient data is
available, temporal and spatial data can be used to provide estimates of mass decay
rates, which can be important tools for evaluating MNA. Collection of sufficient data to
allow for seasonal fluctuations and to undertake accurate assessment of degradation
rates will generally take several years.
Primary lines of evidence are generally considered to provide the highest value in
demonstrating MNA viability. However, the main disadvantage is the timeframe over
which the collection of evidence must occur. Discerning trends from short-term
Information correct at time of publication
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(months) monitoring of concentration trends in key monitoring wells seldom provides
sufficient information to reliably analyse plume stability.
Readers are directed to CRC CARE (2010) for a comprehensive bibliography of
statistical tools available in the public domain for assessing trends and decay rates
form historical data.
The minimum data requirements for the lines of evidence are listed in Table 5 overleaf.

Information correct at time of publication
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Minimum data requirements for screening MNA

Information
Contaminant specific
properties

Essential Desirable


•

Identification of contaminants of concern

•

Identification of potential inhibitors to biodegradation

•

Indication of concentration and location of contaminants of concern, and delineation (vertical
and lateral) of dissolved plume

•

Identification of contaminant source/s, including history of contaminant release



•

Background contaminant concentrations in locality including, where possible, contribution
from other contaminant sources



•

Nature of contamination, including phase (adsorbed, dissolved, liquid, gaseous). If NAPL
present, identification of product type, age and density, for water level correction



•

Contaminant concentration history to assess dynamics of behaviour



Aquifer type and status



Aquifer characteristics •
•

Porous media, fractured rock, karstic

•

Major/minor/perched/non-aquifer

•

Groundwater management area or wellhead protection zone?

•

Groundwater quality and applicable or protected beneficial uses

•

Aquifer properties

•

Hydraulic conductivity

•

Depth to groundwater, groundwater elevation

•

Direction of groundwater flow (in relation to identified receptors)

•

Groundwater velocity (hydraulic conductivity, hydraulic gradient, porosity)

Information correct at time of publication
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Information
•

Aquifer chemistry

•

Sorption sites and capacity

•

Natural oxidation reduction potential

•

Major cation and anion composition

•

Groundwater type

•

Background concentrations of electron acceptors (eg. DO, Mn4+, NO 3 -, SO 4 2-) and metabolic
byproducts (eg. Fe2+, CH 4 )

•

Concentrations of inhibitors (heavy metals)

Receptors/compliance •
point characteristics
•
•

Information correct at time of publication
Version 1.0: August 2018

Location of receptors

Essential Desirable




Extent of aquifer
Location of abstractions, springs, rivers and estuaries, and their proximity to site
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3.2 Stakeholder acceptance
MNA is a remedial strategy that may require long-term access to affected properties,
and acceptance of a long time-frame for remediation, thus stakeholder consultation and
agreement is crucial to establishing the suitability of the technology to meet remedial
objectives. In the context of MNA, stakeholders are likely to consist of:
•

Site owner;

•

Regulator;

•

Auditor (if applicable);

•

Adjacent site occupiers;

•

Adjacent site owners;

•

Community.

When engaging adjacent site owners and occupiers, it is important to consider the risk
perception impact on those stakeholders, along with the need for long-term access to
their property to conduct monitoring. As site occupiers and owners may change over
the MNA timeframe, it may be advisable to formalise access arrangements in writing.
Achieving regulatory acceptance will involve presenting the information assembled on
NA and the application of MNA at the site at each stage, and to seek agreement with
the relevant regulatory authorities to proceed with MNA as a remediation and/or
management strategy.
Readers are directed to the NRF Guideline on stakeholder engagement for more
detailed information.

3.3 Treatable contaminants
NA has been shown to occur for various chemicals and substances including:
•

Petroleum hydrocarbons (including polycyclic aromatic hydrocarbons); .

•

Chlorinated aliphatic hydrocarbons;

•

Inorganics such as ammonia, cyanide; and

•

Heavy metals;

Chemical properties which are favourable for NA in groundwater systems include:
•

Moderate solubility, which limits potential for high mass loading and
concentrations, allowing effective and efficient degradation even near the
source area;

•

High sorption properties of the contaminant/s, which limits the transport rate
and plume length;

•

High degradation rates (short half-life) relative to groundwater flow velocity,
which limits the potential migration distance and enables achievement of
steady state conditions in relatively short (e.g. years rather than decades)
timeframes;

•

Low toxicity to microbes, which limits the potential for the compound to act as
an inhibitor and increases the probability of degradation, decreasing
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concentrations to an acceptable level before the compound can reach a
receptor.

Information correct at time of publication
Version 0.1: August 2018

13

CRC CARE National Remediation Framework

Technology guide: Monitored natural attenuation

4. Operational system
Once MNA has been identified as potentially viable by the earlier assessment stages,
implementation can be considered. However, a MNA strategy requires performance
verification through a monitoring program in the medium-term (years) to long-term
(decades).
Verification will typically require a series of monitoring rounds of the groundwater wells
to demonstrate that:
•

The plume continues to be stable or is shrinking.

•

Attenuation is continuing over time.

Typically, the minimum verification period will be two years to obtain meaningful and
statistically valid trends. Data sets of more than five years provide more reliable
information about trends and may be sufficient to avoid the need for modelling to
predict future plume behaviour. At least four sampling events are generally required to
establish any trend in temporal data, and these should include sampling at times that
will allow characterisation of seasonal variations. However, this period may need to be
considerably longer in highly dynamic groundwater systems, or where the trends are
inconclusive. Factors that may influence the validity of trends include climatic events
(e.g. drought), and seasonal changes in groundwater chemistry and flow. The
monitoring frequency should be adequate to define seasonal and long-term trends.
Therefore, verification of an MNA strategy needs to be accompanied by a suitable
performance monitoring plan.
Verifying that MNA is occurring as planned requires assessment of the ongoing
performance of MNA and what actions should be taken in the event the strategy does
not perform as anticipated. This phase includes a performance monitoring plan that
collects information relevant to achieving the remediation objectives determined at the
outset of the MNA evaluation process.

4.1 Monitoring well network
Monitoring is a significant and essential component of the assessment of viability and
verification of an MNA strategy. Site characterisation to support an MNA strategy
requires the development of data quality objectives, a monitoring plan and groundwater
monitoring well (GWMW) network that enables robust and defensible data to be
collected. Effective design of the GWMW network is a key aspect of the monitoring
plan and should allow for three-dimensional delineation of the contaminant impacts in
groundwater.
Monitoring data collected over several events will be used in evaluating the lines of
evidence in the previous section. Final GWMW network requirements are site specific.
In general, more wells will be required in a heterogeneous anisotropic (variable)
groundwater system than in a homogeneous isotropic (uniform) groundwater system.
The primary objectives are to:
•

Delineate the plume;

•

Understand plume life cycle; and

•

Collect the required information for the lines of evidence assessment.
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The layout of the monitoring network should be included in the conceptual site model
(CSM) and documented in an appropriate site plan. Table 6 summarises the GWMW
location generally included in a well-designed well network:
Table 6: GWMW locations suggested for MNA

GWMW
location

Description

Background

Up-gradient of the source zone to establish:

Lateral
delineation

Source zone

•

Background groundwater chemistry

•

Potential attenuation capacity (i.e. input concentrations of
electron acceptors (e.g. DO, NO 3 -, SO 4 2-) to the plume)

•

hydrogeological setting and hydrogeochemical dynamics of
the aquifer.

Across the plume, generally perpendicular to the groundwater
flow direction to establish:
•

Maximum potential width. This may be highly variable
particularly in heterogeneous anisotropic systems and
fractured rock aquifers

•

Variability in the hydrogeology and hydrogeochemistry of the
aquifer.

Within the plume to assess:
•

Changes in the mass loading

•

Changes in the distribution between free and trapped phase.

This is essentially a function of the areas over which contaminant
concentrations extend, the inferred mass, weathering and
biodegradation, groundwater flow velocity and hydrogeochemical
conditions.
Plume
‘centreline’

These GWMWs should be placed:
•

Along the middle of the plume;

•

Where concentrations are typically the highest

•

In the direction of groundwater flow,

•

At various distances from the source to assess:

The assess changes in the dissolved phase plume down-gradient
of the source.
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Longitudinal
delineation

These GWMWs should be placed:
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•

Along groundwater flow direction

•

Down-gradient of the plume toe (leading edge)

They:

Sentinel

•

Delineate the plume length

•

Provide early warning in case the plume geometry changes
and the plume expands down-gradient.

Installed at designated compliance points such as near receptors
or site boundaries.
Consistent detection of the plume in these wells should be
considered a trigger for implementing active remediation
contingency plans.

Vertical
delineation

May be required in situations where the plume is suspected of
sinking. Vertical delineation can be accomplished by use of
nested or multilevel GWMWs

Figure 3 presents a typical CSM for a hydrocarbon impacted groundwater system at
the end of monitoring well network installation.
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Background Well
Vertical Delineation Wells
(Nested Wells)

Service Station

House

USTs

toe

Up-gradient

Down-gradient

Longitudinal
Delineation Wells

‘centerline’

Cross-gradient

Plume Behaviour Wells

Lateral Delineation Wells

Petrol

Unsaturated Zone

Mass ± kg
Mass ± kg

Capillary Fringe

Vapour Phase
Free Phase
Trapped Phase

Mass ± kg

Dissolved Phase

DO, EC, pH,
Eh, Temp

Inhibitors
DO, EC, pH,
Eh, Temp

Saturated Zone

Figure 3

V ± x m/year

TOC% ± x%

Mass ± kg

DO, Mn, NO3,
Fe, SO4, CH4

Na, K, Ca,
Mg Cl, HCO3,
CO3, SO4

Typical conceptual site model at the completion of monitoring well network
installation stage (top = plan view, bottom = cross-section), from CRC CARE
(2010) and UK EA (2000)

4.2 Monitoring parameters, frequency and duration
While monitoring will depend on numerous factors, in simple groundwater systems
monitoring during the NA characterisation should, at minimum, comply with the
requirements set out in Table 7.

Information correct at time of publication
Version 0.1: August 2018

17

CRC CARE National Remediation Framework

Table 7

Technology guide: Monitored natural attenuation

Recommended minimum monitoring for characterisation of natural attenuation in
simple groundwater systems

Data type
collected

Duration and frequency of
monitoring

Minimum number and
location of GWMWs

Contaminants
of concern and
groundwater
table elevation

At least four sampling events
annually spaced evenly over the
year for two years to define
seasonal fluctuations in the
groundwater elevation, flow
direction and contaminant
concentrations, as well as
identifying potential trends

•

One (1) GWMW in upgradient (unimpacted)
background area

•

One (1) GWMW within
source (most impacted) area

•

Two (2) GWMWs near or on
contaminated plume centre
line that are above clean-up
levels

•

One (1) GWMW in area
immediately down-gradient
to delineate plume length
(unimpacted)

•

One (1) GWMW in downgradient ‘sentinel’ area
(unimpacted)

Biodegradation
indicators

Aquifer
chemistry

At least four sampling events
annually spaced evenly over the
year for two years to define
seasonal fluctuations in
concentrations
At least two sampling events
annually spaced evenly over the
year for two years to define
seasonal fluctuations in
concentrations

The recommendations in this table apply to sites in simple hydrogeological settings
(e.g. homogenous isotropic type groundwater systems with one affected aquifer and no
complicating factors such as nearby sensitive receptors) and where the sources of
contamination and affected groundwater have been well defined. Sites that have not
been fully characterised or are in more complicated settings will require more
monitoring wells and greater frequency and duration of monitoring.
The number of samples needed depends on the acceptable level of uncertainty on the
desired effectiveness of MNA, with respect to long-term protection of receptors. Sites
close to sensitive receptors are likely to require a more extensive sampling regime than
sites that are more distant. Sampling frequency and the period over which sampling
takes place should be sufficient to obtain a statistically meaningful correlation between
the reduction of contaminant concentrations (or mass) and time.

4.3 Plume stability assessment
Hydrocarbon-impacted plumes in naturally flowing groundwater systems typically
originate from a point source once mass transfer to the groundwater system
commences. The plume then evolves over time. Figure 5 illustrates the four main
plume life cycle stages:
•

The Expanding Phase - occurs when mass loading from the source
commences and the plume forms. The plume will continue to expand until the
rate of mass loading (or flux) is balanced by the rate of attenuation (or
assimilative capacity).
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•

The Stable Phase - occurs when the rate of mass flux and assimilative
capacity are in equilibrium, so that expansion ceases.

•

The Contracting Phase - occurs when the assimilative capacity exceeds the
mass flux, causing the plume to shrink.

•

The Depleted Phase occurs when the plume has shrunk back to the
immediate vicinity of the source area due to depletion of the source mass, and
the dominance of attenuation over mass flux. This stage can occur after an
extended time interval during which the source (e.g. LNAPL) naturally
weathers (i.e. becomes depleted of more soluble and biodegradable
constituents) and becomes less mobile (perhaps through becoming more
viscous or trapped within the formation), or following active source zone
remediation

Source

Source

Source

T2

T1

Expanding

T1

T1
T2
T3

T3

Source

T3

T2

T2

T1
T3

Steady State (Stable)

Contracting

Depleted (Exhausted)

High

Completed

Plume Status
Probable

Low

MNA Viability

Figure 4

Hydrocarbon plume life cycle status and MNA applicability
potential, from UK EA (2000)

T1 refers to early time plume extent, T2 refers to intermediate time plume extent and
T3 refers to longer term plume extent
Understanding the status of the contaminant plume is critical in the assessment of
MNA. Table 8 provides a guide to assessing plume status that should be considered
when evaluating historical groundwater analytical data obtained during the NA
characterisation phase, where concentration trend is defined by statistically-based
trend analysis (e.g. Mann-Kendall, Mann-Whitney tests)
Table 8 Guidelines for assessing overall plume status

Plume status

For monitoring wells
within the contaminant
plume, evaluate plume
status (see note below)

For any clean
sentinel wells
where
contaminant was
previously
undetected

For any receptors
or compliance
points where
contaminant was
previously
undetected

Contracting
Plume, if ALL
the following
occur

Plume status is defined
as contracting when:
decrease in plume area
and mass, decrease in
mass flux of
contaminants to less
than the assimilative
capacity of aquifer

Contaminant not
detected.

Contaminant not
detected.
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Plume status

For monitoring wells
within the contaminant
plume, evaluate plume
status (see note below)

For any clean
sentinel wells
where
contaminant was
previously
undetected

For any receptors
or compliance
points where
contaminant was
previously
undetected

Stable Plume,
if ALL the
following occur

Plume status is defined
as stable when:
insignificant change in
plume area and plume
mass; mass flux of
contaminants equals
assimilative capacity of
aquifer.

Contaminant not
detected.

Contaminant not
detected.

Expanding
Plume, if ANY
of the following
occurs

Plume status is defined
as expanding when:
increase in plume area
and mass; mass flux of
contaminants exceeds
the assimilative capacity
of aquifer.

Contaminant
detected over
consecutive
monitoring rounds
(detected in 2
successive
monitoring events).

Contaminant
detected.

4.4 Rate constants
Evaluating the rate at which contaminant concentrations decrease either spatially or
temporally is essential for assessing the success of NA processes at a given site. For
example, guidelines issued by the USEPA (1999) and ASTM (1998) have endorsed the
use of site specific attenuation rate constants for evaluating natural attenuation
processes in groundwater.
In all instances, site-specific data are required to estimate the mass loading and decay
rates within the source zone and plume. Several methodologies are available for
assessing decay rates. Numerous guidelines regarding methods for derivation of sitespecific attenuation rate constants based upon observed plume concentration trends
are also available [e.g. ASTM (1998); USAF CEE (1995), and OSWER (1999)]. Once
estimated, these rate constants can be used in analytical models such as BIOSCREEN
and BIOCHLOR for simulating the attenuation of dissolved contaminants once they
leave the source and the decay in mass loading of the source itself.
There are three different methods for estimating rate constants from temporal data. It is
important to note that there are different types of rate constants, each of which is used
to assess specific aspects of source and plume decay.
•

Concentration vs. time rate constants (k point ) are used for estimating how
quickly remediation goals will be met at a location. These can be applied to
monitoring bores located in source zones and/or dissolved plumes but are
point estimates only;

•

Concentration vs. distance (bulk attenuation) rate constants (k) are used for
estimating if a plume is expanding, showing relatively little change, or
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shrinking due to the combined effects of dispersion, biodegradation and other
attenuation processes; and
•

Biodegradation rate constants (λ) are used in solute transport models to
characterise the effect of biodegradation on contaminant migration.

To interpret the past behaviour of plumes and to forecast their future behaviour, it is
necessary to describe the behaviour of the plume in both space (concentration vs.
distance) and time (concentration vs. time). It is necessary to collect long-term
monitoring data from bores that are distributed throughout the plume. The
biodegradation rate constant is usually applied over both time and space, but only
applies to one attenuation mechanism. Biodegradation is generally regarded as the
most important natural attenuation mechanism for lower molecular weight petroleum
hydrocarbons, PAHs and biodegradable inorganics (such as ammonia and nitrate),
while adsorption is likely to be more important for higher molecular weight
hydrocarbons and PAHs.

4.5 Geochemical conditions
Secondary lines of evidence are based on the prevailing geochemical conditions in the
aquifer. For hydrocarbons this specifically relates to concentrations of available
terminal electron acceptors (TEAs) and metabolic byproducts (MBs) both within and
outside the dissolved contaminant plume. For inorganics and metals, physico-chemical
conditions (e.g. redox potential, pH) are more important. Patterns of their distribution
within the plume provide an indication which reactions are occurring and what the
systems natural attenuation capacity may be.
The attenuation capacity of an aquifer determines the mass of contaminant that can be
destroyed in the dissolved phase. This is important, as the focus for MNA is on
destructive mechanisms such as biodegradation, rather than dilution, dispersion or
transfer through sorption or volatilisation. For inorganics and metals, some of the latter
processes are likely to be more important attenuation mechanisms.
For hydrocarbons, the secondary line of evidence evaluation uses an electron mass
balance calculation to estimate the attenuation capacity of the groundwater system.
The method uses the change in TEA/MB concentrations between background and
plume and the stoichiometry of the hydrocarbon biodegradation reactions to estimate
the contributions of various biodegradation processes.
The typical sequence of electron acceptors from aerobic to anaerobic conditions is
presented in Figure 6. The oxidation and reduction reaction sequences commence with
the thermodynamically most-preferred aerobic degradation pathway to the
thermodynamically least-preferred anaerobic pathway (methanogenesis).
This sequence can also correspond to Redox zones within the plume as illustrated in
Figure 5. CRC CARE (2010) provide a comprehensive suite of tools for assessing
secondary lines of evidence.
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Evaluation of geochemical indicators and microbial reactions
( = decreasing concentration, = increasing concentration), from WSDE (2005)

Petrol

Unsaturated Zone

Capillary Fringe

Vapour Phase
Free Phase
Trapped Phase

O2

NO3

Mn2+

Fe2+

SO4

CH4

Saturated Zone

Figure 6

Typical pattern of redox zones within a dissolved phase petroleum hydrocarbon
plume, including concentration trends relative to background ( decreasing
concentration, increasing concentration), from CRC CARE (2010)

The key elements that demonstrate potential biodegradation of petroleum
hydrocarbons (and in some cases chlorinated solvents) in an aquifer are:
•

Depletion of terminal electron acceptors through the reduction of O 2 , Mn4+,
NO 3 -, Fe(III) and SO 4 2- reflects the oxidation of electron donors
(hydrocarbons) via biodegradation. These changes in subsurface
biogeochemistry can be used as evidence that contaminant mass is being
destroyed rather than diluted through dispersion or mass transfer through
sorption and volatilisation.

•

Production of metabolic by-products, including ferrous iron [Fe(II)], methane
(CH 4 ) and carbon dioxide (measured as alkalinity, HCO 3 -). These require very
reducing conditions which typically occur within the source zone, but which
may also occur within a dissolved plume. Other metabolic by-products may
include volatile fatty acids and dissolved hydrogen (H 2 ), although these
require more specialised analytical techniques.
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4.6 Microbiology, biochemistry and isotopes
If the primary and secondary lines of evidence are not conclusive, tertiary lines of
evidence may be collected. This line of evidence typically relates to biodegradable
contaminants (e.g. organics, certain types of inorganics such as ammonia, cyanide)
and is generally not used for heavy metals. These lines can involve:
•

Microbiological evidence;

•

Biochemical evidence; and

•

Isotope data.

In situations where the primary and secondary lines of evidence are not considered to
provide sufficient support for MNA, use of molecular tools and isotopes may be
considered, although these methods are developmental rather than mainstream
practice. If a sufficiently robust data set is available for the secondary lines of evidence,
tertiary lines of evidence may not be required.
Microbiological evidence can include:
•

Using data from laboratory microbiological testing to show that indigenous
bacteria are capable of degrading site contaminants;

•

Phospholipid fatty acids have sometimes been used to determine microbial
population changes that may be indicative of biodegradation processes; and

•

Microcosm studies, which could be used to demonstrate that microbes
capable of degrading hydrocarbon compounds were present at the time of
sampling. These types of studies have several limitations and any rates of
degradation derived from them should not be used to assess degradation
rates in the aquifer unless independently verified by primary and secondary
lines of evidence.

Figure 7 shows how the microbiological population types capable of degrading
hydrocarbons can differ depending on the wide range of pH and Eh found in
groundwater systems.

pH

Figure 7

pH and Eh range of various bacteria relevant to petroleum hydrocarbon
biodegradation, from USAF CEE (1995)
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Biochemical testing uses two methods to indicate the biodegradation of petroleum
hydrocarbons – volatile fatty acids and dehydrogenase tests. Volatile fatty acids are
produced as metabolic by-products during the biodegradation of petroleum
hydrocarbons and are thus a direct indication that biodegradation has occurred or is
occurring. The field dehydrogenase test is a qualitative method used to determine if
aerobic bacteria capable of biodegrading petroleum hydrocarbons are present in the
aquifer in quantities capable of biodegrading petroleum hydrocarbons.
Hydrocarbon compound-specific, stable isotope analysis is an emerging technique
developed to evaluate the extent of biodegradation at field scale. The technique is
based on the fractionation of the stable carbon isotopes in the remaining parent
product during degradation. The fractionation of the stable carbon isotopes of the
parent product can provide an unequivocal indication of biodegradation. This technique
can also be used to predict the extent of biodegradation from the measured stable
carbon isotope ratio. Isotopic methods are not currently in general use in Australia for
characterisation of NA. However, the methods show considerable promise and may
become mainstream in the future, forming part of the tertiary lines of evidence.

4.7 Contingency plan
In addition to the MNA performance monitoring plan, a site-specific contingency plan
should be developed that sets particular trigger levels for certain parameters, and
describes the actions to be taken in the event that monitoring results exceed the trigger
levels.
The contingency plan should be implemented in the event that the results of the
monitoring against relevant trigger levels indicate a need for action. This is to ensure
that human health and the environment are adequately protected in the event that a
contaminant plume behaves in an unexpected way (e.g. it begins to migrate further
and/or faster than predicted).
The contingency plan needs to list the trigger levels for the various indicator
parameters that are important in protecting the beneficial uses of the groundwater,
human health and the environment and which, if exceeded, necessitate implementation
of the contingency plan. The types of triggers to be considered may include:
•

Evidence of increased contaminant concentrations within the plume (e.g.
contaminant concentrations at specified locations within the plume exhibit an
increasing trend and may exceed action levels, such as vapour risk to building
occupants overlying the plume).

•

Evidence of plume expansion or plume migration to a down-gradient and/or
sentinel well indicating the plume could be expanding (e.g. contaminants are
identified in monitoring wells located outside the original plume boundary).

•

Evidence of new or renewed releases of contaminants from the same or from
a new primary source (e.g. near-source wells exhibit large concentration
increases or a sustained concentration increase trend, indicative of a new or
renewed release).

•

Evidence that biodegradation has ceased, or is occurring at a notably reduced
rate.
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•

Evidence that contaminant concentrations are not decreasing at a sufficiently
rapid rate to achieve clean-up standards within the acceptable restoration
timeframe.

•

Evidence of changes in land, groundwater, or other resource uses that have
occurred that could adversely affect the protectiveness of the remedy (e.g.
groundwater extraction alters direction of groundwater flow).

When establishing the specific criteria for triggering additional remedial action, the
variations observed in earlier data need to be considered. Variations in groundwater
concentrations are common (e.g. due to seasonal fluctuations), and the trigger levels
should be set to avoid unnecessary action if there are short-term variations which fall
within the known variation range in monitored concentrations and trends. It may be
appropriate to derive the trigger levels using a statistical process, providing there is
sufficient data to do this.
When trigger levels are exceeded on a consistent basis, this should initiate a
contingency process that typically will first include increased assessment and
monitoring, progressing through to active remediation, if necessary to protect
receptors. The contingency plan could be tiered to respond to various scenarios of
changed conditions at the site considering its location and remoteness, and the lead
time required to implement contingency measures. Contingency remedies should be
flexible enough to allow for the incorporation of new information about site risks and
technologies.
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5. Documentation
Given the timeframe over which a MNA strategy may be active, clear documentation
and communication of plans, performance and activities undertaken are critical to
achieving final and successful closure. Readers are also directed to the NRF Guideline
on documentation, record keeping and reporting for more detailed information.

5.1 MNA implementation plan
Once MNA has been approved for use at the site, an MNA implementation plan
(MNAIP) should be prepared. This is similar to a remediation action plan; however, it
focuses on ongoing monitoring, data interpretation and access rather than active
remediation instructions.
The MNAIP documents both the MNA strategy and the detailed methodology
necessary to ensure adequate and appropriate sampling and analysis is undertaken so
that demonstration of the MNA objectives can be justified.
An example table of contents for an MNAIP:
•

Introduction;

•

Background;

•

Conceptual site model;

•

Roles and responsibilities;

•

Monitoring activities;

•

Quality control / quality assurance;

•

Maintenance activities;

•

Contingency planning;

•

Reporting;

•

Closure; and

•

Uncertainty.

Further details on each of these components is provided in the sections below.
Background
To provide context for the MNAIP, and sufficient information for third parties who may
review the MNAIP, the following background information may be included:
•

Executive summary;

•

Scope of work;

•

Site identification;

•

Site history;

•

Site condition;

•

Summary of previous investigations;

•

Conceptual site model;
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Data quality objectives.

As this information has likely been detailed within previous reports a summary of
pertinent
MNA feasibility
The MNAIP should include information on the feasibility assessment undertaken to
determine that MNA is an appropriate remediation option at the site. This may include:
•

The results of the MNA viability assessment, including all data regarding the
nature and extent of contamination at the site and the hydrogeological,
chemical and biological characteristics of the site;

•

The CSM, including all assumptions and processes affecting contaminant site
specific transport;

•

The results of the methods used to evaluate the feasibility and performance
prediction of NA, including any tables or figures used to evaluate geochemical
indicators, determine the status of the plume, calculate site specific rate
constants, and estimate the timeframe for achieving clean-up goals;

•

Results of all interim actions, including all source control actions taken;

•

The results of all performance monitoring conducted during the MNA project
verification stage to demonstrate progress, including both the data and
analysis of the data;

•

The results of all performance monitoring conducted to evaluate the formation
of degradation by-products;

•

The results of all conformational monitoring conducted to demonstrate
compliance with remediation criteria after they were achieved, including both
the data and analysis of the data;

Roles and responsibilities
The MNAIP should include the roles and responsibilities of people involved with
carrying out the MNA strategy. This may include:
•

Site owner;

•

Site occupier;

•

Regulator;

•

Auditor (if relevant);

•

Practitioner; and

•

Community liaison.

The MNAIP should also identify the party responsible for ensuring that the MNA
objectives are achieved. In most cases this will be the site owner, but it may be their
representative or tenant.
Site access
As the MNA program will likely continue for many years, the MNA program may be
implemented by different personnel within a company or by different companies. As
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such it is important that the MNAIP include details on accessing the site to conduct
monitoring. This may include:
•

Notice to relevant onsite person to:
-

Arrange a mutually agreeable date and time, particularly if monitoring
involves disruption to the site;

-

Arrange maintenance (e.g. mowing grass around monitoring sites for
easier access);

-

Ensure inductions are relevant and current;

-

Ensure the monitoring locations are still present;

•

Logistical / infrastructure constraints including third party access;

•

Notice to regulators or Auditors if they are required to be present or informed;

•

Notice to community groups or leaders if this is part of the stakeholder
consultation plan;

•

Details of permits required to undertake the monitoring (if any); and

•

Health and safety considerations, including such things as traffic control or
specific personal protective equipment that may have a lead-time or an expiry
date;

Monitoring activities
The MNAIP should document the decisions made in formulating the MNA strategy.
Regarding monitoring, the MNAIP should identify the:
•

Target media;

•

Target analytes;

•

Monitoring locations;

•

Sampling frequency at each location;

•

Suitable sampling methodology; and

•

Data quality objectives.

Sometimes it may be necessary to deploy a sampling procedure or analytical method
that does not comply with relevant jurisdictional guidelines. In these cases, the
method(s) used and the rationale for their deviation from the jurisdictional guidelines,
must be clearly specified in the MNAIP.
Regarding collection of samples the MNAIP should identify the:
•

Sampling and testing methods and equipment;

•

Calibration procedures for field measurements;

•

The number and type of QA/QC samples to be collected and analysed; and

•

Filtering, decontamination and preservation techniques.

Regarding laboratory analysis, the LTMP should document the:
•

Proposed analytical suite, including specific analytes;
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If a site is large or complex in some way, it may be useful to have a sampling analysis
and quality plan as a subsection of the MNAIP.
Quality assurance and quality control
All MNA programs should incorporate robust field and laboratory quality assurance /
quality control (QA/QC) procedures in accordance with ASC NEPM. QA/QC sample
results should be presented and evaluated against the stated data quality objectives
(DQOs). ASC NEPM, AS4482.2-1999 and AS4482.1-2005 can be consulted for further
information on sample collection, preservation, health and safety, decontamination, and
quality assurance procedures.
Field work should be documented by an experienced environmental practitioner using
notes written at the time, supplemented by photographs or videos to record field
observations and activities. Readers are directed to the NRF Guideline on
documentation, record keeping and reporting for further information on this topic.
Maintenance activities
A key component of MNA is the use of existing sampling points to retrieve
environmental samples. Due to the timescales involved for MNA, the monitoring
infrastructure may require maintenance to ensure its longevity and the reliability of
collected data. For example, groundwater monitoring wells where the well casing
stands above ground level may be damaged by the movement of plant or mowing of
grass. Wells may need redevelopment due to silting. The MNAIP should therefore
make provision for maintenance of existing sampling points and their replacement if
necessary to meet the DQOs.
For sites with a long time between monitoring events it may be prudent to arrange an
inspection of the monitoring locations prior to mobilising for sampling, so that
maintenance requirements can be identified and implemented.
Contingency planning
A contingency plan in the MNAIP will ensure that human health and the environment
are protected if source-pathway-receptor linkages change over time. This may occur
because of residual contamination behaving in an unexpected manner or because of a
change in land use.
The contingency plan should include trigger levels for the indicator parameters that are
important in protecting human health, the environment, and the environmental values
of the site, which if exceeded necessitate implementation of the contingency plan. Such
triggers may include, but are not limited to, evidence:
•

Of increased contaminant concentrations;

•

Of changing contamination extent or migration;

•

Of new contaminants being released from the source, contaminant rebound,
or a new primary source;

•

That remediation has ceased, or is occurring at a reduced rate;

•

That contaminant concentrations are not decreasing at a sufficient rate to
achieve the remedial objectives within a reasonable timeframe; and
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Of changes in land, groundwater, or land resource utilisation that could
adversely affect the remediation.

In establishing the contingency triggers for the MNA, temporal and spatial variations in
the existing dataset should be considered. For example, seasonal variations in
groundwater are a common variance at sites, and the contingency triggers should take
this into account, utilising long-term trends to avoid action on a short-term variance.
The contingency plan should be initiated when trigger levels are exceeded on a
consistent basis, at which stage an increased level of monitoring should be undertaken
to ascertain the nature of the exceedance in greater detail. Additionally, it is
recommended that the contingency plan provides for a tiered response to consider the
level of seriousness of the trigger exceedance(s). Further, it should be possible to
incorporate new information regarding the site characteristics and remedial technology
into the contingency response.
In the event there are isolated/inconsistent exceedances, an exception report detailing
the exceedances in the context of the CSM may be an appropriate response. The
exception report should address the exceedance and outline any further action. The
purpose of documentation in an exception report is to document the rationale
surrounding the response (i.e. why it is or is not a significant issue). As noted above, a
tiered response based on the significance is recommended.
Uncertainty
Groundwater sampling in an MNA context relies on the collection of single data points
which are then analysed and often modelled. As such, there is a level of uncertainty in
the collection of this data. It is acknowledged that a sampling plan cannot be perfect
but should address the uncertainly posed by certain scenarios and aim to minimise the
uncertainty in the sampling. Sources of uncertainty which should be addressed in the
DQOs of the MNAIP include:
•

Monitoring location and sample collection – it needs to be acknowledged that
GWMWs offer a point information source, and groundwater chemical
properties can change because of sampling, all of which contribute to the
uncertainty in contaminant spatial and temporal distribution;

•

Field and laboratory quality assurance and quality control – QA/QC
measurements are also point measurements, and can produce spatial
distribution variations because of the point nature of the data;

•

CSM – the formulation of a CSM and any resulting modelling incorporates
significant uncertainty, particularly as the CSM is a simplified description of the
actual aquifer system; and

•

Modelling inputs, software selection, and predictive uncertainty – in
undertaking modelling of groundwater, there is introduced uncertainty in the
data inputs due to the uncertainties outlined above, the limitations of the
chosen software, and the differences between outputs of different models.

5.2 Ongoing reporting
Reporting requirements will differ between each site, depending on regulatory or
legislative requirements, or proponent or community expectations. As monitoring
events are likely to be spaced apart in time it is important to document each monitoring
event as it occurs so as not to lose or forget important information.
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Following each monitoring event, a report should be prepared that provides the detail
listed in Table 9 below. This report does not have to be large or onerous; and should
be tailored to the requirements of the site. On some sites it may be appropriate to issue
a memorandum with the results and recommendations throughout the year and then
provide one larger report once a year. The practitioner, proponent and regulator should
work together to find a reporting regime that suits the situation.
Table 9: Suggested content for an MNA report

Report Section

General Content

Monitoring Scope

•

Scope of the monitoring work covered by the report

•

Reasons and objectives for undertaking the monitoring.

•

Summary of the works undertaken to date, including the
remediation and validation, and subsequent monitoring.

•

LTM objectives and criteria.

•

Updated CSM

•

Plan or figure showing the extent of remediation, areas of
residual contamination, subsurface structures (if present),
and monitoring locations.

Monitoring Results •

Actions

•

Report on the visual inspection, monitoring and test results.

•

Assessment of compliance against the adopted criteria.

•

Field and laboratory QA/QC procedures.

•

Figures depicting monitoring locations, borelogs and site
photographs, where applicable.

•

Report on any actions taken in response to exceedances.

Recommendations •

Attachments

Schedule of monitoring activities carried out since the
previous monitoring report.

Assessment of the extent to which remedial objectives have
been met.

•

Recommendations for future monitoring and any variations
to the LTMP such as optimisation.

•

Supporting information, including sampling, analytical and
quality assurance procedures, type of equipment, calibration
records, location and construction of monitoring points,
laboratory analytical data, and field documentation.

As part of the reporting the data obtained during each round of MNA should be
compared against the CSM, and the CSM updated to incorporate the new data. This
can assist in identifying critical data gaps, including the significance of the data gap
relative to the relevant source-pathway-receptor linkages.
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6. Validation
The following information describes the specific validation appropriate for MNA, to
assist validation planning within the RAP. Readers are directed to the NRF Guideline
on validation and closure, which among other things, provides information on each of
the lines of evidence.
The final stage of the MNA process is to demonstrate that the remediation objectives
have been achieved, or future actions have been determined (in cases where MNA is
used as a management method).
The key requirement is to show that the remediation objectives are being achieved,
and for the performance monitoring to demonstrate compliance with the relevant
groundwater quality and the remediation criteria or standards. This will usually require
that the measured concentrations in each individual monitoring well at the point(s) of
compliance comply with the specified remediation criteria (e.g. concentration and/or
flux based). Once the remediation objectives have been achieved, confirmation
monitoring will need to be carried out to ensure that contaminant levels do not rebound
above the remediation criteria.
The time required for performance monitoring will depend on the ongoing results of
such monitoring and how they compare with to the agreed criteria. Clearly, if
contaminant concentrations are still orders of magnitude above the agreed clean-up
goals, performance monitoring should continue. Generally, confirmation monitoring
should continue for at least 12 months after the remediation criteria for the project have
been met. However, this will depend on there being agreement between stakeholders
(including any regulators), and the monitoring period required may be shorter or longer
than this.
Contaminant levels should remain below the remediation criteria at the designated
point(s) of compliance over this period. If rebound is recorded in any of these postclosure monitoring rounds, it may be necessary to extend the performance monitoring
period.
The use of predictive modelling (including statistical trend analysis) to demonstrate
compliance should be treated with caution, and generally not used as a substitute for
compliance monitoring or be used to justify a decision to terminate performance
monitoring and cease further work at the site. Predictive modelling merely provides an
estimate of the rate of natural attenuation, and the observed rate may differ from the
estimate. Closure should be based on adequate field data that demonstrate that
contaminant levels have met the remediation criteria. In many situations, the regulatory
agency will need to be satisfied that the remediation objectives have been met (or there
is a high level of confidence that they will be met) prior to termination of the monitoring
program.
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7. Health and safety
Given that MNA is not an engineered remediation technology as such, typical health
and safety concerns associated with the installation, operation and maintenance of
mechanical or chemical systems are not relevant.
Health and safety issues arise from the requirement to conduct groundwater sampling
and analysis, however these should be covered under groundwater sampling plans.
Common health and safety hazards associated with MNA are highlighted in Table 10,
together with possible control measures. The list is intended to provide an indication of
the hazards potentially associated with implementing MNA. They will vary from site to
site and the list is not intended as a substitute for a detailed hazard assessment which
should be undertaken as part of the RAP.
Readers are directed to the NRF Guideline on health and safety for further information
on health and safety on remediation sites, including risk assessment, the hierarchy of
controls and suggested documentation.
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Common MNA hazards and suggested controls

Hazard

Sources of hazard

Suggested controls

Site
Contaminants

Dermal or inhalation exposure to contaminants in groundwater
(during monitoring).

•

Use of appropriate personal protective equipment
(PPE), including gloves protective clothing that are
suitable for the task e.g. ensure they provide chemical
resistance to the hazardous chemicals.

Vapour concentrations exceed the lower explosion level, or
flammable and combustible liquid or solid material is present
(for example, if hydrocarbons are involved).

•

Use of appropriate hazard rated equipment and
storage.

•

Obtain dial before you dig plans to assess services
locations prior to any sub surface excavations.

•

Provide conveniently located equipment for the job, like
carts, adjustable work stations (operators), and
correctly sized tools.

•

Train workers on ergonomic risks and prevention.

Creating and/or using wet, muddy, sloping, or otherwise
irregular walkways and work surfaces.

•

Keep walking and working areas free of debris, tools,
electrical cords, etc.

Creating and/or using uneven terrain in and around work areas.

•

Keep walking and working areas as clean and dry as
possible.

•

Perform a Job Hazard Analysis.

•

Ensure workers use proper PPE.

Chemical
Exposure
Explosion and
fire

Exposure to residual contaminant concentrations could occur
via inhalation or direct contact, e.g. during underground
services work).
Ergonomic Risks

Slips, Trips and
Falls

Lifting or performing any other movement with too much force
and/or in an awkward position, or repeating the lift/movement
too often.
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Appendix A – MNA feasibility checklist
Criteria

Consideration

Technical

NA has been demonstrated with an acceptable level of
confidence

Achievable?

The effectiveness of NA has been shown to be able to
continue in the future
There is sufficient time for NA to meet the remediation
objectives in a reasonable timeframe
Practical

Access can be obtained, and security can be provided
for monitoring boreholes
There are sufficient budget provisions to investigate
and monitor NA over the proposed timeframe
NA will work alone or in combination with other
techniques
Future land uses will not adversely affect NA
Other remedial techniques will not adversely affect NA
There is sufficient time for monitoring
Third-party agreement has been obtained for
monitoring the contaminant plume beyond the site
boundary
The long-term liability of landowners/polluters has
been resolved

Regulatory

NA complies with relevant regulations and legislation
Health and safety obligations can be met
NA will protect receptors in both the short-term and
long-term
Expansion of the plume into uncontaminated
groundwater is being minimised
Remedial objectives can be achieved in a reasonable
timeframe
A contingency plan has been developed and can be
implemented if NA proves to be ineffective
Sufficient (institutional) controls over MNA if
undertaken through the planning system
Sufficient financial provision for long-term monitoring
and contingency plan
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Appendix B – Case studies
•

Rice, DW & McNab, WW 1998, Natural Biodegradation of Organic
Contaminants in Groundwater. Lawrence Livermore National Laboratory,
UCRL-JC-131848
-

•

McNab, WW, Rice, DW, Bear, J, Ragaini, R, Tuckfield, C & Oldenburg, C
1999, Historical Case Analysis of Chlorinated Volatile Organic Compound
Plumes, Lawrence Livermore National Laboratory, UCRL-AR-133361
-

•

This documents the findings and trends across a large number of US
organic contaminant biodegradation projects

This is a presentation relaying information on a study of hydrogeological
and contamination data associated with a number of US sites where
chlorinated compound plumes were present

Newell, C.J., J.W. Winters, H.S. Rifai, R.N. Miller, J. Gonzales, T.H.
Wiedemeier, 1995. “Modeling Intrinsic Remediation With Multiple Electron
Acceptors: Results From Seven Sites,” National Ground Water Association,
Proceedings of the Petroleum Hydrocarbons and Organic Chemicals in
Ground Water Conference, Houston, Texas, November 1995, pp. 33-48
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