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Executive summary
Natural attenuation (NA) refers to the reduction in quantity and concentration of
contaminants over time as a result of naturally occurring physical, chemical and
biological processes within soil and groundwater. Under certain conditions, NA can be
applied for remediation and/or management of contaminants in soil and groundwater.
However, in order to manage the risks associated with this strategy, the NA processes
need to be monitored. This phenomenon is called monitored natural attenuation or
MNA.
This document provides technical guidance on how MNA can be applied as a
remediation and/or management strategy for addressing potential environmental and
human health risks associated with petroleum hydrocarbon contamination in
groundwater. It is important to note that this document only focuses on technical
considerations in demonstrating MNA, and does not provide specific guidance on the
application of the legislative frameworks on groundwater remediation and management
in different states of Australia.
As a guiding principle, MNA strategy must first consider the local regulatory
requirements for protection of environment and human health, and restoration of
beneficial uses of groundwater. Australian regulatory authorities generally recognise
the very real difficulties involved in remediation of groundwater contamination. Some
states provide for ‘clean up to the extent practicable’ (CUTEP)’ or ‘remediation to the
extent necessary’ (RTEN). MNA can be an appropriate approach in these
circumstances. There is no generally accepted time frame for MNA to achieve results,
and this is also a matter for regulatory agencies taking into account the particular
circumstances. Consideration of the principle of intergenerational equity suggests that
contaminated groundwater should be remediated within a single generation.
In order to implement MNA strategy, it is important that there is a sound understanding
of the contaminant plume, and a robust conceptual site model is developed. In addition,
sustainability, financial, legal and liability considerations should also be taken into
account.
The guidance suggests a staged approach to implementation of MNA to optimise
efficiency and economics of the process:
Stage 1: Preliminary assessment, feasibility and acceptability, which consider issues
such as sustainability, timeframe, legal and liability issues for applying an MNA strategy
Stage 2: Initial evaluation of natural attenuation, which considers the source
characterisation and assessment of technical indicators of NA
Stage 3: Detailed characterisation through demonstration of primary, secondary and
tertiary lines of evidence for NA processes
Stage 4: Verifying performance of NA, which includes a comprehensive monitoring
plan, and
Stage 5: Achieving closure, which includes documentary requirements to demonstrate
that goals have been achieved.
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To aid this staged approach, information is provided on understanding:


the hydrogeological processes involved



the lines of evidence needed to assess and demonstrate NA



the limitations and uncertainties involved, data requirements, and



achieving closure goals.

MNA should not be used where it would result in significant contaminant migration (i.e.
expanding plumes) or unacceptable impacts to receptors. Sites, where the contaminant
plumes are stable or shrinking in size, are considered the most appropriate candidates
for MNA approaches.
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1. Introduction
This document presents technical guidance on the implementation of monitored natural
attenuation (MNA) for dealing with Australian groundwaters impacted by petroleum
hydrocarbons.

1.1 Background and purpose
It has often been observed that contaminants present in groundwater decrease over
time in both quantity and concentration as a result of physical, chemical and biological
processes which occur naturally within the soil and groundwater. This is commonly
referred to as ‘natural attenuation’ or 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 contaminant clean-up costs, while at
the same time reducing the risk of exposure to humans and sensitive environments.
The benefits of using NA as a remediation and management approach can be
significant when compared to active remediation. However, 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 objectives of remediation and contaminant
management are met. This process is commonly referred to as ‘monitored natural
attenuation’ or MNA.
The purpose of this document is to provide a practical guide on how to understand
natural attenuation processes and their monitoring requirements, in order to establish
whether MNA is an acceptable and reliable remediation and/or management process
for sites impacted by petroleum hydrocarbons. While these guidelines focus on
petroleum hydrocarbons, the same principles apply to other organic contaminants
which are subject to similar processes of natural degradation.
This guide focuses on a scientific understanding of the process of MNA of petroleum
hydrocarbons and whether it is likely to meet technical requirements. Environmental
clean-up regulations vary between Australian state and territory jurisdictions, and it is
important to consult the relevant authorities to determine whether MNA is an
acceptable approach for a specific contamination situation.
The preparation of this guidance was funded by the Cooperative Research Centre for
Contamination Assessment and Remediation of the Environment (CRC CARE) and
has been supported by GHD Pty Ltd. This work draws on a review (also funded by
CRC CARE) of international, national and industry information on MNA and presented
in a report prepared by McLaughlan et al. (2006). This review provides a
comprehensive summary of the technical aspects to be considered in demonstrating
MNA, and was extensively referred to in the preparation of this guidance.
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1.2 Definition of MNA
A number of definitions of NA and MNA are given in the literature (ASTM International
1998b; Chapelle et al. 2003; Department of Environmental Protection 2004;
Environment Agency 2000, 2004; McAllister & Chiang 1994; Sinke & le Hencho 1999;
US EPA 1998a; Washington State Department of Ecology 2005; Wiedemeier et al.
1995, 2000). In this document, the definitions provided by the regulatory agencies in
Western Australia and the UK have been adopted (Environment Agency 2000):
‘MNA refers to 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 petroleum hydrocarbon substances in groundwater,
to an acceptable level within an acceptable timeframe’.
In this context:


physical processes include dispersion and diffusion, which cause dilution by
mechanical mixing with unimpacted groundwater



chemical and abiotic processes include sorption that causes retardation (slower
migration than groundwater but not mass removal) of the groundwater
contaminants, and



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

While dilution on its own can reduce the concentration and consequently toxicity of
contaminants in groundwater, processes that lead to mass reduction (such as
biological degradation) are considered necessary for implementation of MNA. By itself,
simple dilution in a groundwater or surface water is not considered to be NA, although
it may be a relevant consideration in the wider risk assessment process. Other
potential issues that affect the applicability of MNA should also be considered,
including:


Is the time required for NA to remediate the contaminant sufficient to prevent
unacceptable impacts?



Is the effectiveness of NA sufficient to prevent off-site migration of contaminated
groundwater?



Are the current uses of groundwater already impacted?



Is long-term stewardship over the life cycle of the MNA project feasible?



Can any underground infrastructure planned during the life cycle of the MNA
project destabilise the plume to an extent where unacceptable impacts to human
health, the environment or the water resource may occur?

For further guidance on potential limitations and uncertainties associated with
applicability of a MNA strategy, please refer to Section 4.
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1.3 The application of MNA – general considerations
1.3.1 Key principles
Establishing if MNA is an acceptable method for remediating and managing petroleum
hydrocarbon-impacted sites, including groundwater contamination, first requires
consideration of the local regulatory requirements for protection of the environment and
human health, and the restoration of beneficial uses. While the detail of environmental
regulatory policy can vary between state and territory jurisdictions in Australia, the
guiding principles are to ensure that contamination does not pose a risk to existing
uses of groundwater, surface water and land, and that the groundwater resource
should be restored within a reasonable timeframe and protected so it is available for
use by future generations.
Unacceptable risks to human health or the environment can arise through direct use of
the groundwater (e.g. for drinking), discharge of groundwater to receiving surface water
bodies, or volatiles migrating from the groundwater through the unsaturated zone and
affecting the health of persons working or living above. In situations where the
groundwater poses an unacceptable risk to existing uses, there will usually be an
urgency to correct the situation. In such cases MNA is not appropriate as an initial
response, and another more rapid remedial method may be necessary. Alternatively, if
the risk can be controlled through other means, such as institutional controls or
barriers, then a longer timeframe might be acceptable and MNA may be a suitable
option.
1.3.2 Time period for restoration of the groundwater resource
Australian regulatory authorities generally recognise that the remediation of
groundwater contamination can be a difficult and time-consuming process. For this
reason, some states require ‘clean-up to the extent practicable’ or ‘remediation to the
extent necessary’. This guidance formally recognises this difficulty, and provides a
framework for achieving a practical end point that will allow development of the land to
proceed while groundwater contamination is still being managed, monitored and
remediated.
MNA is a tool that can be used to carry out the remediation and management of
groundwater and sources of contamination over an extended time period. Specifying
the exact timeframe over which restoration of beneficial uses by MNA is to be achieved
can be difficult because of the range of situations and environmental variation across
the Australian continent. Regulatory agencies generally do not specify a time period for
MNA to achieve results, but do take into account the principle of intergenerational
equity. For the purpose of this document, the restoration of the groundwater’s
beneficial uses within a single generation through MNA is considered to be
remediation, while periods longer than this are regarded as management of the
problem. In some situations, a shorter time period may be specified because there is a
need to use the groundwater and, if this is urgent, then methods other than MNA may
be needed. In some situations a period considerably longer than a single generation
may be accepted, for example if the groundwater resource is not to be used for many
decades (perhaps because there are alternative supplies of water or other sources of
contamination) or if the nature of the geology makes it impractical to restore the aquifer
within a few decades.
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1.3.3 Extent of effect on the groundwater resource
The migration of contamination in groundwater outside the area presently affected is
generally considered undesirable. Consequently, there is often a high priority to
prevent migration and to demonstrate that the contaminated plumes are stable or
shrinking.
In some cases natural attenuation may not be sufficient on its own to prevent plume
expansion. In these situations other options for controlling the migration and their
practicality will need to be assessed. If it is found that MNA will not provide sufficient
protection then faster-acting interventions may be necessary. Indeed, a combination of
aggressive source remediation coupled with MNA of the dissolved plume is becoming
an increasingly adopted approach for dealing with groundwater contamination
problems.
1.3.4 Reliability of the level of control offered by MNA
Characterising groundwater contamination sources and the resulting plumes is often
difficult and accompanied by a high level of uncertainty. The choice of MNA as the
primary remediation and management method therefore depends on the level of
understanding of plume behaviour and the degree of confidence that the desired
outcome will be achieved.
Typically, monitoring will be required at sufficient locations over several years to
demonstrate that the spatial and temporal dynamics of contaminant concentrations are
well understood, and to allow a reliable assessment to be made of whether the plume
is stable, expanding or contracting.
Because there is always uncertainty, ongoing monitoring is usually needed to verify
that the plume is acting as expected, and that it is not posing a greater risk than
expected. The groundwater monitoring plan should include contingency measures in
the event that results are not in accordance with those expected.

1.4 Essential prerequisites
There are a number of essential prerequisites for developing a robust and defensible
MNA strategy.
1.4.1 Data quality objectives for MNA
Before assessing whether MNA is suitable, data quality objectives (DQO) need to be
developed. Guidance on DQO development can be found in AS4482.1 and various
other local and international guidances. DQOs for a project involving MNA should
include each of the following elements:
1. State the problem to be addressed, e.g. dissolved-phase petroleum hydrocarbons
that require management and/or remediation have been identified in groundwater.
2. Identify the decisions to be made with respect to MNA viability. Will MNA be a
suitable strategy to manage or remediate groundwater impacted by these particular
dissolved phase petroleum hydrocarbons?
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3. Develop an understanding of data requirements. Collection of primary, secondary
and possibly, tertiary lines of evidence to assist in assessing whether MNA is
applicable and likely to be effective.
4. Define boundaries for the study area. Define the lateral and vertical extent of the
contaminated plume and potential risks to nearby human and environmental
receptors so as to understand the boundaries of the problem to be addressed by
MNA.
5. Develop decision rules. For MNA, these decision rules generally involve the results
supplied by the primary, secondary and tertiary lines of evidence.
6. Specify limits on decision errors for the key decisions, to account for the inherent
uncertainties associated with any MNA project.
7. Optimise the design of the MNA assessment to balance technical, logistical and
financial aspects.
The DQOs must consider the scale and complexity of the problem (e.g. service station
vs. refinery) as well as the anisotropy, heterogeneity and dynamics of the environment
in which the impacts occur. Consideration of the sensitivity of the environment
(including aquatic and terrestrial flora and fauna as well as human receptors) on and
around the problem site must also be included. An important aspect for any MNA
strategy in the development of DQOs is for stakeholders to reach agreement on the
closure goals up-front.
1.4.2 Conceptual site models of MNA
It is particularly important for the group that is considering commissioning the MNA
work to have a good understanding of the contamination situation, why MNA is
appropriate, and its advantages and limitations. To assist in this understanding, a
conceptual site model should be developed, as illustrated in Figure 1.

Figure 1. Basic conceptual site model for petroleum hydrocarbon-impacted site.
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Further information on the development of conceptual site models from site
characterisation data can be found in Section 3.2 of the CRC CARE Technical Report,
Characterisation of sites impacted by petroleum hydrocarbons: National guideline
document (Clements et al. 2009).

1.5 Additional considerations
1.5.1 Sustainability considerations
Among its great advantages, MNA has low energy requirements and uses few natural
resources. Where the level of risk to human health and the environment is acceptable,
MNA may offer a more sustainable solution for the management and clean-up of
petroleum hydrocarbon-impacted groundwater than other methods. This is a key
benefit of MNA in comparison to active remediation processes.
1.5.2 Financial considerations
MNA can have significant long-term costs in terms of investigation, data assessment
and ongoing monitoring and management, particularly where the geology is complex.
However, excavation, soil and water treatment or construction of containment cells are
avoided, and MNA may therefore offer the lowest cost solution overall.
However, consideration should be given to other factors, such as the risks that:


MNA may not prove to be successful so that the cost of assessment and
characterisation will prove higher than expected and, in the worst case, active
clean-up or containment will still be necessary, or



stakeholders (such as the regulatory agency, prospective purchasers of the site or
adjacent landowners) may not find the solution acceptable.
1.5.3 Legal and liability considerations

Given the medium (years) to long-term (decades) nature of MNA strategies, legal and
liability issues need to be considered before embarking on the technical assessment.
The ‘polluter-pays’ approach is a principle embedded in most state legislation
concerning contaminated land management, and needs to be considered in the context
of the project objectives. Also, the legal and contractual aspects of the transfer of
responsibilities should be considered before deciding to pursue an MNA strategy.
1.5.4 Health and environmental risk considerations
MNA should only be considered in situations where there is a high degree of
confidence that there is no unacceptable risk to:


human health



the environment (including groundwater dependent ecosystems), and



water resource potential.

Risks to human health from petroleum hydrocarbons in the shallow subsurface typically
arise through:


exposure to vapour emissions migrating to the surface from the petroleum
hydrocarbon-contaminated groundwater, and

CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

6



direct exposure to petroleum hydrocarbon-contaminated groundwater (through the
dermal, ingestion and inhalation pathways).

Risks to aquatic flora and fauna typically involve the potential for impact on
groundwater-dependent ecosystems and the ecosystems of surface waters into which
the groundwater discharges.
In assessing these risks, consideration should be given to the potential for changes
over the expected timeframe of an MNA strategy. This might involve, for example,
spreading of the groundwater plume before it finally stabilises and contracts. Only
when the risks to human health and the environment have been adjudged acceptable
to stakeholders, should the assessment of MNA proceed. In this context, MNA is
primarily a tool for the restoration of beneficial uses and managing risk, rather than a
tool for reducing risk.
These considerations should be documented in monitoring and contingency plans,
which should ensure that receptors will be protected during the period over which
investigation and monitoring takes place. This plan should specifically consider the
possibility that the extent of groundwater contamination will increase beyond its current
extent, and that groundwater may be subject to use, may discharge to receiving water
or may affect the use of land through volatiles.
1.5.5 Regulatory considerations
While MNA is generally acceptable to regulatory agencies in Australia, the involvement
of regulators at an early stage is essential to determine whether an MNA strategy can
provide an acceptable solution to the petroleum hydrocarbon impacts identified at the
particular site before advancing too far with the technical aspects of the assessment.
The basis for accepting MNA as a remediation and management strategy varies with
state regulatory agencies, and may also require consideration by more than one
regulatory agency within a state or territory. For example, where extensive plumes
have developed in potable quality groundwater, both environmental protection and
water resource regulators may be interested stakeholders.
Regulatory guidance affecting decisions concerning MNA can vary. For example, the
Department of Environment and Conservation (DEC) in WA has developed a guidance
on MNA (Use of monitored natural attenuation for groundwater remediation, April
2004), and NSW Centre for Land Management (CLM) published Guidelines for the
assessment and management of groundwater contamination in 2007, which includes a
discussion on MNA. There may also be other requirements to consider, such as those
relating to removal of NAPL (e.g. Clause 18 of the State Environment Protection Policy
(Groundwaters of Victoria)), which requires removal of NAPL unless the regulator is
satisfied that there is no unacceptable risk.
In situations where contamination extends off-site, landowners adjacent to the source
site can also become stakeholders, who, through various regulatory or legal
mechanisms, may have views on the acceptability of an MNA strategy.
Most states and territories have an auditor or third party reviewer system, and this
system provides for an experienced individual to review proposals and comment on the
extent to which they are likely to meet regulatory requirements. Appointing an auditor to
review proposals and information as it is obtained can provide greater certainty in
meeting the requirements for regulatory approval. However, in situations where the
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requirements for regulatory approval are uncertain, appointing an auditor may not
provide the necessary certainty, and direct consultation with the relevant regulatory
agency is advisable. This needs to be judged on a case-by-case basis.
The outcome of these considerations should be a good understanding of the regulatory
process for acceptance of MNA, as well as an initial indication of whether MNA is likely
to be an acceptable remediation and management strategy for the site, and the level of
evidence and documentation that will be required.
Once information about characterising the process of NA and the applicability of an
MNA strategy at the site has been gathered, formal agreement can be sought from the
relevant regulatory authorities to proceed with MNA as an appropriate remediation and
management strategy for the site.
This activity falls outside the scope of this guidance, and the particular requirements of
regulatory authorities in the local jurisdiction where the site is located should be
consulted.
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2. Staged approach to implementing MNA strategies
Assessment and application of MNA should follow the staged process outlined in
Figure 2. Note that at the end of each stage of work, the original basis for proceeding
with MNA should be reviewed to confirm that the initial assumptions are still valid (and
the decision re-evaluated, if not), and that regulatory support for the strategy continues.

Stage 1: Preliminary assessment, feasibility and
acceptability of applying MNA
• Examine applicability to situation at hand
• Sustainability considerations
• Financial, legal and regulatory considerations
• Stakeholder acceptance of MNA

Stage 2: Initial evaluation of natural attenuation
• Source character and status
• Plume status and delineation
• Initial appraisal of NA indicators

Stage 3: Detailed characterisation and
demonstration of natural attenuation
Collection
of comprehensive spatial and temporal data set to demonstrate and quantify NA
•
Assessment
of primary, secondary and if required tertiary lines of evidence
•
• Prediction of future plume behaviour
• Assessment of uncertainty
• Detailed documentation

Stage 4: Verifying natural attenuation if
performing as anticipated
• Triggers for action
• Performance monitoring
• Contingency plans
• Analysis and reporting requirements

Stage 5: Achieving closure
• Goal setting
• Performance monitoring
• Contingency plans
• Stewardship
• Documentation

Figure 2. Outline of staged approach to MNA evaluation (modified from UK EA 2000).

2.1 Stage 1: Preliminary assessment, feasibility and acceptability
The preliminary assessment of the feasibility and acceptability of MNA takes into
account the general applicability of MNA to the problem at hand, its constraints,
sustainability, timeframe, legal and liability issues, closure goals, the ability to show that
risks to human health and the environment will be controlled, that regulatory and
stakeholder acceptance can be expected, and the requirements for approval. This work
is important as it informs the decision about whether to progress further with the
assessment and application of MNA, and the level of project funding that will be
needed. For information related to this stage refer to Sections 1.4, 1.5, 3.1, 3.3, 4, 5.2
and 6.
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2.2 Stage 2: Initial evaluation
Initial evaluation of NA considers the status and character of the sources of groundwater contamination, and carries out an initial assessment of technical indicators to
show whether NA is, in fact, occurring. The result of this work is important as it
provides confirmation that NA is feasible and there is a firm basis for continuing with a
more detailed assessment. For information related to this stage refer to Sections 1.4,
1.5, 3.1, 3.3, 4, 5.2 and 6.

2.3 Stage 3: Detailed characterisation and demonstration
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. For information related to this stage
refer to Sections 3.1, 3.2, 3.3, 3.4, 4, 5.1, 5.2, 5.3, 5.4 and 6.

2.4 Stage 4: Verifying performance
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 closure goals set at the outset of the MNA
evaluation process. For information related to this stage refer to Sections 3.3, 4.5, 5.1,
5.2, 5.3, 5.4, 5.5 and 6.

2.5 Stage 5: Achieving closure
When the closure goals set at the beginning of an MNA strategy are achieved and
documented to the satisfaction of stakeholders, and no further monitoring is required, a
formal process of documenting completion is usually necessary. This stage requires
adequate documentation to demonstrate that the goals have been met. Given the long
timeframe over which MNA usually takes place, closure may not occur for up to several
decades after the strategy began. For information related to this stage refer to Sections
1.4.1, 3.3, 4.4, 4.5, 5.1, 5.2, 5.4 and 6.

2.6 Regulatory acceptance
This aspect involves 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. While
the focus of this guidance is on the technical aspects of implementing MNA, these
regulatory aspects must be considered throughout the assessment process. For
information related to this stage refer to Section 1.5.5.
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3. Technical aspects of evidence for monitored natural
attenuation
This section outlines the key technical aspects of MNA when used to manage and/or
remediate petroleum hydrocarbon-impacted sites and groundwater. This chapter builds
on the MNA applicability considerations outlined in Section 1.2.

3.1 Contaminants and processes
This section provides a summary of background information to provide context for this
guidance. More detailed information on background considerations can be found in
McLaughlan et al. (2006).
3.1.1 Primary contaminants of concern
Petroleum hydrocarbons are the key contaminants considered in this guidance and
include the following products:


petrol (or gasoline) – C4 to C12 hydrocarbons



kerosene and jet fuels – C11 to C13 hydrocarbons



diesel fuel and light fuel oils – C10 to C20 hydrocarbons



heavy fuel oils – C19 to C25 hydrocarbons, and



motor oils and other lubricating oils – C20 to C45 hydrocarbons.

In these products, the functional characteristics are related to the chemical structure of
the petroleum hydrocarbons. These include:


aliphatic hydrocarbons: these comprise straight (paraffins) or branched
(isoparaffins) chains of carbon and hydrogen atoms



monocyclic aromatic hydrocarbons: these comprise benzene, toluene,
ethylbenzene and the xylene isomers (BTEX), and



polycyclic aromatic hydrocarbons (PAH): these refer to hydrocarbons containing
two or more fused benzene rings.

The specific composition of a petroleum fuel or oil will vary depending on the source
crude oil, the production method, the end-use location and the season (Cline et al.
1991). Further information on the range of BTEX concentrations in various refined fuels
is provided in Parsons (2003).
In general, it is the more soluble BTEX and other light fraction (C6-C12) hydrocarbons
which form dissolved phase petroleum hydrocarbon plumes, and these are the main
targets for MNA.
3.1.2 Contaminant-specific properties
The key properties for the primary contaminants of concern (petroleum hydrocarbons)
that require consideration are:

CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

11



Solubility, which establishes the maximum concentration in which the petroleum
hydrocarbon compound can occur in the dissolved phase. Solubility generally
decreases with increasing carbon compound chain length; thus BTEX and light
end fraction (C6-C9) TPH have the highest solubility. Mass transfer rate can also be
influenced by solubility, where the more soluble LNAPL constituents are depleted
more rapidly than less soluble constituents. When partitioning from a mixture, such
as a petrol fuel LNAPL, this is referred to as effective solubility, which is a function
of the mass fraction of the specific compound in the LNAPL mixture and the purephase solubility of that compound, as described by Raoult’s Law.



Sorption, as measured by the partition co-efficient, KD. This can be measured
directly from column or batch tests, or estimated from the product of the soilcarbon sorption coefficient (symbol KOC) and the fraction of organic carbon (fOC) in
a soil or aquifer. Sorption directly affects the retardation potential of organic
compounds, and slows their transport relative to water.



Volatility, as measured by vapour pressure, varies between petroleum
hydrocarbon compounds and – as with solubility – lighter fractions tend to have
higher volatility. More volatile compounds generally deplete more rapidly from
LNAPL. The relationship between volatility and solubility is known as the Henry’s
Law Constant, which controls partitioning from dissolved to vapour phase.
Petroleum hydrocarbons with high Henry’s Law Constants have a greater potential
to generate vapours from dissolved plumes.



Biodegradability is typically measured by the half-life of particular individual
petroleum hydrocarbons. The greater the half-life, the more persistent the
compound is in the environment. For petroleum hydrocarbons in particular, the
lighter fractions associated with petrol typically have relatively short half-lives. In
general, the more complex the molecular structure, the greater the half-life,
meaning that complex compounds such as PAHs are more persistent than BTEX
constituents.



Chemical stability of petroleum hydrocarbon compounds in LNAPL also varies,
and can contribute to overall decreases in mass and supplement biodegradation
processes.



Density of LNAPL – the density of petroleum hydrocarbons is generally less than
that of water, but there are variations between individual compounds. Density
plays an important role in the movement of LNAPL in the environment through
development of differential gradients.



Toxicity also varies between petroleum hydrocarbon compounds and, although
they can generally be biodegraded, many are toxic to microbes that facilitate
biodegradation at high concentrations – thus limiting mass breakdown.

For petrol-derived plumes, the petroleum hydrocarbons of interest typically include
BTEX constituents. However, for a diesel-derived plume these may include
naphthalene and mid-fraction hydrocarbons. The TPH fraction analysis (TPHCWG
1977) and risk assessment framework can be used at sites where TPH is present but
BTEX is absent.
3.1.3 Metabolic by-products
Chemical and biological degradation of petroleum hydrocarbons not only leads to the
destruction of the parent compounds, but can also result in the formation of metabolic
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by-products. These by-products result from the biologically-mediated reaction between
an electron donor and an electron acceptor. For example, metabolic by-products
include volatile fatty acids (VFAs), ferrous iron and methane. Metabolic by-products
can also be an indicator of biodegradation and can support a conclusion that NA is
occurring, as well as evidence of the biodegradation process involved.
3.1.4 Fuel additives and biodiesel
Petroleum fuels can contain a range of oxygenated fuel additives to boost the octane
rating of the fuel and enhance combustion energy and efficiency. Very limited data on
the presence of these additives and contamination-related issues is available in
Australia. The key reasons are:


the proprietary nature of many of the additives used



the number of suppliers in the fuels market with individual additives



the use of fuels imported directly to Australia, and



the ease with which fuel from different sources may be mixed at any one location
(EPCSC 2006).

The key additives that may need to be considered in the Australian context are:


ethanol – where present at concentrations greater than 20%, ethanol can lead to
increased solubility of BTEX and thus to increased rates of migration (McLaughlan
et al. 2006)



MTBE (methyl tertiary-butyl ether) – this chemical is generally not present, as it
has not been used as an additive in Australian refineries, however it may be
present in imported fuel. MTBE generally degrades aerobically and possibly
through co-metabolic processes. Its rate of degradation decreases with reducing
conditions, and it can be very limited in anaerobic systems, and



‘biodiesel’ – this is a new fuel that has been recently produced and used in
Australia. The processes for natural attenuation for this fuel are not well
understood. For more information on these compounds refer to McLaughlan et al.
(2006).
3.1.5 Multi-phase behaviour in the subsurface environment

Petroleum hydrocarbon fuels and lubricants can enter the environment through leakage
and spills, and can re-distribute in the subsurface resulting in a range of phases
including free, trapped, sorbed, dissolved and vapour, as shown in Figure 3.

CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

13

Figure 3. Schematic illustration of the multi-phasic distribution of petroleum hydrocarbons in the
subsurface at a typical spill site (Department of Environmental Protection 2004).

In the context of NA, the dissolved phase is the primary petroleum hydrocarbon phase
considered; free, trapped and sorbed phases generally represent sources of dissolved
phase contamination. The vapour phase can be emitted from all other phases, leading
to mass loss in the contaminant, and can give rise to a potential exposure route and a
risk that must be controlled.
3.1.6 Natural attenuation processes
Natural attenuation processes typically occur at most petroleum hydrocarbon sites, but
vary depending on the types and concentrations of contaminants present and the
physical, chemical, and biological characteristics of the soil and groundwater. Natural
attenuation processes may reduce the potential risk posed by site contaminants in
three ways:


by transforming contaminant(s) to a less toxic form through destructive processes
such as biodegradation or abiotic transformation



by reduction of contaminant concentrations, whereby potential exposure levels
may be reduced, and



by reduction of contaminant mobility and bioavailability through sorption onto the
soil or rock matrix.

The key processes of NA are presented in Figure 4, and include:


Dispersion – a process which acts to dilute a solute in groundwater and lower its
concentration. The main process is referred to as mechanical dispersion, where
flow of water through a porous medium results in physical mixing of contaminated
groundwater with uncontaminated groundwater, thus lowering its concentration.
Mechanical dispersion cannot be separated from diffusion, and the combination of
these processes is referred to as hydrodynamic dispersion. These physical
processes conserve mass and lead only to a change in contaminant concentration.
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Sorption – the process by which dissolved phase petroleum hydrocarbons
partition to solid phase sorbents and are immobilised, either temporarily or semipermanently, by preferentially attaching to a solid surface (sorption site). The
higher the organic carbon content of the soil (referred to as fraction organic carbon
(foc)), the greater the sorption capacity and retardation. In the absence of sitespecific organic matter content data, literature data should be used with caution as
many Australian soils (due to their age) have lower organic matter content than
their overseas equivalents. Also, sorption is a reversible process, and
consideration must therefore be given to possible desorption of the sorbed
contaminant or partitioning from the sorbed phase back into the dissolved phase.
Care must also be taken to ensure that soil samples to be analysed for foc are not
contaminated with petroleum hydrocarbons or other anthropogenic organic matter,
which will give a higher-than-actual result (false positive).



Biodegradation – a process by which microbially-facilitated chemical reactions
break down petroleum hydrocarbons (mainly oxidation-reduction reactions),
leading to the production of carbon dioxide and, potentially, methane.
Biodegradation is a mass conversion process causing not only a decrease in
concentration of the contaminant, but also a decline in the total mass of dissolved
phase petroleum hydrocarbon present in the groundwater.



Volatilisation – the partitioning of vapour-phase constituents from the dissolved
phase, which is controlled by the Henry’s Law Constant of the specific chemical.
These vapours can then migrate upwards to the surface and be emitted to the
atmosphere, accumulate under and within structures, or re-dissolve into soil
moisture in the vadose zone. Vapours can also potentially migrate along
subsurface trenches and infrastructure to pose a potential hazard, not only over
the impacted area but also nearby. Volatilisation is a mass transfer process.



Chemical reactions – These events (i.e. abiotic reactions) can also occur. In
some highly oxidising or reducing environments, conditions may be sufficiently
aggressive to cause chemical reactions to degrade petroleum hydrocarbons
without microbial assistance. However, in most situations biodegradation is the
dominant mass destruction process in the dissolved phase.

Volatilisation

Dispersivity

Sorption

Natural Attenuation
Processes
for Hydrocarbons

Chemical
Reaction

Biodegradation

Figure 4. Process of natural attenuation of petroleum hydrocarbons (modified UK EA 2000).
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3.1.7 Favourable properties for NA
Properties of petroleum hydrocarbons that favour NA in groundwater systems are:


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



high sorption, 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 timeframes, and



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

3.2 Lines of evidence for demonstrating NA
3.2.1 Introduction
A three-tiered approach is typically adopted to evaluate the efficacy of MNA. The
following approach has been adapted from that outlined by OSWER (1997). 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 site-specific information, or ‘lines of evidence’, are:
1. Primary lines of evidence: Historical groundwater and/or soil chemistry data
(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.
2. 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. 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.
3. 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 particular natural attenuation 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.
UK EA (2000) and WA DEC (DoE 2004) require the collection of both primary and
secondary lines of evidence to demonstrate the effectiveness of MNA. Primary lines
demonstrate contaminant concentration stability or decline, while secondary lines of
evidence provide information about the nature and rates of natural attenuation
processes at the site. Where the primary and secondary lines provide inadequate
information, multiple lines of evidence to demonstrate the effectiveness of MNA data
from microcosm studies or other tertiary lines of evidence may also be necessary.
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3.2.2 Primary lines of evidence – contaminants of concern
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 has to occur. Discerning trends from short-term
(months) monitoring of concentration trends in key monitoring wells seldom provide
sufficient information to reliably analyse plume stability.
Groundwater monitoring at the NA characterisation stage should preferably occur over
a number of years to allow the inclusion of hydrogeological and hydrogeochemical
dynamics, and so reduce uncertainty.
The historical database should, as a minimum, include concentrations for contaminants
of concern, but preferably also have information on other relevant factors such as those
required for lines of evidence and other hydrogeochemical indicators. The more
complete the database, the lower the uncertainty associated with the MNA viability
evaluation and demonstration. Long-term plume behaviour and stability is dependent
on the rate constants and their reliability.
(a) Plume behaviour and stability
Petroleum 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:
1. 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)
2. the Stable Phase – occurs when the rate of mass flux and assimilative capacity
are in equilibrium, so that expansion ceases
3. the Contracting Phase – occurs when the assimilative capacity exceeds the mass
flux, causing the plume to shrink, and
4. 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 LNAPL naturally weathers (i.e. becomes depleted of more
soluble and biodegradable constituents) or following active source zone
remediation.
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Note: T1 refers to early time plume extent, T2 refers to intermediate time plume extent and T3 refers to
longer term plume extent.

Figure 5. Petroleum hydrocarbon plume life cycle status and MNA applicability potential (modified
from UK EA 2000 and Washington State Department of Ecology 2005).

Understanding the status of a petroleum hydrocarbon-impacted plume is critical in the
assessment of MNA. Table 1 provides a guide to assessing plume status that should
be considered when evaluating historical groundwater analytical data obtained during
the NA characterisation phase (McLaughlan et al. 2006).
Table 1. Guidelines for assessing overall plume status.

Plume
status

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

For any clean
sentinel well (refer to
Figure 9) where
contaminant was
previously
undetected

For any receptors
or compliance
points where
contaminant was
previously
undetected

Contracting
plume, if ALL
of 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

Stable
plume, if ALL
of 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 two
successive monitoring
events)

Contaminant
detected

Note: Concentration trend is defined by statistically-based trend analysis (e.g. Mann-Kendall, Mann-Whitney tests).

(b) Rate constants
Evaluating the rate at which contaminant concentrations decrease, either spatially or
temporally, is essential for assessing the success of natural attenuation processes at a
given site. For example, guidelines issued by the US EPA (1999a) and the American
Society for Testing and Materials (ASTM 1998b) 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
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rates within the source zone and plume. A number of 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 1998b; US EPA 1998a, 1998b; Wiedemeier et al. 1995,
1999; Wilson & Kolhatkar 2002). Once estimated, these rate constants can be used in
analytical models such as BIOSCREEN and BIOCHLOR (Aziz et al. 2000; Newell et al.
1996) for simulating the attenuation of dissolved contaminants once they leave the
source, and the decay in mass loading of the source itself.
Appendix E presents example 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 (kpoint) – used for estimating how quickly
remediation goals will be met at a particular 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) – used for
estimating if a plume as a whole is expanding, showing relatively little change, or
shrinking due to the combined effects of dispersion, biodegradation and other
attenuation processes.



Biodegradation rate constants (λ) – 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 petroleum hydrocarbons.
(c) Uncertainty in rate constants
Rate calculations can be affected by uncertainty arising from factors such as the design
of the monitoring network, seasonal variations, uncertainty in sampling methods and
lab analyses, and the heterogeneity in most groundwater plumes.
3.2.3 Secondary lines of evidence – biodegradation indicators
Secondary lines of evidence are based on the concentrations of available electron
acceptors in the aquifer. Patterns of their distribution within the plume provide an
indication of which reactions are occurring and what the natural attenuation capacity of
the system may be.
The attenuation capacity of an aquifer determines the mass of petroleum hydrocarbon
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.
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 electron acceptor/metabolic by-product concentrations (O2, Mn4+, NO3-, Fe3+,
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SO42- and CH4) between background and plume, and the stoichiometry of the
petroleum 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.

Figure 6. Evaluation of geochemical indicators and microbial reactions (Washington State
Department of Ecology 2005), ( = decreasing concentration, = increasing concentration).

The oxidation and reduction reaction sequence commences 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 7.

Figure 7. Typical pattern of redox zones within a dissolved phase petroleum hydrocarbon plume,
including concentration trends relative to background (↓ = decreasing concentration, ↑ =
increasing concentration).
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Appello and Postma (1994) note that field measurements of redox potential can be
subject to considerable error, and care must be taken when collecting and interpreting
field measurements of redox potentials. Advances in electrode design in recent years
have improved the reliability of these measurements but diligence is still required.
The key elements that demonstrate potential biodegradation of petroleum
hydrocarbons in an aquifer are:


Depletion of terminal electron acceptors through the reduction of O2, Mn4+, NO3-,
Fe3+ and SO42- , which 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 (Fe2+), methane (CH4)
and carbon dioxide (measured as alkalinity, HCO3-). 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 (VFAs) and dissolved hydrogen (H2), although these require more
specialised analytical techniques.

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 in the emerging phase 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.
Appendix D presents example methods for assessing geochemical indicators of natural
attenuation, which are the keystone of the second line of evidence.
3.2.4 Tertiary lines of evidence – microbial and isotope data
In the event that the primary and secondary lines of evidence are not conclusive,
tertiary lines of evidence may be collected. These can involve:


microbiological evidence



biochemical evidence, and



isotope data.

Each is briefly discussed in this section.
(a) Microbiological evidence
Microbiological evidence can include:


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



phospholipid fatty acids, which have sometimes been used to determine microbial
population changes that may be indicative of particular biodegradation processes,
and



microcosm studies, which could be used to demonstrate that microbes capable of
degrading petroleum hydrocarbon compounds were present at the time of
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sampling. These types of studies have a number of 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.
One of the difficulties in undertaking assessment of microbial activity is the wide range
of pH and Eh found in groundwater systems (as illustrated in Figure 8), making the
collection of representative samples for microcosm studies challenging. Collecting
general samples of microbes for laboratory studies is likely to yield bacteria that may
not effectively contribute to biodegradation in the aquifer. As a result, tertiary lines of
evidence involving microbial studies need to be carefully planned and the
accompanying uncertainty clearly understood before using the information in
assessment of MNA viability.
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Figure 8. pH and Eh range of various bacteria relevant to petroleum hydrocarbon biodegradation
(modified from Apello and Postma 1994).

Other, more specialised techniques have been outlined in the literature over recent
years that use biochemical testing and stable isotope analysis to assess the
effectiveness of NA.
(b) Biochemical evidence
Biochemical testing uses two methods to indicate the biodegradation of petroleum
hydrocarbons – volatile fatty acids and dehydrogenase tests. Volatile fatty acids (VFAs)
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. If the dehydrogenase test
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gives a positive result, a sufficient number of micro-organisms capable of aerobic
biodegradation and/or denitrification are considered to be present in the aquifer
(AFCEE 1995; Weidemeier 1995). This method is not currently in general use at
Australian sites.
(c) Isotope data
Petroleum 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 the course of 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 (Blum et al. 2007; US EPA 2005, 2007). Isotopic
methods are not currently in general use in Australia for characterisation of NA.
However, the methods show considerable promise and may become mainstream
practice in the future, forming part of the secondary line of evidence.
For most sites that have limited temporal data, evidence for the viability of an MNA
strategy is typically indirect. For this reason multiple lines of evidence should
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 of evidence be omitted.

3.3 Assessing future MNA performance
Understanding the likely future behaviour of a petroleum hydrocarbon groundwater
plume is important when demonstrating the effectiveness of any MNA strategy. This
can be shown in two ways. In situations where an extensive and long-term spatial and
temporal data set is available over a variety of climatic conditions, this may be
sufficient to predict future behaviour. However, there will be situations where site
characterisation is limited to short-term spatial and temporal data. Under these
circumstances, the future behaviour of the plume may need to be assessed using
analytical or numerical simulation. The key considerations are:


Modelling objectives should be clearly defined.



The available data set should be critically evaluated; modelling should rely on sitespecific data as far as possible. Collection of sufficient site-specific data to allow
statistical evaluation is desirable. The quality and quantity of data available needs
to be considered when selecting a modelling package for simulations, as well as to
whether a deterministic (i.e. using assumptions about single values for
parameters) or probabilistic-based approach is preferred.



The need to demonstrate the process and assumptions adopted in converting the
conceptual site model into the solute transport model. Demonstration that the
simulation results can adequately replicate the natural system is particularly
important in the evaluation of MNA where limited temporal data are available.



The model used should be appropriate to the situation being assessed and the
level of data available. For relatively simple systems with limited data, analytical
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type models (e.g. BIOSCREEN) may be sufficient to simulate the problem with an
acceptable level of uncertainty. In more complex situations numerical models may
be required (e.g. MODFLOW-MT3D), however considerable caution is required to
ensure that sufficient data are available to allow for development of a robust and
representative simulation within acceptable uncertainty bounds.


The model domain design is crucial to the model’s ability to represent the real
groundwater system. Issues such as grid size and boundary conditions have a
fundamental effect on model performance, and any report needs to document and
justify their design.



Fate and transport models require calibration against field data to demonstrate that
the simulation is representative of the real system.



Independent verification and validation of the calibrated model should be
undertaken to further substantiate that the model is representative of the real
groundwater system.



The sensitivity of the model performance to variations in input parameters must be
assessed in order to understand potential errors in the predictions caused by
uncertainty in the input parameters.



Fate and transport models need to consider simulation scenarios that are
representative of the natural system being studied. These scenarios should be
documented and justified.



Assessment of accuracy and uncertainty are essential elements of any model, and
need to be documented to convey understanding of the potential errors in the
model predictions.

Further information on analytical and numerical simulation considerations is provided in
Appendix F.

3.4 Conclusion of the detailed assessment
The detailed assessment will provide a considerable amount of data, and aims to
produce multiple lines of evidence for natural attenuation.
The conclusions from this work, particularly the time scale over which remediation is
predicted to occur, should be reviewed against the initial assumptions which led to the
decision to proceed with MNA. If necessary, the regulatory agency should be consulted
to confirm that it still agrees with the application of MNA for remediation and
management of groundwater contamination at the site.
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4. Limitations and uncertainties associated with MNA
This section provides a brief discussion of various factors that can limit the applicability
of MNA or increase the uncertainties in the application of MNA.

4.1 Source characteristics
The characteristics of the source that created the dissolved phase petroleum
hydrocarbon plume can have a critical influence on the effectiveness of an MNA
strategy.
4.1.1 The role of primary and secondary sources
The role of primary sources (leaking storage, transfer and dispensing infrastructure)
and secondary sources (adsorbed, residual and/or free phase LNAPL) sources in the
context of the project objectives need to be understood and considered. The presence
of one or both of these types of sources will affect the timeframe over which an MNA
strategy will operate. Depending on the hydrogeological and hydrogeochemical
dynamics of the groundwater system, they can pose a risk to the long-term viability of
MNA.
4.1.2 Primary sources
Primary sources are the points from which the petroleum hydrocarbon contamination
originated (e.g. above-ground and underground storage tanks, transfer and filling
infrastructure). Ongoing releases from these sources will continually add to the mass of
petroleum hydrocarbon entering the subsurface environment, and hence affect the
longevity and dynamics of the plume.
4.1.3 Secondary sources
Secondary sources comprise high concentrations of petroleum hydrocarbons in the
subsurface. These may include free phase, trapped free phase and adsorbed phase.
Even in cases where the mass contribution from the primary source has ceased, the
presence of these secondary sources may lead to continuing mass loading of dissolved
phase petroleum hydrocarbons to the groundwater.
Secondary source dynamics can have a major influence on the mass transfer rate from
the free phase to the dissolved and volatile phases. Formation of a ‘smear zone’
(trapped phase) caused by rising and falling water tables results in the formation of a
region with a high surface area, over which mass transfer to the dissolved and vapour
phase occurs. Varying hydraulic heads and flow velocities further influence and
complicate mass transfer rates from this source type.
4.1.4 Rate of mass reduction of secondary source material
The source depletion rate depends on the ratio of the surface area of the material to
the mass of the material. Free phase material will often have a relatively small surface
area to mass ratio, whereas adsorbed phase will have a much greater area to mass
ratio. The time scale for a useful reduction of source mass can be highly dependent on
whether it is present as adsorbed phase, in a smear zone, or as a discrete pool of free
phase liquid.
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4.1.5 Light non-aqueous phase liquid (LNAPL)
Free phase petroleum LNAPL in a groundwater system can form a continuous layer
that can migrate (mobile LNAPL), or can be trapped within a geologic formation as
immobile blobs and ganglia (residual LNAPL). In either case, the LNAPL acts as an
ongoing source of dissolved phase and vapour phase contamination.
While the soluble and volatile constituents of the LNAPL diminish over time, this is a
prolonged process and LNAPL sources typically persist for years to decades.
Consequently, if LNAPL is present, MNA should generally be regarded as a
management strategy rather than a remediation strategy. More frequently, MNA may
be used in combination with source treatment approaches as part of an integrated
‘treatment-train’.
Understanding the age and composition of the LNAPL will provide an insight into the
likely ongoing source potential. For example, analysis of LNAPL for BTEX fractions is a
useful way to estimate the effective solubility of these compounds from LNAPL, and
therefore the extent to which the LNAPL will form a source of these substances.
4.1.6 Effect of LNAPL on application of MNA
While it is generally recognised as desirable to remove LNAPL sources, MNA may offer
an effective, efficient and economical approach to managing impacts on groundwater
by petroleum hydrocarbons in situations where:


complete source remediation cannot be accomplished with an appropriate balance
of technical, logistical and financial factors, or



active source remediation cannot be effectively accomplished until sometime in the
future, due to critical operational constraints.

The key decision point at this stage is whether primary and/or secondary sources have
been removed or sufficiently reduced to allow MNA to be used, in the context of overall
health risk. If the answer to this is ‘yes’, then site managers can proceed to the MNA
characterisation and viability assessment. However, as noted above, under these
circumstances MNA would be part of a site management strategy rather than a
remediation strategy – unless the source is present in an adsorbed and distributed
phase, and natural degradation can be expected to occur over a reasonably short
timeframe. If the ongoing presence of sources is considered unacceptable then other
more active management, remediation and risk mitigation measures will be needed.
Furthermore, recent research on both petroleum hydrocarbon LNAPL sources (ITRC
2009) and chlorinated solvent dense non-aqueous phase liquid (DNAPL) sources
(CL:AIRE 2010) has shown that NA processes can help to deplete the source as well
as the dissolved phase plume.

4.2 Effects of hydrogeological setting on MNA
Groundwater system properties have a fundamental influence on natural attenuation
processes and the effectiveness of an MNA strategy.
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4.2.1 Groundwater system characteristics
Groundwater system characteristics greatly influence the viability of an MNA strategy.
The relevant features include:


Groundwater system type: NA is generally most effective and easily demonstrated
in a porous media matrix (e.g. homogenous, isotropic sand) of freshwater aquifers.
Aquifers of this type often contain valuable water resources. MNA can be more
difficult to demonstrate in fractured or karstic aquifers, unless a significant effort is
made during site characterisation to understand the character of the fracture
network through which groundwater flows.



Groundwater/surface water interactions: particularly where groundwaterdependent ecosystems are present (e.g. aquatic ecosystems in receiving surface
waters or stygofauna in aquifers).



Groundwater system hydraulic properties: hydraulic conductivity and gradient are
key properties controlling the rates of groundwater flow, with higher conductivity
and gradient generally resulting in higher flow velocities and larger plumes. Depth
to groundwater and dynamics of the groundwater system also affect the
performance of MNA through the redistribution of LNAPL between the mobile and
residual phases. The scale dependency of these properties also needs to be
considered, and the representative elementary volume of the aquifer developed.



Groundwater system chemistry: the natural background chemistry of the
groundwater system can directly influence the effectiveness of an MNA strategy.
Key chemical properties that require consideration are:
 Organic matter content, as this directly affects the degree of sorption and
therefore retardation of dissolved petroleum hydrocarbons. The heterogeneity of
organic matter distribution within the soil also affects the spatial nature of
sorption behaviour. Sorbed petroleum hydrocarbon compounds can act as longterm sources of dissolved phase petroleum hydrocarbon plumes.
 The oxidation-reduction state of the groundwater system also affects NA
processes. Microbes facilitate oxidation of the petroleum hydrocarbon
compounds with consequent reduction of key electron acceptors (oxygen,
manganese, nitrate, ferric iron and sulfate). Thus the oxidation/reduction
capacity of the groundwater system is limited by the mass of electron acceptors
available.
 The major cation and anion composition of natural systems relates to the
mineralogy of the aquifer and anthropogenic sources. Knowledge of major ion
chemistry provides information about the hydrogeochemical processes, and
provides an early indication whether biodegradation is occurring before the
actual arrival of a plume.
 The background concentration of petroleum hydrocarbon contaminants and
biodegradation indicators can assist in understanding both the attenuation
contribution and capacity of the site.
 Inhibitors may also be present that limit the effectiveness of biodegradation;
therefore some knowledge of their presence and concentration may be
required.

CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

27

4.2.2 Geology and groundwater system type
The majority of research and published case studies focus on porous media aquifers
and, as a result, natural attenuation processes in porous unconsolidated media are
generally better understood than those in single or dual porosity consolidated media.
While the theoretical processes in both systems are similar, there are some key
differences:


Mass transfer from mobile and residual phase LNAPL is generally lower in
fractured systems, due to the lower amount of surface area available for interaction
as a consequence of the generally lower matrix porosity.



Dispersion and dilution are highly dependent on the properties and interconnectivity of the fracture sets. In systems with a single dominant fracture
direction aligned with the groundwater flow, lateral dispersion is minimal, while in
systems with several fracture sets not aligned with the main groundwater flow
direction, lateral dispersion can be significantly greater than in porous media.
Therefore, an understanding of the fracture patterns and properties is important
when trying to understand the physical transport aspects of free and dissolved
phase plumes.



Sorption differs in fractured systems from porous media. Fractured rock aquifers
generally tend to have little or no organic matter, and therefore the potential for
sorption of dissolved phase petroleum hydrocarbons is limited. Also, in fractured
aquifers, the total surface area available for sorption to occur is significantly less
than in porous systems. Consequently, the sorption capacity of fractured aquifers
is generally less than that of porous media.



Microbes that occur as biofilms attached to the aquifer matrix generally facilitate
biodegradation. Because the amount of surface area available in fractures is lower
than in porous media, the biodegradation capacity of most fractured rock aquifers
will also be lower than in porous media aquifers.



Vapour migration in fractured rock systems may differ from porous media. Subvertical and vertical fractures may provide direct conduits for vapours and, given
their two-dimensional nature, lead to potentially lower dispersion of vapours and
greater vertical migration of vapours than in porous media.

Petroleum hydrocarbon contamination in karstic aquifers presents a particularly difficult
challenge as the pattern of free, dissolved and vapour phase petroleum hydrocarbon
migration can be very hard to define, even when site characteristics are well
understood. Frequent and detailed monitoring is usually required, together with a welldeveloped contingency plan in case the system does not behave as expected. The
high level of uncertainty in characterising contaminant migration in such systems may
point to the need for a more active remediation approach.

4.3 Influence of inhibitors
Inhibitors interfere with the biological processes that lead to petroleum hydrocarbon
degradation. The key inhibitors include:


Heavy metals that may be present in the groundwater system either naturally or
due to anthropogenic activity. While trace amounts of some heavy metals are
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important to biological process (e.g. zinc and selenium), they can be toxic to many
micro-organisms that facilitate petroleum hydrocarbon degradation at elevated
concentrations. The presence of toxic metals (e.g. cadmium, mercury etc.) can
also impair or eliminate microbiological processes.


Other organic compounds, particularly chlorinated organic compounds, can be
toxic to many of the micro-organisms that facilitate the biodegradation of petroleum
hydrocarbons.

Assessment of inhibitors is required at sites where inhibitors are present naturally in the
geological profile, or arise through anthropogenic impacts on or near the site.

4.4 Changes in risk profile
A change in risk profile can cause uncertainty in the implementation of MNA strategies.
The first aspect of the risk profile that needs to be considered is the direct linkage
between source and receptor for the dissolved phase petroleum hydrocarbon plume.
Typically this relates to the distance between the source and the receptor (or
compliance point) in relation to groundwater flow velocity (e.g. travel times) and
contaminant half-life. McLaughlan et al. (2006) indicated that BTEX plumes in porous
unconsolidated media groundwater systems exhibited median lengths of between 30 m
and 80 m (with a maximum length recorded of nearly 1000 m). Petroleum hydrocarbon
plumes with limited BTEX were found to be shorter, with a median length around 30 m
and a maximum length of up to 100 m.
For fractured rock and karstic aquifers, plume length was found to be even more
variable. Lengths greater than 2300 m have been recorded in karstic aquifers, while the
median length varies between 40 m in lower permeability rock (shale, mudstone etc.)
and 125 m in more permeable rock types (e.g. sandstone).
McLaughlan et al. (2006) noted that petroleum hydrocarbon plume length is highly
dependent on the hydrogeological setting but that, in general, petroleum hydrocarbon
plume lengths are relatively short when compared with, for example, chlorinated
solvent plumes. The variability of plume length depends on the hydrogeological
complexity of the groundwater system, and particularly on groundwater flow velocity.
If the distance between source and receptor is relatively short with respect to
groundwater flow velocity and contaminant half life, or if the dynamics of the plume are
poorly understood, MNA may not be viable due to the greater potential for impacts to
receptors.
Another risk relates to potential changes in vapour emissions from the various
subsurface petroleum hydrocarbon phases. While predictive modelling can be used to
estimate the risk at a site for various scenarios, the risk profile may change if a
development occurs that was not considered in the risk assessment. This applies
particularly where plumes extend off-site, and control over the type of development is
limited. Consequently, the use of institutional controls may need to be considered,
where feasible.
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4.5 Uncertainty in predicting future NA performance
As outlined in Section 3.3 and Appendix E, in situations where only short-term plume
monitoring data is available and analytical or numerical modelling is used to predict
future behaviour, there is a risk that future plume behaviour may fall outside the
predicted range – for example, in response to changing climatic conditions. This
uncertainty requires careful consideration when developing an MNA strategy, and
needs to be considered when determining appropriate triggers for implementation of
contingency plans.

4.6 Assessment team
The effective assessment of natural attenuation and development of an acceptable
MNA strategy calls for a multidisciplinary team with skills in geology, hydrogeology,
hydrogeochemistry, site-specific transport modelling, risk assessment, and obtaining
regulatory and stakeholder approval.
While for simple situations, limited knowledge of some of these disciplines may be
sufficient, for complex sites having an assessment team with in-depth knowledge in
each area is important in developing and implementing a defensible MNA strategy.
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5. Minimum requirements
This chapter presents a set of minimum requirements to guide the data collection
process for implementation of an MNA strategy.

5.1 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 well network
that enables robust and defensible data to be collected. Effective design of the
monitoring well network is a key aspect of the monitoring plan, and should allow for
three-dimensional delineation of the petroleum hydrocarbon impacts on groundwater.
Monitoring data collected over a number of events will be used in evaluating the lines
of evidence as discussed in Section 3.2. Final monitoring well network requirements
are site-specific. In general, a larger number of 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 its life cycle, and to collect the required information for the lines of
evidence assessment.
The layout of the monitoring network should be included in the conceptual site model
and documented in an appropriate site plan. Figure 9 presents a typical conceptual site
model for a petroleum hydrocarbon-impacted groundwater system at the conclusion of
monitoring well network installation.
The following are important inclusions in any well-designed well network (refer to
Figure 9):
1. One or more background monitoring wells up-gradient of the source zone to
establish natural (background) groundwater chemistry and potential attenuation
capacity (i.e. input concentrations of electron acceptors (eg DO, NO3-, SO42-) to the
plume), as well as the hydrogeological setting and hydrogeochemical dynamics of
the aquifer.
2. Lateral delineation monitoring wells across the plume (generally perpendicular to
the groundwater flow direction) to establish the maximum potential width (this may
be highly variable particularly in heterogeneous anisotropic systems and fractured
rock aquifers) and to assess variability in the hydrogeology and hydrogeochemistry
of the aquifer.
3. Source zone monitoring wells to assess changes in the mass loading and
changes in the distribution between free and trapped phase. This is essentially
controlled by product area, mass and weathering, groundwater flow velocity and
hydrogeochemical conditions.
4. Plume ‘centreline’ monitoring wells (along the middle of the plume in the direction of
groundwater flow) that are placed at various distances from the source to assess
changes in the dissolved phase plume down-gradient of the source. The term
‘centreline’ is intended to emphasise that, where possible, these wells should be
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located along the middle of the plume, where concentrations are typically the
highest.
5. Longitudinal delineation monitoring wells (along groundwater flow direction) that are
installed down-gradient of the plume toe (leading edge), for delineation of the
plume length and provision of early warning in case the plume geometry changes
and the plume expands down-gradient.
6. Sentinel monitoring wells that are 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.
7. Vertical delineation monitoring wells may be required in situations where the plume
is suspected of sinking. Vertical delineation can be accomplished by use of nested
or multi-level monitoring wells.

Figure 9. Typical conceptual site model at the completion of monitoring well network
installation stage (top = plan view, bottom = cross-section).
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5.2 Minimum data requirements
If the initial considerations lead to the conclusion that MNA is consistent with the
project objectives and stakeholder requirements, and is not ruled out, then technical
evaluation can commence. Generally, it will be cost-effective to first screen the
potential applicability of MNA using available (and usually limited) information from the
site characterisation and groundwater monitoring.
Table 2 summarises the minimum data requirements to carry out a preliminary
screening of MNA viability.
Appendix C presents a spreadsheet-based tool for assessing the viability of MNA at
this preliminary stage.

Table 2. Minimum data requirements for screening MNA (modified from UK EA 2000).
Information

Essential

Desirable

A. Contaminant specific properties
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



B. Aquifer characteristics
Aquifer type and status





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)

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+, NO3-,
SO42-) and metabolic by-products (eg. Fe2+, CH4)
Concentrations of inhibitors (heavy metals)

C. Receptors/compliance point characteristics
Location of receptors, e.g. extent of aquifer, location of abstractions, springs,
rivers and estuaries, and their proximity to site
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5.3 Monitoring parameters, frequency and duration
This section sets out the minimum requirements for monitoring. Additional data will be
required in heterogeneous and/or highly dynamic groundwater systems.
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 3.

Table 3. Recommended minimum monitoring for characterisation of natural attenuation in simple
groundwater systems (Washington State Department of Ecology 2005).

Data type
collected

Duration and frequency of
monitoring

Number and location of
monitoring wells

Contaminants of
concern and
groundwater
table elevation

At least four (4) sampling events
annually spaced evenly over the year
for two (2) years to define seasonal
fluctuations in the groundwater
elevation, flow direction and
contaminant concentrations, as well
as identifying potential trends

 One (1) well in up-gradient
(unimpacted) background area

Biodegradation
indicators

At least four (4) sampling events
annually spaced evenly over the year
for two (2) years to define seasonal
fluctuations in concentrations

Aquifer
chemistry

At least two (2) sampling events
annually spaced evenly over the year
for two (2) years to define seasonal
fluctuations in concentrations

 One (1) well within source
(most impacted) area
 Two (2) wells near or on
contaminated plume centre line
that are above clean-up levels
 One (1) well in area
immediately down-gradient to
delineate plume length
(unimpacted)
 One (1) well in down-gradient
‘sentinel’ area (unimpacted)

Note: 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, in particular 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.

5.4 Requirements for verification and monitoring performance
5.4.1 Requirements for verification
Once MNA has been identified as potentially viable by the earlier assessment stages,
implementation can be considered. However, any MNA strategy requires performance
verification through a monitoring program in the medium-term (years) to long-term
(decades).
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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, and



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 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.
5.4.2 Requirements for a performance monitoring plan
The monitoring plan should provide assurance that natural attenuation continues to be
effective, and is protective of human health and the environment during the period
required for management/restoration; it should include (as relevant):


the requisite number and locations of monitoring wells, allowing for screening
interval or depth of groundwater



surface water and sediment monitoring points



vapour probe and/or air monitoring locations



ecological indicator monitoring



ongoing site inspections for changes in land or resource use or other physical
changes that may affect site conditions (e.g. redevelopment, groundwater use,
utility construction, stormwater infiltration systems)



any other types of monitoring needed



details of the type of samples and measurements, sampling frequency, and data
analysis and evaluation procedures



a sampling and analysis plan that describes the sample collection, handling and
analytical procedures to be used



details of the regular review of monitoring data against trigger levels for action and
regulatory requirements that may change over the period of the MNA strategy
implementation and may affect performance and closure considerations, and



contingency measures to be implemented in response to the action triggers being
exceeded.

A typical set of minimum monitoring requirements for an MNA Performance Monitoring
Plan in simple groundwater systems is listed in Table 4.
Appendix F provides further information and a sample plan.
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Table 4. Typical minimum monitoring requirements for an MNA performance monitoring plan in a
simple groundwater system (Washington State Department of Ecology 2005).

Number and location
of monitoring wells
At least:
 One (1) well in upgradient (not impacted)
background area
 One (1) well within
source (most impacted)
area
 Two (2) wells near
contaminated plume
centre line that are
above clean-up levels
 One (1) well in area
immediately downgradient to delineate
plume (not impacted)
 One (1) well in downgradient ‘sentinel’ area
(not impacted)

Parameter
Contaminants
of concern
Groundwater
table elevation
Secondary
lines of
evidence
indicators

Secondary
biodegradation
indicators

Monitoring frequency
1st year

Quarterly

2nd and 3rd
years

Semi-annually, provided plume is
shrinking or stable during first
year and quarterly monitoring
indicates semi-annual monitoring
will provide sufficient data

Subsequent
years

Annually, or less frequently,
provided plume is shrinking or
stable for first 3 years and semiannual monitoring indicates
annual monitoring will provide
sufficient data

1st and 2nd
years
Subsequent
years

Semi-annually
Annually, or less frequently, to
the extent necessary to assist
monitoring of performance

Note: The monitoring schedule in Table 4 lists the recommended sampling requirements for relatively simple sites that
exhibit a well-defined source and plume within a simple hydrogeological setting (e.g. single and shallow watertable
aquifer) with no potential to impact a drinking water well or surface water body.

5.5 Requirements for a contingency plan
In addition to the MNA performance monitoring plan, a site-specific contingency plan
needs to 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 come into force 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 also needs to list the trigger levels
for the various indicator parameters that are important in protecting human health, the
environment, and the beneficial uses of the groundwater resource, 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 source, or
from a new primary source (e.g. near-source wells exhibit large concentration
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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



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



evidence of changes in land, groundwater, or other land and groundwater resource
utilisation 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, provided there is
sufficient data to do this.
When trigger levels are exceeded on a consistent basis, this should initiate a
contingency process that first includes 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 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. For example, a
range of staged contingent remedies could be specified such as:


modifying the performance monitoring plan to provide for:
 additional wells and/or more frequent sampling; or
 additional parameters
to enhance the ability to evaluate the progress of natural attenuation and the
threats posed to receptors



conducting additional site investigation to re-evaluate the conceptual site model



conducting additional source control, such as removing additional contaminant
mass to reduce contaminant mass loading and enhance the effectiveness of
natural attenuation, or



commencing active remediation using methods such as:
 installation of a groundwater remediation system or groundwater barrier to
intercept contamination before it impacts the receptor, and/or
 augmenting the natural attenuation process though manipulation of the
groundwater chemistry, and/or
 intercepting vapour to prevent ingress to buildings, and/or
 other applicable technologies that remove, immobilise or destroy the
contaminants of concern.

Implementation of active remediation is the ultimate response used to mitigate risk
through exposure pathway management or contaminant reduction.
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6. Achieving closure
All MNA strategies, whether used to manage or remediate groundwater, must have
clean-up goals that are clearly documented with monitoring to demonstrate that the
goals have been met. The final stage of the MNA process is to demonstrate that cleanup goals set by stakeholders at the outset of the project (in cases where MNA is
agreed as a remediation method) have been achieved, or the identification of future
actions (in cases where MNA is used as a management method) as agreed by the
stakeholders.

6.1 Developing closure goals
In cases where MNA is proposed as a remediation method, the following issues need
to be considered throughout the project lifecycle from inception to closure:


the timeframe taken to reach the required clean-up goal



the risk to receptors during implementation of the MNA strategy, and



the status of the source.

In general, the formulation of clean-up goals needs to consider:


the reasonableness of the remediation timeframe, which requires an estimation of
the time required based on an analysis of mass degradation rates



the requirements for the protection of receptors over the timeframe of the
remediation. This should assess the risk to human and ecological receptors
through exposure to the various petroleum hydrocarbon phases during the MNA
strategy implementation, and



the requirements for source control. This should consider the need for measures to
manage the source or reduce the source mass flux as much as practicable, either
to improve the effectiveness of MNA, or as a contingency measure.

6.2 Demonstrating compliance with management or clean-up goals
All MNA strategies, whether used to manage or remediate groundwater, must have
clean-up goals that are clearly documented, with monitoring to demonstrate that the
goals have been met as outlined in Section 5.
The results of performance monitoring must demonstrate compliance with relevant
groundwater quality and agreed clean-up goals 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 clean-up goals (e.g. concentration and/or flux
based). Once the clean-up goals have been achieved, confirmation monitoring will
need to be carried out to ensure that contaminant levels do not rebound above the
clean-up levels.
The time required for performance monitoring is contingent on the ongoing results of
such monitoring, as compared to the agreed clean-up goals. 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 clean-up goals for the project have been met.
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However, this is contingent on agreement between all stakeholders, and the monitoring
period required may be shorter or longer than this.
Contaminant levels should remain below the desired clean-up goals 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 not 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 only on adequate field data that demonstrate that
contaminant levels have met clean-up goals.

6.3 Documentation
At a site where MNA is used as a management or remediation strategy, clear
documentation of all project aspects is required. For petroleum hydrocarboncontaminated sites where natural attenuation is used as part of the site restoration
process, the following information should be included as a minimum:


results of all interim actions, including all source control actions taken



the MNA viability assessment work plan undertaken



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 conceptual site model, including all assumptions and processes affecting
contaminant site-specific transport



the results of the methods used to evaluate the feasibility and performance
prediction of natural attenuation, 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



the environmental and performance monitoring plans



the contingency plans



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 follow up monitoring conducted to demonstrate compliance with
clean-up goals after they had been achieved, including both the data and analysis
of the data



the results of any remedial action taken pursuant to the contingency plan, and



the results of all other clean-up actions taken and their conclusions.

Given the timeframe over which an MNA strategy may be active, clear documentation
and communication of plans, performance and activities undertaken are critical to
achieving final and successful closure.
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7. Closing remarks
MNA offers an effective way to manage and remediate groundwater impacted by
petroleum hydrocarbons in the absence of unacceptable risks to human health and the
environment. MNA has a number of advantages over other strategies, including:


NA can be used at all or part of a site, including otherwise inaccessible areas



NA can be used in conjunction with, or as a follow-up to, other (active) clean-up
action components



NA mechanisms (e.g. biodegradation) can destroy contaminants in-situ: for
example, petroleum hydrocarbons can often degrade to less harmful products



NA is less intrusive than many active remediation methods and therefore involves
less disruption of site use and less disturbance of ecological receptors



NA generates far less remediation waste than ex-situ or other active remediation
methods



NA generally poses a lower risk of human exposure to contaminants during
remediation, and



NA has lower overall clean-up action costs, even when considering the long-term
costs associated with implementing the monitoring program.

Even if a feasibility study determines that NA is not an appropriate clean-up action
component, the data collected for the feasibility study can be useful in evaluating and
designing alternative clean-up actions.
However, these advantages need to be balanced against disadvantages such as:


more extensive and complex remedial investigations are required to evaluate the
feasibility of natural attenuation



a longer restoration timeframe than most active remediation methods



potential for continued migration of contaminants and cross-media transfer of
contaminants to surface water, sediments and air



biodegradation processes may result in the production of contaminants that are
more toxic and/or more mobile than the parent contaminant (e.g. transformation
from MTBE to TBA), although this is less likely for petroleum hydrocarbons



additional source control or more active clean-up actions may be required if
exposure pathways are complete, or there is a potential for receptors to be
impacted



institutional controls may be required during the restoration timeframe, even if
exposure pathways are not complete, to ensure short-term protection



less reliable results because its effectiveness is more dependent on favourable site
conditions (e.g. hydrologic and hydrogeochemical conditions) being maintained
over the timeframe of restoration, and is more sensitive to natural or human-
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induced changes in those conditions (e.g. groundwater withdrawal altering
direction of groundwater flow)


less predictable results because its effectiveness is more dependent on sitespecific conditions



more extensive and lengthy performance monitoring is required to demonstrate the
continued effectiveness and protectiveness of the clean-up action during the
restoration timeframe



higher feasibility investigation costs



higher long-term monitoring costs



potential that it may not succeed in meeting the objectives for closure, and the
restoration of the groundwater resource, and



stakeholder acceptance is sometimes lower, requiring more education and
outreach to address concerns.

Many of these potential limitations are not unique to NA, and may also apply to other
methods of groundwater clean-up.
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APPENDIX A.
Glossary, symbols and abbreviations
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.

Advection

Mass transport caused by the bulk movement of flowing groundwater.

Anaerobic/
anoxic
groundwater

Groundwater that contains oxygen in concentrations less than about 0.5
mg/L.

Aquifer

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

Attenuation

Reduction in contaminant concentration through biological, chemical
and physical processes as it passes through a medium.

Background
concentration

Substances at locations that are not influenced by releases from a site.
Once identified and quantified, background concentrations can be used
to distinguish site-related soil and groundwater contamination from
naturally occurring or pre-existing concentrations of a contaminant.

Biodegradation

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

BTEX

Benzene, toluene, ethylbenzene, xylenes.

Clean-up
levels/goals

Generally numeric, they are the concentration of a contaminant in air,
soil, water, or sediment that is determined to be protective of human
health and the environment under specific exposure conditions, and the
concentrations of contaminants that must be achieved for a remedial
action to be considered successful.

COC

Contaminants of concern.

Cometabolism

A process in which a compound is fortuitously degraded by an enzyme
or co-factor produced during microbial metabolism of another
compound.

Compliance
point

Negotiated location where the remedial target concentration must be
achieved.

Conservative
solute

A dissolved solute that moves readily through the aquifer with little
reaction with the rock matrix and which is unaffected by biodegradation
(e.g. chloride).

Contingency
plan

A pre-prepared plan for intervention via active remediation, to be
implemented if a trigger level is exceeded at a compliance point or
sentinel well.

CRC CARE

Cooperative Research Centre for Contamination Assessment and
Remediation of the Environment.
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Diffusion

Migration of substances by natural movement of their particles.
Migration of chemicals along a concentration gradient (Fick’s Law).

Dilution

Reduction in concentration brought about by the addition of water.

Dispersion

Irregular spreading of solutes due to aquifer heterogeneities at poregrain scale (mechanical dispersion) or at field scale (macroscopic
dispersion).

Dispersivity

An empirical factor which quantifies how much contaminants stray away
from the path of the groundwater which is carrying it. Some of the
contaminants will be ‘behind’ or ‘ahead’ the mean groundwater, giving
rise to a longitudinal dispersivity (αL), and some will be ‘to the sides of’
the pure advective groundwater flow, leading to a transverse (αT) and
vertical dispersivity (αV).
Dispersivity is actually a factor which represents our lack of information
about the system we are simulating. There are many small details about
the aquifer which are being averaged when using a macroscopic
approach (e.g. tiny beds of gravel and clay in sand aquifers) – they
manifest themselves as an apparent dispersivity. Because of this, α is
often claimed to be dependent on the length scale of the problem – the
dispersivity found for transport through 1 m³ of aquifer is different than
that for transport through 1 cm³ of the same aquifer material (Sudicky et
al. 1983).

DO

Dissolved oxygen – a relative measure of the amount of oxygen that is
dissolved or carried in a given medium. It can be measured with a
dissolved oxygen probe such as an oxygen sensor, or an optode in
liquid media (usually water).

DQO

Data quality objectives.

EC

Electrical conductivity – a measure of a material's ability to conduct an
electric current. When an electrical potential difference is placed across
a conductor, its movable charges flow, giving rise to an electric current.

Effective
porosity

The portion of pore space in saturated permeable material where the
movement of water takes place.

Eh

Redox potential – a measure of the tendency of a chemical species to
acquire electrons and thereby be reduced. Reduction potential is
measured in volts (V), millivolts (mV), or Eh (1 Eh = 1 mV). Each
species has its own intrinsic reduction potential; the more positive the
potential, the greater the species' affinity for electrons and tendency to
be reduced.

Exposure
assessment

Estimation of the type and magnitude of exposures to the COCs that
are present at or migrating from a site.

foc

Fraction organic carbon; the organic content of an aquifer, as measured
from an uncontaminated sample of aquifer material. Used in conjunction
with the sorption coefficient (KOC) and soil bulk density (ρb) to provide
an estimate of retardation.
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Free phase
contamination

Petroleum product (e.g. gasoline, diesel) which is present in its
original state and at a high saturation, being present either as a
continuous layer, or as trapped connected and mobile globules in the
subsurface.

Groundwater

All water that is below the surface of the ground in the saturation zone
and in direct contact with the ground or subsoil.

Groundwater
protection
zone

An area designated around a groundwater source, the maximum extent
of which is the catchment area for the source and within which there are
limits to the processes and activities that can occur.

Groundwater
elevation

The sum of the elevation head, the pressure head, and the velocity
head at a given point in the aquifer.

Henry’s Law
Constant

Coefficient that represents the equilibrium partitioning factor between a
solute in the water and vapour phases.

Hydraulic
conductivity

A coefficient of proportionality describing the rate at which water can
move through a permeable medium. The density and kinematic
viscosity of the water must be considered in determining hydraulic
conductivity.

Hydraulic
gradient

The change in total head with a change in distance in a given direction.
The direction is that which yields a maximum rate of decrease in head.

Intergranular

Occurring between the grains of a rock or soil.

Karstic aquifer

A karstic aquifer is often developed in terrain characterised by the
presence of easily dissolved bedrock (limestone and dolomite) near the
ground surface. Due to the solubility of the rocks, karstic aquifers often
contain sinkholes, springs, and losing streams where some surface flow
is lost to groundwater. Groundwaters and surface waters in these areas
are highly vulnerable to contamination because contaminants can travel
quickly from the surface through open fractures and caves to karstic
aquifers, springs, and streams. Groundwater flow velocities are
generally high leading to the potential for large plumes to form.

LNAPL

Light non-aqueous phase liquid. Non-miscible organic fluids with a
density less than water.

Metabolic
by-product

A product of the biologically mediated reaction between an electron
donor and an electron acceptor. Metabolic by-products involved in
biodegradation of PHCs include methane, ferrous iron, volatile fatty
acids and catechols.

MNA

Monitored natural attenuation. Monitoring of groundwater to confirm
whether NA processes are acting at a sufficient rate to ensure that the
wider environment is unaffected, and that the remedial objectives will be
achieved within a reasonable time scale; typically less than one
generation.

MTBE

Methyl tert-butyl ether.

NAPL

Non-aqueous phase liquid. Non-miscible organic fluids.
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NA

Natural attenuation. The effect 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. For natural attenuation to be effective as a
remedial action, the rate at which those processes occur must be
sufficient to prevent polluting substances entering identified receptors
and to minimise expansion of pollutant plumes into currently unpolluted
groundwater.

Partition
coefficient

In a heterogeneous system of two or more phases in equilibrium, the
ratio of the concentrations of the same molecular species in adsorbed
and dissolved phases is a constant at constant temperature. This
constant is termed the partition coefficient.

Pathway

A route along which a particle of water, substance or contaminant
moves through the environment and comes into contact with, or
otherwise affects, a receptor.

Permeability

Measure of the ability (of rocks) to transmit water. Defined as the
volume of water passing through 1 m2 of aquifer under unit hydraulic
gradient; m3/m2/day. Analogous with hydraulic conductivity.

pH

A measure of the acidity or basicity of a solution. It approximates but is
not equal to p[H], the negative logarithm (base 10) of the molar
concentration of dissolved hydrogen ions (H+).

PHC

Petroleum hydrocarbon.

Pollution of
groundwater

The discharge by man (directly or indirectly) of substances or energy
into groundwater, the results of which are such as to endanger human
health or water supplies, harm living resources and the aquatic
ecosystem or interface with other legitimate uses of water.

Porosity

The ratio of the volume of void spaces in a rock or sediment to the total
volume of the rock or sediment.

PSH

Phase-separated hydrocarbon. Refers to hydrocarbons present in their
liquid form.

Receptor

An entity, such as a human, animal, controlled waters, plant, building or
the atmosphere, which is vulnerable to the adverse effects of a
hazardous substance or agent.

Recharge

The amount of water that reaches an aquifer, which is calculated as
rainfall less runoff, evapotranspiration and soil storage.

Remedial
target

The goal of remedial activity set at the compliance point in the form of a
desired concentration in groundwater. Analogous with cleanup goal,
groundwater quality objective, site-specific target level etc.

Retardation

A measure of the reduction in solute velocity relative to the velocity of
the advecting groundwater caused by processes such as adsorption.
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REV

Representative elementary volume. The volume of the aquifer over
which the properties (e.g. hydraulic conductivity) can be described by a
single parameter value.

Saturated zone

The zone in which the voids of the rock or soil are filled with water at a
pressure greater than atmospheric. The watertable is the top of the
saturated zone in an unconfined aquifer.

Sentinel well

A monitoring borehole up-gradient of a receptor, often the location
where a trigger level may be exceeded and activate a contingency plan.

Site-specific
transport
model

An analytical or numerical method for predicting and quantifying
migration of a constituent in the environment.

Source

A hazardous substance or agent (e.g. a contaminant that is capable of
causing harm).

Sorption

Refers to the action of both absorption and adsorption taking place
simultaneously. As such, it is the effect of gases or liquids being
incorporated into a material of a different state and adhering to the
surface of another molecule. Absorption is the incorporation of a
substance in one state into another of a different state (e.g. liquids
being absorbed by a solid or gases being absorbed by a liquid).
Adsorption is the physical adherence or bonding of ions and molecules
onto the surface of another molecule (McMurry 2003).

Target
concentration

Derived chemical concentration at compliance point.

TBA

Tert-butanol (also called tert-butyl alcohol).

Terminal
electron
acceptor

A compound capable of accepting electrons during oxidation-reduction
reactions. Micro-organisms obtain energy by transferring electrons from
electron donors such as organic compounds (or sometimes reduced
inorganic compounds such as sulfide) to an electron acceptor. Electron
acceptors are compounds that are relatively oxidised and include
oxygen, nitrate, Fe (III), Mn (IV), sulfate and carbon dioxide.

Trapped phase

Residual immobile hydrocarbon globules trapped in the pore space of
soils.

Unsaturated
zone

The zone between the land surface and the watertable. It includes the
root zone, intermediate zone and capillary fringe. The pore spaces
contain water at less than atmospheric pressure, as well as air and
other gases. Saturated bodies, such as perched groundwater, may exist
within the unsaturated zone. Also called ‘zone of aeration’ and ‘vadose
zone’.

CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

53

Symbols and abbreviations
Definition, abbreviation and dimension of all symbols used in equations and tables of
this document can be found in this Appendix unless stated otherwise. Note that the unit
of symbols is described as a dimension: T (time), M (mass), L (length).
Abbreviations
BTEX Benzene, toluene, ethylbenzene and xylenes
C.L.

Confidence level

COV

Coefficient of variation; accounts for magnitude of scatter in data

NA

Not applicable

Basic hydrogeology terms
K

Hydraulic conductivity (L/T)

i

Hydraulic gradient (L/L)

ne

Effective porosity (dimensionless)

ρb

Dry soil bulk density (M/L3)

foc

fraction organic carbon (M/L3)

Concentration terms
Co

Initial dissolved contaminant concentration at source zone at time = 0; (M/L3)

Cx,y,z,t The concentration of the contaminant at location x, y, z from the source at time
‘t’; (M/L3)
Csat

Soil concentration at which NAPL starts to form within soil pores; (M/M)

Sorption terms
R

 b 
 K OC . f OC
 n 

Retardation factor (dimensionless) = 1  

(Where:

Koc:
foc:

Soil organic carbon-water partitioning coefficient (L3/M)
Fraction of organic carbon in uncontaminated soil
(dimensionless))

Dimension terms
1D

One dimension

2D

Two dimension

3D

Three dimension
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Dispersion terms
αx

Longitudinal (x-direction) dispersivity (L)

αy

Transverse (y-direction) dispersivity (L)

αz

Vertical (z-direction) dispersivity (L)

Dx

Coefficient of hydrodynamic dispersion (x-direction) (L2/T)

Dy

Coefficient of hydrodynamic dispersion (y-direction) (L2/T)

Dz

Coefficient of hydrodynamic dispersion (z-direction) (L2/T)

Natural attenuation terms
Natural attenuation capacity – analogous with assimilative capacity or biodegradation
capacity = the amount of biodegradation able to be supported by the groundwater, as
estimated via utilisation factors of terminal electron acceptors and metabolic
by-products.
Utilisation factor (UF) – the ratio of terminal electron acceptors (oxygen, nitrate and
sulfate) consumed to the mass of dissolved hydrocarbon degraded according to
stoichiometry of PHC biodegradation reactions. UFs can also be developed for the ratio
of the mass of metabolic by-products (ferrous iron, methane) that are generated to the
mass of dissolved hydrocarbon degraded in the biodegradation reactions. The
following UFs are based on the degradation of combined BTEX constituents:

Electron acceptor/by-product

BTEX utilisation factor (gm/gm)

Oxygen

3.14

Nitrate

4.90

Ferrous Iron

21.80

Sulfate

4.70

Methane

0.78

One way of calculating biodegradation capacity (mg/L) is as follows:
BC = Delta oxygen / 3.14 ++ Delta nitrate / 4.9 + Delta sulfate / 4.7 +
Delta iron / 21.8 + Delta methane / 0.78.
Delta oxygen (O2) (mg/L) – The average difference between DO concentration in
background (uncontaminated) groundwater and the PHC plume (contaminated
groundwater).
Delta nitrate (NO3-) (mg/L) – The average difference between NO3- concentration in
background (uncontaminated) groundwater and the PHC plume (contaminated
groundwater).
Delta sulfate (SO42-) (mg/L) – The average difference between SO42- concentration in
background (uncontaminated) groundwater and the PHC plume (contaminated
groundwater).
Delta iron (Fe2+) (mg/L) – The average observed Fe2+ concentration in the source area.
Delta methane (CH4) (mg/L) – The average observed CH4 concentration in the source
area.
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Mathematical functions
erf

Error function

erfc

Complementary error function

exp

Exponential function

Mass and mass flux terms
Ms

The mass of a contaminant introduced at the source (M)

MFs

Mass flux near source (source control plane) (M/T)

MFd

Mass flux down-gradient from source (down-gradient control plane) (M/T)

MFi

Mass flux of contaminant within a cross sectional area, i (M/T)

Ci

Average contaminant concentration within a cross sectional area, i (M/L3 or
M/M)

Csw

Contaminant concentration in extraction bore (at a receptor) (M/L3 or M/M)

Qsw

Extraction bore (at a receptor) pumping rate (L3/T)

Ai

Cross sectional area, i (L2)

ρwater Density of groundwater (M/L3)

Model area terms
W

Modelled area length (L)

L

Modelled area width (L)

Lp

Estimated plume length (L)

Model coordinate terms
x

Plume centreline distance from the source, x-direction (L)

y

Off-centreline distance, y-direction (L)

z

Vertical distance from the centreline, z-direction (L)

Rate constants
k(point) Point decay rate (1st-order) constant at a point within a plume (1/T).
ksource 1st-order decay term at a point within a source area (1/T):
Calculated from the slope of plot log of concentrations vs. time for a single
monitoring point, slope of best-fit line. Allows estimation of rate and time to
achieve clean-up goals with both best-fit and pre-determined level of
confidences calculated for each monitoring bore.
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k

Bulk (lumped) attenuation rate (1st-order) constant (1/T):
Calculated from natural log of concentrations vs. distance for an overall stable
or shrinking plume. Requires the distance of multiple monitoring bores along the
plume centreline from the source area, and site-specific groundwater seepage
velocity and retardation factor. Rates with both best-fit and pre-determined level
of confidences can be used to estimate how far a plume may expand.

λ

Biodegradation rate constant (1/T):
Calculated from the calibration of a groundwater solute transport modelling that
includes dispersion and retardation by adjusting ‘λ’.

Regression terms (dimensionless)
n

Number of data used for log-linear regression

r2

Coefficient of determination of log-linear regression

r

Correlation coefficient of log-linear regression

CL

Confidence level

COV

Coefficient of variation

Source terms
Y

Width of source area perpendicular to groundwater flow direction (L)

Z

Depth of source area (L)

Time terms
t

Travel or restoration time (T)

∆t

Average travel time between two control planes (T)

t1/2

Half life of a contaminant (1st-order kinetics) (T)

t1 / 2 

ln( 2)





0.693



Velocity terms
νgw

Groundwater seepage velocity or average linear velocity (L/T)

νc

Contaminant velocity in groundwater plume (L/T)

Vc 

V gw
R
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APPENDIX B.
Example methods for estimating source and plume
contaminant mass
The information presented in this Appendix has been extracted from the following
sources:


American Petroleum Institute Interactive LNAPL Guide 2003
<http://www.api.org/ehs/groundwater/lnapl/lnapl-guide.cfm>.



Washington State Department of Ecology 2005, Guidance on remediation of
petroleum-contaminated ground water by natural attenuation, publication no.
05-09-091 (version 1.0), Washington State Department of Ecology, Olympia.

Various methods can be used and may be required to estimate the contaminant mass
at a site. The following presents two particular methods, and the appropriate method
should be selected based on site-specific considerations. It is important to note that
typically there is considerable uncertainty associated with source mass estimates
(especially based on direct sampling data), and underestimates or overestimates of the
true amount of mass present may occur as a result. Following on, the amount of underor over-estimation decreases as the sample density increases. Although source mass
estimates can provide useful information to the decision-making process for a natural
attenuation remedy, it is reiterated that there is considerable uncertainty in any
approach used to estimate mass, and estimates should be considered to have an
order-of-magnitude precision.
However, the quantifiable reduction in source (or plume) mass is becoming
increasingly accepted and required by regulators as a key performance measure for
the success or otherwise of a remediation or MNA strategy. It is therefore highly
recommended that efforts be made by site assessors to provide estimates of source
and/or plume mass as part of the overall MNA assessment strategy.

Generalised architecture of petroleum hydrocarbon contamination
in the subsurface
Prior to exploring examples of methods for estimating contaminant mass, it is
worthwhile to review the typical nature and occurrence (i.e. architecture) of petroleum
hydrocarbon contamination in the subsurface. PHCs are multi-phasic and hence, their
redistribution in the subsurface can be relatively complex; this affects the manner in
which mass estimates are made. Generally speaking, for a typical PHC spill from an
underground storage tank (UST), subsurface PHC contamination may be subdivided
into four ‘compartments’ which, from surface and extending downwards, include:


unsaturated source zone



smear zone



saturated source zone, and



dissolved phase plume.
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Within each of these compartments, and depending on the size of the spill, PHCs will
exhibit multi-phasic behaviour, resulting in partitioning of the original PHC product spill
into any or all of the following phases:


recoverable, or mobile light non-aqueous phase liquid (LNAPL, or commonly
referred to as ‘free product’ or phase-separated hydrocarbon (PSH))



residual phase LNAPL



adsorbed phase



vapour phase, and



dissolved phase.

Figures B1, B2 and B3 are schematics which graphically summarise the distribution of
these compartments of contamination, as well as the general attenuation processes
which act on the PHC contamination as it redistributes through the subsurface profile,
and NAPL smearing due to watertable fluctuation. Under most circumstances, LNAPL
will not penetrate the saturated zone to any great extent due to buoyancy effects, and
therefore tends to form relatively ‘thin’ and ‘flat’ source zone architectures, referred to
as ‘smear zones’. This means that, typically, only the upper part of the saturated zone
of an aquifer is directly impacted by LNAPL source material. The smear zone thickness
under natural recharge conditions is generally analogous to the amplitude of seasonal
watertable fluctuation.
The action of watertable fluctuation can modify the LNAPL saturation profile and
‘smear’ the LNAPL, resulting in greater proportion of residual phase vs. mobile LNAPL.
The schematics in Figures B1 to B3 show the processes behind the typical
development of a smear zone at an LNAPL spill site. Typically, in source zones in
contact with groundwater, the mass of vapour and dissolved phase contamination is
minor relative to the adsorbed and LNAPL (free and residual) phases.

Figure B1. Typical source and plume architecture for petroleum (LNAPL) spill (WA DEP 2004).
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Figure B2. Schematic of LNAPL smear zone created by watertable fluctuation (API Interactive
Guide 2003).

F a ll in W a te r T a b le
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Figure B3. Changes in LNAPL saturation profile (smearing) due to watertable fluctuation (API
Interactive Guide 2003).

The schematics in Figures B1 to B3 illustrate how an increase in the watertable
elevation results in an upward shift in the LNAPL saturation profile. As the LNAPL
saturation profile moves upward, residual LNAPL remains behind, producing an
elongated profile in the saturated zone. When the watertable fluctuates downward,
residual LNAPL remains in the unsaturated zone and leaves an elongated profile
above the air-oil interface. Generally, the residual saturations remaining in the vadose
zone are less than in the saturated zone, and as such, the profile is thinner above the
air-oil interface than below. The resultant LNAPL saturation profile becomes longer,
with less potential mobile oil and greater residual oil.

Concept of source strength and plume longevity in the context of
MNA
Source zones represent highly concentrated segments of soil and groundwater
contamination which, through partitioning mechanisms, transfer contaminant mass
from non-aqueous phases to the aqueous phase, resulting in the formation of dissolved
plumes, extending down hydraulic gradient of the source zone in the direction of
groundwater flow.
The rate of mass transfer (or flux) from source zone to a dissolved plume is also
referred to as source ‘strength’. The source mass flux is a measure of contaminant
‘loading’ to the aquifer, and one of the key constraints on the appropriate application of
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MNA. For example, if the source strength is much greater than the aquifer’s natural
attenuation capacity (NAC), then it is likely that the plume will undergo expansion, and
application of MNA may be unacceptable in the context of health impacts to receptors
and attenuation within reasonable timeframes.
Quantitative assessment of the main source zone phases and their respective masses
provides a useful insight into the associated plume and its potential behaviour and
longevity. The following sections provide examples of how to estimate the mass of
various phases of petroleum hydrocarbon contamination, as well as mass flux if
sufficient data is available.

Contaminant mass estimation methods
Various methods can be used to estimate the contaminant mass at a site. The
following presents two methods, and the appropriate method should be selected based
on site-specific considerations.

Example Method 1 – Estimating source mass directly from sampling
data
This method assumes uniform stratigraphy, but can also be used for non-uniform
stratigraphy if sufficient vertical data resolution is available. The analysis is based upon
defining a soil, layer or saturated zone volume associated with each sampling point.
One procedure to estimate areas associated with each sampling point is the Thiessen
Polygon Method (TPM). The method assumes that the concentration measured at a
given point represents the concentration in the soil out to a distance halfway to all
adjacent sampling points. The area associated with each sampling point is defined by
constructing a Thiessen Polygon Network (refer to Figure B4). The polygon network is
formed by perpendicular bisectors of lines connecting adjacent sampling points (Chow
et al. 1988). The mean area associated with each sampling point by the TPM can be
estimated either by hand or by commercially available geographic information system
(GIS) software such as Surfer, Arc/GIS or Arc/Info or pre-processors in numerical
modelling software (e.g. GMS, Visual Groundwater).

Boundaries of each soil area
are formed by perpendicular bisectors of lines connecting
adjacent points

non-detect boundary
for each soil layer

C1

C4

C2
C3

Figure B4. Plan view of source with Thiessen Polygon Network (Washington State Department of
Ecology 2005).
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The hand-drawn method is relatively simple. It can be completed as follows:


Draw lines between the closest sampling point measurements starting with a
centrally located sampling point, and then expand the polygonal network outward.



Draw perpendicular bisectors at the midpoint of each line connecting two sampling
points, and draw polygons around each sampling point by extending the
perpendicular bisectors.



The boundary of the outermost polygon areas is formed by the non-detect contour
line for each soil layer based on field data or conservative assumptions on the
lateral extent of the parameter of concern.



Measure the area of each polygon with a planimeter or calculate by trigonometry.

The following description divides the estimation method into four separate
compartments as previously described, and is based on Gallagher (1995):


NAPL (or free product) zone



unsaturated zone (two different zones shown)



smear zone, and



dissolved in the groundwater.

Figure B5 illustrates a cross-sectional view of contaminant source. Note that the
location of data points may differ for each layer. The total soil area, area associated
with each sample, and soil interval depth may also differ for each layer.

Vadose Source Zone 1

d soil 1

Vadose Source Zone 2

d soil 2

Mobile NAPL
Smear Source Zone
(Below Watertable)
Dissolved Phase

highest wat ertable

d sz

lowest watertable

d gw

Figure B5. Cross-sectional view and generalised source zone compartments.

Other approaches can be used. For example, the vertical sampling interval (the length
of soil cores or well screen length) can be used to define the ‘layers’ used in this
method. Separate soil lithologies may also be used if sufficient data is available, or a
more generalised approach may simply involve masses in the unsaturated and
saturated zones.
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Soluble mass in mobile NAPL
Most state regulators in Australia require the removal of NAPL to the extent practicable.
Even after extensive remediation efforts, mobile NAPL may remain due to a number of
factors (e.g. low permeability soils, high capillary suction, high NAPL viscosity). In this
case, the soluble mass of PHC fractions remaining in the NAPL will continue to leach
into groundwater. In particular, the BTEX fractions of the NAPL may need to be
quantified in order to define the contribution of mobile NAPL to the contaminant loading
to the aquifer. This requires an estimate of NAPL volume and mass.
There are various methods for estimating the volume (and therefore mass if NAPL
density is known) of NAPL and the soluble fractions of interest. Some example
references include Huntley et al. (1994), Lundegard and Mudford (1998) and Farr,
Houghtalen and McWhorter (1990). One method for which public domain software and
guidance is available is the American Petroleum Institute (API) three-phase fluid
saturation models (API 2007), which may be used to produce a relationship between
measured NAPL thickness in bores to the actual ‘specific volume’ of NAPL in the
surrounding formation. The relationship between these is very sensitive to soil texture
and the different physical properties of different soil types.
The amount (volume within a unit area of the LNAPL lens) of LNAPL present as a
mobile or recoverable phase (not including LNAPL possibly present as residual
saturation above or below the free LNAPL) is found by integrating the LNAPL
saturation profile over the areal extent of LNAPL impact:
zr

Do  n  S o ( z )dz
zow  bow

Where:

Do

= actual LNAPL thickness in formation (specific oil volume)

N

= porosity of formation

So

= LNAPL saturation

Ubow

= oil entry head

Zr

= elevation corresponding to bottom of LNAPL saturation profile

Zow

= elevation corresponding to top of LNAPL saturation profile

The recoverable LNAPL volume can be estimated by using the measured LNAPL
thicknesses in monitoring bores and calculating the ‘specific oil volume’ using the API
(2007) method, which essentially relates the measured NAPL thickness to an actual
NAPL thickness in the formation. The specific oil volume data is used to convert the
monitoring bore data, and is then gridded to provide a volume of ‘free’ or mobile LNAPL
within the formation. This is then multiplied by the NAPL density to provide a NAPL
mass. The concentration of BTEX constituents in the NAPL may then be converted to a
soluble mass.
The recoverable LNAPL volume estimate is based on utilisation of the Surfer
contouring software (Version 8, Golden Software 2007) and API (2007) fluid saturation
models.
The following steps are involved in estimating LNAPL volume and therefore mass:


Compile representative data for measured LNAPL thickness in monitoring bores.
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Using Surfer, create a blanking file for the outline of the LNAPL plume – this sets
the boundary for LNAPL volume estimates.



Using the API (2007) models and the range of representative LNAPL thicknesses
for each monitoring bore, generate LNAPL saturation profiles and specific volume
vs. LNAPL thickness relationships for each monitoring bore.



Using Surfer, grid and contour the estimated specific volume data for each
monitoring bore within the blanked area. This effectively provides contour maps of
recoverable (mobile) LNAPL volume.



Using the Surfer volume function, subtract a zero plane from the LNAPL-specific
volume contour grid file, which then provides a volume calculation of recoverable
LNAPL within the blanked landfill area.



Using LNAPL density data, multiply the volume estimate by the LNAPL density to
provide an estimate of LNAPL mass.

The soluble mass of specific constituents may be then estimated by multiplying the
mass fraction of the specific constituent by the overall LNAPL mass.
Figure B6 is an example of a contour map of specific volume estimates within a
blanked area.

5828500

5828400

0.000
0.000

5828300

0.940
1.140

5828200

0.970

1.540
0.453

5828100

0.000
1.010
0.9401.070

5828000

0.250 1.050

1.760
2.310

5827900

5827800

311000

311100

311200

311300

311400

311500

311600

311700

311800

Figure B6. Contour plan of mobile LNAPL-specific volumes within blanked area.
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An example volume report generated from Surfer highlights the volume estimates using
various calculation methods (in bold):
Example Surfer Grid Volume Report
————————————————
Grid Volume Computations
————————————————
Fri May 18 17:08:28 2007
Upper Surface
Grid File Name:
C:\temp\NAPL\surfer maps\MaxClaySilt SpVol.grd
Grid Size:
86 rows x 100 columns
X Minimum: 311050
X Maximum: 311550
X Spacing:
5.050
Y Minimum: 5827910
Y Maximum: 5828340
Y Spacing:
5.058
Z Minimum: -0.070
Z Maximum: 1.612403444187
Lower Surface: Level Surface defined by Z = 0

Volumes
Z Scale Factor:

1

Total Volumes by:
Trapezoidal Rule:

42335.1

Simpson's Rule:

42383.8

Simpson's 3/8 Rule: 42396.9
Cut & Fill Volumes
Positive Volume [Cut]:

42382.8

Negative Volume [Fill]:

47.7

Net Volume [Cut-Fill]:

42335.1

Adsorbed-phase (soil) contaminant mass in the unsaturated zone
This estimation method is based on sampling and analytical data collected both
laterally and vertically around the suspected source(s). For this analysis, the
unsaturated (vadose) source zone extends in vertical depth from the ground surface to
the seasonally high watertable, and laterally from the highest contamination to nondetectable levels. If detailed data needed to complete this method are not available,
conservative assumptions and statistical methods may be used to estimate the extent
and level of contaminant concentrations.
The following steps describe the process for estimating contaminant mass in the
unsaturated source zone:
1. Map the vadose zone based on vertical sampling intervals. Assume each soil
sample represents a soil depth interval and a soil area.
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2. Assess the thickness of each soil interval.
3. Use the Thiessen Polygon Method to determine the area associated with each
sample for each depth interval (soil layer).
4. Use the area-weighted average technique to determine the average contaminant
concentration within the impacted area for each soil layer. In the area-weighted
average technique, each data point is assigned an area represented by that data
point. The equation for the area-weighted mean for ‘n’ data points each associated
with an area ‘An’ is:

C soil 

C A  C A  ....C A 
 A  A  .... A 
1

1

2

1

Where:

2

2

n

n

n

Csoil = area weighted average concentration (on dry weight basis) for a
given depth interval in the given zone (M/M) (e.g. mg/kg)
C1, C2…Cn = concentration of each sample within the depth interval
(M/M)
A1, A2, … An = area of soil represented by each sample in the depth
interval (L2) (eg. m2)

1. Multiply, as shown in the equation below, the average concentration by the
total contaminated area for the depth interval and the depth of the soil layer.
Csoildsoil (A1+A2+…..An) = concentration x volume
for each depth interval
Where:

dsoil = thickness of sample interval (or soil layer) (L) (eg. m, cm)

Sum the concentration x volume results for each layer. Multiply the result by dry soil
bulk density to estimate the mass of contaminant in the vadose zone.

M soil   b  c soil d soil ( A1i  A2i  .... Ani 
l

i

i

i 1

Where:

Msoil

= mass of contaminant in unsaturated zone (M)

i

= number of soil interval layer

l

= total number of soil layer

ρb

= dry soil bulk density of sample interval (or soil layer) (M/L3)

dsoili

= thickness of the ith layer (L)

Ain

= area represented by nth sample in ith soil layer (L2)

Other methods for estimating adsorbed-phase mass are based on 2D and 3D
contouring and gridding software packages such as Surfer and Visual Groundwater.
Surfer may be used to construct contour maps representing vertical slices, as based on
sampling depths. The 2D contour maps are placed over grid paper and the areas
between the contour intervals estimated by hand. The 3D packages generally provide a
volume estimate and may calculate the average concentration within the volume to
allow estimation of mass.
Figures B7 and B8 are examples of 2D and 3D contour maps for estimating
contaminant mass.
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6mBGS

7mBGS

8mBGS

9mBGS

Figure B7. Example 2D vertical slice contour maps (generated using Visual Groundwater).

Figure B8. Example 3D isocontour map of soil contamination in the unsaturated zone (visual
groundwater) generated using Visual Groundwater. Dark blue indicates >100 mg/kg TPH and light
blue indicates < 100 mg/kg TPH.

Smear source zone below watertable
The smear zone is where NAPL (either as mobile or residual (trapped) phase) is
present in the soil or groundwater, and typically extends vertically from the highest
watertable level to the lowest watertable level, i.e. within the range of watertable
fluctuation. If the groundwater has been pumped or otherwise significantly lowered, for
example during drought, the lowest groundwater level may be greater than would
normally occur and the smear zone may be thicker.
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A PHC smear source zone will typically contain various phases (e.g. mobile NAPL,
trapped phase NAPL, adsorbed phase) but is generally dominated by the trapped or
residual phase NAPL. This is particularly the case for fine-grained soils which have a
high specific retention capacity and lower effective porosity than coarse-grained soils.
The point at which residual phase NAPL occurs in soil pores is generally referred to as
the ‘saturation concentration’ (Csat) (Gustafson, Tell & Orem 1997), and is given by the
following equation:
n
  H   w  K OC f OC  b 

C sat   S i X i  a i
i 1
b



Where:

Csat

= saturated soil TPH concentration (M/M)

Si

= aqueous solubility of component i (M/L3)

Xi

= mole fraction of component i in the NAPL mixture (unit less)

Hi

= dimensionless Henry’s Law constant of component i (unit less)

Koc

= soil organic carbon to water partition coefficient of component
i (L3/M)

foc
θa

= mass fraction of natural soil organic carbon within the soil
matrix (unitless)
= the volumetric air content in soil (unit less)

θw

= the volumetric water content in soil (unit less)

ρb

= dry soil bulk density (M/L3)

Zones where soil hydrocarbon concentrations are above the Csat value may be
regarded as containing trapped or residual phase NAPL, and may be used to delineate
the smear source zone. Soil PHC concentrations below the calculated Csat may be
treated as adsorbed-phase, and may be estimated using the methods provided above.
The following steps describe the process for estimating mass in the smear zone:
1. Use the process described for unsaturated soils to determine the area weighted
average soil concentration for the smear zone.
2. Multiply the smear zone source concentration (csz) by the area of the contaminated
smear zone soils (A1, A2, … An) by the depth of smear zone soil contamination by
the soil bulk density to estimate a source mass for the smear zone:

M sz   b d sz c sz  A1  A2  .... An 
Where:

Msz

= mass of contaminant in smear zone materials (M/M)

ρb

= dry density of smear zone matrix (M/L3)

csz

= area weighted concentration (on dry weight basis) in smear
zone matrix (M/M)

dsz

= depth of smear zone matrix (L)

A1, A2, … An = individual area associated with each sample in smear
zone matrix (L2)
LNAPL residual saturation is equivalent to that fraction of LNAPL retained in the soil
matrix under capillary forces, i.e. that fraction left after gravity drainage. The LNAPL
saturation varies between sediments of different grain size (e.g. clays and sands) and
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is also influenced by the LNAPL physical and chemical properties. The volume of
LNAPL within the formation is directly related to the LNAPL saturation.
Table B1 summarises residual saturation data compiled by Mercer and Cohen (1990)
for various LNAPL types and soil types.

Table B1. Representative LNAPL residual saturation values for various soil types.
Gasoline
Soil type

R for

residual

gasoline

saturation
(%)

Coarse gravel

R for
middle
distillates

Middle
distillates

R for

residual
saturation (%)

fuel
oil

Fuel oil
residual
saturation
(%)

2.5

0.7

5

1.4

10

2.9

Coarse
sand/gravel

4

1.1

8

2.3

16

4.6

Medium to
coarse sand

7.5

2.1

15

4.3

30

8.6

12.5

3.6

25

7.1

50

14.3

20

5.7

40

11.4

80

22.9

Fine to
medium sand
Silt to fine
sand
Coarse sand

15 – 19

Medium sand

12 – 27

Fine sand

19 – 60

12
19

11 – 23

Well-graded
sand

46 – 59

52

(after Mercer & Cohen 1990).

For a given soil type, the residual LNAPL saturation is generally lower in the unsaturated zone than in the saturated zone. Specifically, the LNAPL residual saturation
is typically less than 10% in the unsaturated zone, and ranges from approximately
10–30% in the saturated zone. This results from gravity drainage acting on unsaturated
sediments more than it does in the saturated zone. The API (2007) fluid saturation
models require values for both vadose (unsaturated) zone and saturated zone residual
saturations.
Table B2 summarises oil saturation data provided in API (2007) for both unsaturated
and saturated sediments.
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Table B2. Maximum saturated and unsaturated zone residual LNAPL saturation.
Soil type

Maximum saturated zone

Maximum unsaturated zone

residual LNAPL saturation

residual LNAPL saturation

Sand*

0.26

0.03

Loamy sand

0.24

0.05

Sandy loam

0.23

0.05

Sandy clay loam

0.22

0.06

Loam

0.19

0.07

Silty loam

0.17

0.07

Clay loam*

0.13

0.07

Sandy clay

0.10

0.07

Silty clay loam

0.10

0.06

Silty clay

0.05

0.04

Note: *Shaded data used for LNAPL volume estimates.

Dissolved phase mass in saturated zone
The dissolved phase zone in the saturated zone represents that part of the saturated
thickness of the aquifer that is contaminated by PHCs at levels above adopted
guidelines. Figure B9 is a schematic showing the parameters used to assess the
dimensions of a dissolved plume.

Inf

Smear Source Zone
Mz =
mixing zone depth

b
Ugw = K.i
W

Figure B9. Schematic of dimensional parameters for a dissolved plume (Washington State
Department of Ecology 2005).

The dissolved phase plume extends laterally in space and vertically according to a
‘mixing depth’. The lateral extent of the plume may be defined by a monitoring bore
network of sufficient density to delineate the plume. Typically, monitoring bores are
screened across a discrete interval (usually 2–3 metres) of the plume thickness, and
provide limited data on the vertical extent of the plume. The use of multi-level
monitoring bores avoids this problem.
In the absence of multi-level monitoring bores, the mixing depth may be estimated by
empirical equations, two examples of which include:
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Where: Mz


  W .Inf
M z  0.0112W 2  b 1  exp
 K .i.b

= mixing zone depth (m)





W

= width of source zone perpendicular to groundwater flow direction (m)

b

= saturated aquifer thickness (m)

Inf

= infiltration rate (m/year)

K

= aquifer hydraulic conductivity (m/day)

i

= hydraulic gradient (m/m)

The thickness of the mixing zone cannot exceed the saturated thickness of the
aquifer. Generally, the full thickness of the aquifer will not be available for mixing of
contaminants, and a lesser thickness may be derived from evidence of high
permeability zones from borehole logs, annual watertable fluctuation from hydrographs,
or local experience. Many porous media and fractured rock aquifers in Australia are
layered systems with significant vertical heterogeneity that may limit the potential for
vertical mixing.
For groundwater directly in contact with NAPL, the mixing zone depth may be
estimated by using a dissolution model such as that developed by Hunt et al. (1988), in
which the advection-dispersion equation was used to estimate the contaminant
concentration at the end of a NAPL pool of length L at any distance z above the pool:



z

C ( L, z )  Cs erfc 
1
 2( D L / v ) 2 


v
d
Where:

Dv  De  vd v

and

C(L,z) = dissolved-phase contaminant concentration at end of NAPL
pool of length L at distance z above or below the pool (mg/L)
Cs

= dissolved-phase solubility of contaminant (mg/L)

z

= vertical distance above pool (DNAPL) or below pool (LNAPL)
(m)

Dv

= vertical dispersion coefficient (m2/day)

L

= horizontal length of NAPL pool in direction of groundwater flow
(m)

vd

= groundwater Darcy velocity (=K.i) (m/day)

De

= molecular diffusion coefficient (m2/day; typical range 1 to 5 x
10-10 m2/sec)

αv

= vertical dispersivity (m; rule of thumb: αv = 0.001 times scale, in
this case 0.001 x NAPL pool length L; reported values for
pools 0.00022 to 0.00029 m (Johnson & Pankow 1992;
0.00013 to 0.00018 m from Voudria & Yeh 1994) (after
Wiedemeier et al. 1999)

Figure B10 is an example output from a spreadsheet version of the Hunt et al. (1988)
dissolution model. The predicted NAPL dissolution profile indicates that the dissolved
phase plume thickness associated with the NAPL pool would be around 2 m thick, with
an average concentration of 27 mg/L.
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NAPL DISSOLUTION AND PLUME CONCENTRATION PROFILE
Data Input
Parameter
Value
Units Description
Csat
1.0E+02
mg/L
Saturation Concentration (= xi.S)
z
5.0E+00
m
Depth Below NAPL/H2O Interface
Lp (=x)
5.0E+02
m
Length of NAPL Pool Parallel to GW Flow
Dv
1.2E-07
m2/sec Vertical Dispersion Coefficient
De
1.0E-07
m2/sec Effective Aqueous Diffusion Coefficient in Water
v
2.0E-04
m/day Average Linear GW Flow Velocity
alpha(v)
1.0E-04
m
Vertical Transverse Dispersivity
k
1.0E-02
m/day Hydraulic Conductivity
I
2.0E-03
m/m
Hydraulic Gradient
ne
1.0E-01
dimless Effective Porosity
Wa
50
m
Average Width of NAPL Pool
C=
1.1E-08
mg/L Concentration at Depth Z
CONC.
9.0E+01
8.0E+01
7.0E+01
6.1E+01
5.2E+01
4.4E+01
3.7E+01
3.0E+01
2.5E+01
2.0E+01
1.1E+01
5.3E+00
2.4E+00
9.8E-01
3.7E-01
1.2E-01
3.8E-02
1.1E-02
2.4E-05
1.1E-08

NAPL DISSOLUTION PROFILE
0

CONCENTRATION (mg/L)
20
40
60

80

100

0.0

DEPTH BELOW NAPL/H2O INTERFACE (m)

Z (m)
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1.0
-1.3
-1.5
-1.8
-2.0
-2.3
-2.5
-2.8
-3.0
-4.0
-5.0

-1.0

-2.0

-3.0

-4.0

-5.0

-6.0

VERTICAL INTEGRATION OF CONCENTRATION PROFILE
AND DEPTH-AVERAGED PLUME EFFLUENT CONCENTRATION
PSH Plume Area =
25000 m2
2.2E+08 mg
Layer 1 Mass
2.5E+06 L
2.1E+08 mg
Layer 2 Mass
2.5E+06 L
1.9E+08 mg
Layer 3 Mass
2.5E+06 L
1.6E+08 mg
Layer 4 Mass
2.5E+06 L
1.4E+08 mg
Layer 5 Mass
2.5E+06 L
1.2E+08 mg
Layer 6 Mass
2.5E+06 L
1.0E+08 mg
Layer 7 Mass
2.5E+06 L
8.3E+07 mg
Layer 8 Mass
2.5E+06 L
6.8E+07 mg
Layer 9 Mass
2.5E+06 L
5.5E+07 mg
Layer 10 Mass
2.5E+06 L
9.5E+07 mg
Layer 11 Mass
6.3E+06 L
5.0E+07 mg
Layer 12 Mass
6.3E+06 L
2.4E+07 mg
Layer 13 Mass
6.3E+06 L
1.1E+07 mg
Layer 14 Mass
6.3E+06 L
4.2E+06 mg
Layer 15 Mass
6.3E+06 L
1.5E+06 mg
Layer 16 Mass
6.3E+06 L
5.1E+05 mg
Layer 17 Mass
6.3E+06 L
1.5E+05 mg
Layer 18 Mass
6.3E+06 L
1.3E+05 mg
Layer 19 Mass
2.5E+07 L
3.0E+02 mg
Layer 20 Mass
2.5E+07 L
1.5E+09 PROFILE MASS (mg)
5.6E+07 PROFILE
AVERAGE EFFLUENT CONCENTRATION (mg/L)=

Layer 1 Vol.
Layer 2 Vol.
Layer 3 Vol.
Layer 4 Vol.
Layer 5 Vol.
Layer 6 Vol.
Layer 7 Vol.
Layer 8 Vol.
Layer 9 Vol.
Layer 10 Vol.
Layer 11 Vol.
Layer 12 Vol.
Layer 13 Vol.
Layer 14 Vol.
Layer 15 Vol.
Layer 16 Vol.
Layer 17 Vol.
Layer 18 Vol.
Layer 19 Vol.
Layer 20 Vol.
VOLUME (L)
2.7E+01

Figure B10. Example output of NAPL dissolution model Hunt et al. (1988).

In general, the contaminant mass dissolved in the groundwater is typically much
smaller compared to that in the soil and smear source zones. The contaminant mass
contained in this compartment is typically insignificant, and frequently can be ignored
when there is significant contamination of the unsaturated soil and smear zone media.
The following steps describe a process for estimating the dissolved mass in
groundwater:



Determine the area of the dissolved source zone, which corresponds to the area of
groundwater contamination above adopted guidelines.
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Determine the depth of groundwater contamination within the source area, from
multi-level monitoring bores or estimated using empirical equation.



Determine the area-weighted mean of the groundwater contamination within the
source zone, using the procedure listed above for unsaturated soils.



Multiply the mean groundwater concentration (Cgw) by the source area (A1, A2,
An), by the depth of groundwater contamination at the source, and then by the
porosity of the aquifer media (n).

Summary of mass estimate results
After estimating the contaminant masses in the various compartments, it is useful to
compile this information in a tabular spreadsheet form, which allows further analysis
such as percentage contributions from different compartments to the total overall
contaminant mass.
Figure B11 is an example table format which summarises the source dimensional data,
and the average concentration, volume and mass for each compartment.

Contaminant Estimated
Name of zone

Layers

d

1

d

2

d

3

d

4

d

5

Contaminated Soil

in Unsaturated
zone

Smear Zone

Source below
Water Table

Dissolved Phase in

Saturated Zone

Total

Soil Volume

Soil Weight

Area-weighted
average conc

Mass

Volume

Mass
Distribution

m3

kg

mg/kg or ug/L

kg

litres

%

soil

200

9344.6

34.5

0.322

0.097

1.3%

soil

120

5097.0

950.0

4.842

1.459

19.3%

soil

210

10703.8

200.5

2.146

0.647

8.5%

soil

0

0.0

soil

0

0.0

sz

0

0.0

sz

0

0.0

sz

285

13316.0

1336.8

17.801

5.365

70.8%

gw

0

0.0

gw

0

0.0

gw

405

18922.8

9301.3

0.037

0.011

0.1%

1220

57384.2

25.149

7.580

100.0%

d

1

d

2

d

3

d

1

d

2

d

3

Figure B11. Example summary table for contaminant mass estimates (Washington State
Department of Ecology 2005).

Example Method 2 – Indirect method to estimate smear source mass
An estimate of source mass can still be made, even with limited soil analytical data for
the smeared zone. This indirect method was adapted from Wiedemeier et al. (1999)
and Groundwater Services Inc. (1997). The width of the smear zone is assumed to be
half the width of the observed plume at the point of maximum groundwater
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concentration. The length of the smear zone is assumed to be equal to the width. The
thickness of the smear zone is assumed to be equal to the thickness of the
contaminated groundwater. Based on these assumptions, the following equation may
be used to calculate the source mass:
Source Mass = SZ x SA x n x So x Mf x ρc
Where: Source Mass = mass of dissolvable contaminants in source zone (M)
SZ

= smear zone thickness (L)

SA

= estimated smear zone area (L2): SA = (0.5*Wplume)2
(where Wplume = plume width at highest concentration (L))

n

= porosity (unitless)

So

= residual saturation level: volume of NAPL/volume of voids (unit
less)

Mf

= mole fraction of contaminants of interest in NAPL (unit less)

pc

= pure-phase (NAPL) density of contaminant of interest (M/L3)
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APPENDIX C.
Example methods for evaluation of spatial and temporal plume
behaviour
The information presented in this Appendix has been extracted from the following
sources:



Washington State Department of Ecology 2005, Guidance on remediation of
petroleum-contaminated ground water by natural attenuation, publication no.
05-09-091 (version 1.0), Washington State Department of Ecology, Olympia.



Bockelmann, A, Ptak, T & Teutsch, G 2000, 'Field scale quantification of
contaminant mass fluxes and natural attenuation rates using an integral
investigation approach', in PL Bjerg, P Engesgaard & TD Krom (eds), Groundwater
2000: Proceedings of the International Conference on Groundwater Research,
vol. 1, Copenhagen, Denmark, 6–8 June 2000, pp. 309–310.

The primary line of evidence in support of MNA is the spatial and temporal behaviour of
the contaminant plume, in particular whether the plume is stable, shrinking or
expanding (i.e. plume status). The following sections present several graphic and
statistical methods for using spatial and temporal data to evaluate the plume status.
The appropriate method should be selected following a thorough review of site-specific
conditions and constraints. It is important when evaluating the stability of the
contaminant plume that the spatial and/or historical data demonstrate a clear and
meaningful trend in contaminant mass and/or concentration. This is generally done
using statistically analysed temporal data. This requires that a sufficient spatial and/or
temporal data set is available for statistical analysis. The density, number and
frequency of sampling events primarily depend on groundwater flow velocity and the
monitoring bore network layout. Slow-moving groundwater systems typically require
lesser density and frequency of sampling, and vice versa for fast-moving systems. The
data set should also account for seasonal effects, which introduce variations in
processes such as rainfall, groundwater recharge, watertable fluctuation and
groundwater quality. Not all of the example methods are necessary to provide sufficient
evidence of MNA; however, the ‘weight-of-evidence’ principle should be followed to
provide more certainty in the assessment.

Example Method 1 – Graphic linear regression method
For assessment of temporal trends for particular monitoring bores, groundwater
monitoring data from an historical data set containing four or more sampling events
may be plotted on a linear scale, log scale, or natural log scale vs. time. One
advantage of plotting on a linear scale is that if contaminants are undergoing
exponential decay over time, this represents indirect evidence that first order
biodegradation is occurring at the site. This is easily done using modern spreadsheets.
An example of a linear graph illustrating exponential decay is shown in Figure C1 for a
shrinking plume.
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Figure C1. Linear scale plot of temporal groundwater contaminant data for single bore (Washington
State Department of Ecology 2005).

There are public domain software packages available (e.g. NAPetro, Monitoring and
Remediation Optimisation Software (MAROS)) which can be used to conduct temporal
analysis. These types of software can be used as databases, and can produce data
plots, calculations of the slope of the line of best-fit, coefficient of variance (COV), r2
value, and confidence levels. Figure C2 is an example output from MAROS.

Figure C2. Example linear regression output from MAROS software (GSI 2005).

The output can provide statistical analysis based on linear regression trends, in this
case ‘D’ for decreasing. Plotting the concentrations on a log or natural log scale can
reduce scatter and more clearly illustrate concentration trends, and will relate more
directly to calculation of first order decay rates (refer to Appendix E). Generally, for
each monitoring bore, the best-fit line for the natural log of well data vs. time is plotted
using a linear regression analysis to examine the goodness of fit to the data.
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Figure C3 illustrates an example using the log of monitoring bore concentrations vs.
time and distance graphs for two monitoring bores monitoring the same shrinking
plume.

Spatial and Temporal Analysis (Log Scale)
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Figure C3. Spatial and temporal analysis: Multiple bore concentration vs. multiple time (log-scale).

Example Method 2 – Combined spatial and temporal methods
An additional spatial aspect to the assessment can be provided by plotting along the
plume centreline. Figure C4 is a plot of four monitoring bores, located according to their
distance from the source on the X-axis, and contaminant concentration on the Y-axis.
To provide the temporal aspect, the data from multiple monitoring rounds are plotted,
and the resultant plot shows clearly the shrinking of the plume in space and time.
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Figure C4. Spatial and temporal analysis: Multiple bore concentration vs. multiple time (linear
scale).
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Example Method 3 – Spatial plume extent over time
Another method of evaluating plume status is to plot plume concentrations from four or
more events for the entire monitoring bore network as contour plans. This approach
requires sufficient data to characterise the lateral extent of the plume and illustrate the
differing plume extents over time (differentiated, for example, by using colour coding).
This method is often most useful for apparently stable plumes where individual
evaluation of concentrations in single bores may provide confusing results.
Figure C5 illustrates three plume contours at different dates for a petroleum
hydrocarbon (toluene) plume exhibiting shrinking behaviour. The thick red line is
equivalent to 25 mg/L toluene, and this is used as a marker line for ease of visual
interpretation. The gradual shrinking and then disappearance of this marker line is
clearly evident. The marker line may also be made equivalent to a particular clean-up
goal.

MW 4
5812130

MW 4
5812130

0.31

5812120

MW 4
5812130

0.001

5812120

5812120

MW 28
5812110

MW 18

MW 28
5812110

140

MW 18

MW 28
5812110

55

5812100

MW 27

5812090
MW 12

30

MW 12
MW 29
5812080
3

MW 29

0.041

0.001

MW 5

0.054
MW 26
MW 21

0.98

0.14

5812050
MW 25
MW 24
0.001
0.001310820
310800 310810

0.003

MW 5

5812070

5812060
0.001

MW 21

6.4
5812050

310830

January 2005

310840

310850

310860

MW 29

0.1

5812080

0.034
MW 26
58120600.62

MW 21

25

MW 12

0.27
MW 26

MW 27

5812090

75

MW 5 5812070

5812070

15

5812100

MW 27

5812090

200

0.15

5812080

20

0.002

5812100

310790

MW 18

0.001

0.29

58120600.2

0.065

5812050

310790

MW 25
MW 24
0.001
0.001310820
310800 310810

310830

310840

310850

310860

June 2006

310790

MW 25
MW 24
0.001
0.001310820
310800 310810

310830

310840

January 2007

Figure C5. Spatial analysis of plume status over time.

Example Method 4 – Non-parametric statistical tests for plume
stability
If the above methods are unable to demonstrate plume stability, non-parametric
statistical approaches may be used to evaluate if a shrinking or stable trend exists at
the site. Examples include the Mann-Whitney test or the Mann-Kendall test. At very low
concentrations, these tests may be difficult to apply, and selection of sampling data is
important. To avoid biasing these statistical tests, the same number of significant
figures should be consistently used for a given contaminant. This ensures that any
plume trends are true data trends and not an artefact of laboratory reporting formats.

Mann-Kendall test
The Mann-Kendall test (Gilbert 1987) can be used to define the stability of a plume (i.e.
stable, shrinking or expanding) based on concentration trends at individual bores. To
evaluate plume stability, four or more independent sampling events are required
(Wiedemeier et al. 1999). When using the Mann-Kendall test, bore selection can play a
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310850

310860

critical role in assessing stability trends, and this type of test should be assessed over
the whole plume rather than selected locations, to provide more reliable results.
In summary, the Mann-Kendall test is based on comparison between the first
groundwater sampling event and all subsequent events, as follows:



Concentration of event x > event 1: Enter 1



Concentration of event x = event 1: Enter 0



Concentration of event x < event 1: Enter -1

The results of the second sampling event are then compared to all subsequent events:



Concentration of event x > event 2: Enter 1



Concentration of event x = event 2: Enter 0



Concentration of event x < event 2: Enter -1

This process is repeated for all sampling events. The Mann-Kendall statistic ‘S’ value is
calculated for each bore as the sum of scores for each sampling event. Standard
deviations (SD) and COVs may also be calculated to provide an indication of
confidence levels. If a clear trend is not shown at a pre-determined level of confidence
and the calculated COV is less than or equal to one, the plume may generally be
assessed as stable.

Mann-Whitney U test
The Mann-Whitney U test (Mann & Whitney 1947) is another statistical test that may be
useful at a site. The outcome of the test is not influenced by the overall magnitude of
the data, but rather is based on the ranking of individual data points. The test is
conducted by vertically ranking data points from lowest to highest, with the lowest value
on top and greatest value on the bottom.
For example, eight consecutive quarters of data are divided into two groups
representing the first four quarters (designated with an ‘A’) and the last four quarters
(designated with a ‘B’). For each individual ‘A’ concentration, the numbers of ‘B’
concentrations that occur below the ‘A’ concentration are counted. The four values
(either zero or some positive number) are summed together to obtain the U-statistic.
For the purpose of the Mann-Whitney U method tests, non-detect values are
considered zero. If two or more concentrations are identical, two vertical columns are
constructed. In the first column, the tying ‘B’ concentration is ranked first, and in the
second column the tying ‘A’ concentration is ranked first. An interim U is calculated for
each column, and the average of the interim U values is used as the final U value
(Wiedemeier et al. 1999).
If U<3, the null hypothesis is rejected, and the result (with at least 90% confidence) is
that the concentration for the individual contaminant has decreased with time at that
particular monitoring bore. If U>3, the null hypothesis is accepted, and, conversely, it
cannot be concluded with confidence that the concentration for the individual
contaminant has decreased with time at that bore. Some public domain spreadsheet
packages (e.g. NAPetro) are able to calculate the Mann-Kendall ‘S’ values and MannWhitney ‘U’ values from a given time series data set.
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Example Method 5 – Mass flux approach
Contaminant mass flux is the rate at which a contaminant passes through a defined
cross-sectional area in an aquifer over time. A mass flux calculation – when sufficient
data density exists – can be a useful and cost-effective tool to evaluate the
effectiveness of a natural attenuation remedy (Hatfield et al. 2002), particularly when
monitoring bore layouts are designed as transects perpendicular to groundwater flow
direction and have multi-level screens. For typical single screen monitoring bores and
layouts that do not include transects, the utility of the method is limited.
The mass flux concept is based on conservation of mass. Once the dissolved
contaminant mass leaves the source zone, the total flux within the plume should
remain constant as the plume migrates down the hydraulic gradient, unless mass is
removed by some natural attenuation process(es). When the magnitude of the mass
flux varies at different locations within a plume, this may be an indicator of natural
attenuation. Mass flux calculations can provide insights into the nature, strength and
longevity of the source zone, and can be used for:



refining the conceptual site model



evaluating plume status



demonstrating contaminant mass loss



estimating biodegradation rate constants, and



evaluating the potential impacts to receptors.

Several methods (Nichols & Roth 2004) can be used to estimate contaminant mass
flux. These include:



multi-level transects of monitoring wells across a plume



intercepting a plume via groundwater extraction (so-called integrated pumping
tests), and measuring pumping rate and contaminant concentration over time (to
provide estimates of mass over time)



in-situ, down-hole passive flux meters (PFMs), and



solute transport modelling in combination with field data collection and
interpretation.

PFMs are still in the research and development stage, and are not discussed further. A
separate appendix addresses solute transport modelling. This guidance describes the
mass flux method with multi-level transects of monitoring bores and integrated pumping
tests.
The transect method is based on samples from single or multi-level monitoring well
data interpolated along a transect across the plume, perpendicular to groundwater flow.
A vertical cross-section across the transect is divided into any number of sub-areas,
each presenting a discrete area of uniform groundwater concentration and flow. The
total mass flux is the sum of the fluxes from each of these sub-areas, as illustrated in
Figure C6. Examples of mass flux methods can be found in Suarez and Rifai (2002),
Wiedemeier et al. (1999), NRC (2000), Sun et al. (2003) and Nichols and Roth (2004).
Contaminant mass flux is the product of the rate of groundwater discharge and the
concentration of the contaminant at specified transects along the plume.
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The steps in a mass flux computation can be summarised as follows:



Drawing several transects (or lines) perpendicular to the flow and at various
distances down-gradient from the source. These are referred to as control planes.
Each transect of single or multi-level monitoring wells should extend sufficiently in
distance, both laterally and vertically, to define the width and thickness of the
plume.



Determining the distance between two consecutive contours crossing each
transect (within the study area).



Estimating volume (and mass) of groundwater passing through each line between
two consecutive contours for all the contaminant groundwater concentrations along
a transect.



Estimating the mass flux of the contaminant crossing a transect (i) using the
following equation:
MFi = Ci (Ai. Ne. Vgw.Pw)
Where:

MFi

= mass flux of contaminant (mg/day)

Ci

= dissolved contaminant concentration (mg/L)

Ai

= cross-sectional area of transect i (m2)

Ne

= effective porosity of aquifer in transect i (dimensionless)

Vgw

= Darcy flux across transect i (= hyd. cond (K) x hyd.
grad.(i)) (m/day)

Pw

= density of water (kg/L) = 1



Calculating the contaminant mass for each two consecutive contour lines along the
transect and summing the mass.



Comparing the mass flux change at each transect over time.

Monitoring bore layouts characterised by single level monitoring bores can be applied,
although there is much less resolution compared to multi-level monitoring bore data.
Figures C6 and C7 illustrate the construction of transects for a 2D and 3D plume
respectively.
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Figure C6. Example transects through 2D plume contour map, Dover AFB, Delaware (after Einarson
2001).

Figure C7. Example transects through 3D plume contour map (after Einarson 2001).

Evaluating plume status using mass flux
Assessment of the plume mass flux assists in assessing plume stability when multiple
sampling events for multiple transects are conducted. To use this method, calculate the
mass flux for each consecutive contour line along multiple transects and add up the
mass annually, then compare the mass flux change at each transect to determine the
trend in mass changes along the plume over time on an annual basis. Figure C8 shows
an example of this combined spatial and temporal mass flux method for a stable plume.
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Mass Flux vs Down Gradient Distance for Multiple Transects
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Figure C8. Mass flux vs. down-gradient distance for multiple transects over time.

The plots for mass flux vs. distance over time shown in Figure C8 demonstrate the
stable plume. Figure C9, on the other hand, indicates a shrinking plume, as exhibited
by a mass flux that is declining spatially and temporally. The observed spatial and
temporal loss of contaminant mass may be attributed to biodegradation and/or source
decay.

Mass Flux vs Sampling Event for Multiple Transects
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Figure C9. Mass flux vs. sampling event for multiple transects.

Using mass flux to estimate biodegradation rate constants and demonstrate
contaminant mass loss due to biodegradation
Refer to Appendix E (‘Methods for estimating rate constants’) for an explanation of how
to use mass flux methods for estimating biodegradation rate constants.
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Example Method 6 – Integrated pumping test method
In this method, one or more pumping bores are installed along a control plane
perpendicular to the mean groundwater flow direction downstream of a suspected
pollutant source zone, and operated simultaneously or sequentially (refer to Figure
C10, after Bockelmann et al. 2000). Bore positions, pumping rates and pumping times
are optimised to generate groundwater capture zones that intercept the entire
groundwater flow downstream of the contaminant site. During pumping, concentrations
of target substances are measured as a function of time in the bore discharge of each
of the pumping bores. As a first step, concentration–time series are interpreted using
an analytical solution which simplifies the problem to a steady state situation, and the
following assumptions apply within the capture zone:



the flow towards the abstraction bores is radially symmetrical, i.e. natural flow can
be neglected during the pumping test



the aquifer is homogeneous with regard to porosity, hydraulic conductivity and
thickness, and



the concentration does not vary significantly along each of the streamtubes at the
scale of the groundwater capture zone, although it may vary from streamtube to
streamtube. In other words, a possible concentration gradient in flow direction
along a single streamline within the few tens of metres covered by the well capture
zone is neglected.

The introduction of concentration–time series obtained during pumping of a bore into
the analytical solution allows estimation of the mobile contaminant mass flux crossing a
defined control plane. It does not focus on the quantification of the immobile
contaminant mass trapped in low hydraulic conductivity zones of a heterogeneous
aquifer within the well capture zone. The reason is that the mass flux of a target
compound in the low permeability zones is generally considered to be relatively
insignificant compared to the mass flux in the higher permeability preferential flow
regions.

Figure C10. Conceptual layout of the integrated groundwater pumping test method (Bockelmann et
al. 2000).
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The mass flux of a target compound can be estimated as:
MFi = CgQ
Where:

Cg = groundwater contaminant concentration (mg/L); and
Q = pumping rate (m3/day)

If Q approaches zero, so does the mobile mass flux in the respective aquifer region.

Characteristic IPT plume scenarios
Some typical scenarios can be described where the concentration–time series obtained
at a pumping bore can be used to delineate various plume geometries and locations in
the groundwater. To simplify the analysis, the plume concentration is assumed to be
constant throughout the plume and the natural groundwater flow is ignored.
Figure C11 shows some characteristic plume scenarios which may be encountered
during an IPT. The full description of the IPT is given in Bockelmann et al (2000), and
the reader is referred to this text for more details on this method.
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Figure C11. Four characteristic plume scenarios together with the expected concentration–time
series (after Holder & Teutsch 1999).
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APPENDIX D.
Second line of evidence: Methods for evaluation of
geochemical indicators of in-situ biodegradation
The information presented in this Appendix has been extracted from the following
sources:



Newell, CJ, Winters, JW, Rifai, HS, Miller, RN, Gonzales, J & Wiedemeier, TH
1995, 'Modeling intrinsic remediation with multiple electron acceptors: Results from
seven sites', in Proceedings of the 1995 Petroleum Hydrocarbons and Organic
Chemicals in Ground Water: Prevention, Detection, and Restoration Conference
and Exposition, National Groundwater Association, 29 November – 1 December
1995, Houston, Texas, pp. 33–48.



Wiedemeier, TH, Wilson, JT, Kampbell, DH, Miller, RN & Hansen, JE 1995,
Technical protocol for implementing intrinsic remediation with long-term monitoring
for natural attenuation of fuel contamination dissolved in groundwater, US Air Force
Centre for Environmental Excellence, San Antonio, Texas.

The second line of evidence in support of MNA is defined as:
‘hydrogeologic 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 required levels’ (OSWER 1997).
In particular, geochemical evidence indicative of in-situ biodegradation is an important
component as it is indicative of contaminant destruction.
The significance of biodegradation as a natural attenuation mechanism for BTEX and
other petroleum hydrocarbon compounds is well-recognised (Barbaro et al. 1992;
Barker et al. 1987; Chiang et al. 1989; Davis et al. 1994). Biodegradation may be
defined as microbially-mediated chemical transformation of organic compounds to new
(and in the case of PHCs, generally harmless) daughter compounds. Microbes obtain
energy by reduction or oxidation reaction (redox reactions) with organic compounds or
hydrogen or reduced inorganic forms of iron, nitrogen, sulfur and/or phosphorus.
Terminal electron acceptors (TEAs) are necessary for these microbially-mediated
redox reactions to occur. Under aerobic conditions, oxygen is the TEA, whereas under
anaerobic conditions, nitrate, sulfate, phosphate and carbon dioxide may act as TEAs
(McCarty, Rittman & Bouwer 1984). Thus, biodegradation may be described as either
aerobic and/or anaerobic, depending on the degree of aquifer oxygenation, the
bacterial species and the type of electron acceptors present. Some microbes can
switch from aerobic to anaerobic biodegradation when dissolved oxygen in the
groundwater is depleted (referred to as facultative microbes). The end result of aerobic
biodegradation of petroleum hydrocarbons is carbon dioxide (CO2), water (H2O), and
cell mass. The end products of anaerobic biodegradation include simple organic acids,
CO2, H2O, methane (CH4), hydrogen (H2), nitrogen (N2) and cell mass.
In the context of MNA, in-situ biodegradation is the most important attenuation
mechanism as it results in reduction in contaminant mass, and not just concentration
(as for other non-destructive mechanisms such as advection and dispersion).
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The terminal electron acceptors which provide an indication of in-situ biodegradation
comprise a variety of commonly occurring compounds in groundwater, including:



dissolved oxygen (DO) under aerobic conditions, and



nitrate (NO3), sulfate (SO4), ferric iron (Fe3+), and manganese (Mn) under
anaerobic conditions.

In addition to the above electron acceptors, there are also metabolic by-products
whose presence also indicates anaerobic biodegradation. The two main by-products
include ferrous iron (Fe2+) and methane (CH4).
Evaluation of the geochemical indicators of biodegradation is an important piece of the
evidence needed to demonstrate that significant biodegradation is occurring at a site,
and this evaluation is recommended for all sites. Certain patterns associated with these
electron acceptors and metabolic by-products indicate ongoing in-situ biodegradation
of petroleum hydrocarbons. Table D1 summarises these indicators and associated
patterns.

Table D1. Types of biodegradation reactions and preference by energy potential (Washington State
Department of Ecology 2005).

The biochemical energy associated with alternative degradation pathways can be
represented by the redox potential of the alternative electron acceptors: the more
positive the redox potential, the more favourable (in terms of energy) the reaction.
Generally, organisms with more efficient modes of metabolism grow faster and
therefore dominate over less efficient forms.
Based on thermodynamic considerations, the most energetically-preferred reaction
should proceed in the plume until all of the required electron acceptor is depleted. At
that point, the next preferred reaction should begin and continue until that electron
acceptor is consumed, leading to a pattern where preferred electron acceptors are
consumed one at a time, in sequence. The energy potential for the sequence of
reactions is illustrated in the Figure D1 schematic (after Wiedemeier et al. 1995).
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Figure D1. Redox potentials in millivolts, pH 7, 25oC (Wiedemeier et al. 1995).

Aerobic and anaerobic pathways of BTEX biodegradation
Following on from the aforementioned energy potential reactions, the following
stoichiometric reactions have been developed for the biodegradation of toluene
(C6H5CH3) for both the aerobic and anaerobic biodegradation pathways.
Aerobic respiration
C6H5CH3+ 9O2  7CO2 + 4H2O
Anaerobic respiration
Nitrate reduction
5C6H5CH3+ 36NO3 + 36H+  18N2+ 35CO2+ 38H2O
Manganese reduction
C6H5CH3+ 18MnO2+ 36H+  18Mn2+ + 7CO2 + 22H2O
Iron reduction
C6H5CH3 + 36Fe(OH)3+ 72H+  36Fe2+ + 7CO2+ 94H2O
Sulfate reduction
8C6H5CH3+ 36SO42- + 72H+  36H2S + 56CO2+ 32H2O
Methanogenesis
8C6H5CH3+ 40H2O  36CH4+ 20CO2
Note that the equations are balanced using toluene and would slightly differ for other
BTEX constituents. The equations balanced using benzene can be found in
Wiedemeier et al. (1995). Table D2 summarises the typical relationships between
petroleum hydrocarbons and geochemical indicators.
Table D2. Expected relationship between BTEX and electron acceptor/metabolic by-product
concentrations within a plume.

BTEX
High
Low

Oxygen
Low
High

Nitrate
Low
High

Mn (II)
High
Low

Fe (II)
High
Low

Sulfate
Low
High
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The above relationships may be used to assess whether in-situ biodegradation is
occurring or not. There are various graphic methods for assessing the above
relationships, including (from simplest to more complex) X-Y (scatter) plots, plume
centreline (line) plots, hydrochemical plots (e.g. Radial or Stiff diagrams), and contour
(or isopleth) plans.

X-Y scatter plots
X-Y scatter plots are the simplest initial approach for the interpretation of hydrogeochemical data related to in-situ biodegradation. Scatter plots of selected terminal
electron acceptors vs. contaminant concentration can quickly show significant data
relationships. Both normal scale and log scales can be used. The latter can be
particularly useful where PHC biodegradation is following a first-order relationship.
The scatter plot can also be used to plot the entire sample data set or selected sample
groups. Figure D2 shows examples of how scatter plots can be used to assess in-situ
biodegradation.
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Figure D2. Example X-Y scatter plots of geochemical indicators of biodegradation.

The first plot shows the log BTEX and benzene concentrations vs. log DO
concentrations, to assess aerobic biodegradation. Although there is some scatter in the
data, the inverse relationship of low DO/high BTEX is generally indicated. The second
plot of log BTEX vs. log sulfate shows a similar inverse relationship. The third and
fourth plots show BTEX vs. ferrous iron and methane respectively, and show the
general positive relationship between BTEX and these two metabolic by-products.
CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

89

Plume centreline plots
Provided the monitoring bore density and layout is sufficient, it is also possible to
demonstrate in-situ biodegradation by constructing plots of concentration vs. distance
(from the contamination source) for the various geochemical indicators. Figure D3
illustrates the types of patterns observed at sites where natural attenuation via in-situ
biodegradation is occurring (Newell et al. 1995).

Observed
Concentration
BTEX

O2, NO3, SO4
Concentration

Fe2+, CH4
Concentration

X

Figure D3. Typical trends in TEA and MB concentrations along plume centreline. (Newell et al.
1995).

Figure D4 is an example of real site data for toluene, sulfate, methane, oxidationreduction potential and dissolved oxygen along the toluene plume centreline. The
inverse relationship between toluene and sulfate is clearly indicated, as is the positive
relationship between toluene and methane, particularly near the source zone.
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Figure D4. Example plume centreline plot indicating biodegradation of toluene.
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Hydrochemical diagrams
There are various types of hydrochemical diagrams used in the industry, however two
particular types are used for assessment of natural attenuation via in-situ
biodegradation: the Stiff diagram and Radial diagram. Figure D5 shows examples of
both types of plots.

Radial Diagram – Sample 5

Stiff Plot – Sample 3A
Mg

SO4

Ca

HCO3

Mg

Ca

Na
Cl
Na

16.7

Cl

8.35

8.35

16.7 (meq/l)

example Stiff diagram

SO4

HCO3

example Radial diagram

Figure D5. Examples of Stiff and Radial diagrams (Aquachem V8 2009).

Stiff diagrams
Stiff diagrams are a method of graphically comparing the concentration of selected
anions and cations (or selected terminal electron acceptors and metabolic by-products)
for several individual samples. The shape formed by the stiff diagrams will quickly
identify samples that have similar compositions, and are particularly useful when used
as map symbols to show the geographic location of different water facies (e.g. water
facies indicating in-situ biodegradation).

Radial diagrams
Similar to Stiff diagrams, Radial diagrams are used as a method of graphically
comparing the concentrations of selected parameters for several individual samples.
The shape formed by the Radial diagrams helps in identifying samples that have
similar compositions, and are particularly useful when used as map symbols to show
the geographic location of different water facies.
The hydrochemical plots in Figure D5 were generated using proprietary software
Aquachem (Schlumberger Services 2006), however Excel can be programmed to
provide similar outputs. Other proprietary software includes MONA Toolkit, which is
specifically designed to produce radial diagrams and insert them into plume maps.
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Contour (isopleth) plans
Provided there is sufficient monitoring bore density and layout, the spatial relationships
between plume and background concentrations can be assessed using contour plans,
otherwise referred to in the literature as isopleth plans (Wiedemeier et al. 1995).
Figure D6 shows some examples of contour plans provided in support of natural
attenuation via in-situ biodegradation. The grey contours are toluene, while the orange
and red contours and data labels are sulfate and methane respectively. The inverse
and positive relationships associated with toluene are clearly shown in the contour
plans.
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Figure D6. Example contour plans indicating in-situ biodegradation of toluene.

These plans were generated using Surfer Version 8.0 (Golden Software 2006),
however any public domain gridding and contouring software may be used for this
purpose. In order to provide good evidence of in-situ biodegradation, a series of
contour plans should be generated for each sampling round, to allow both spatial and
temporal assessment.

General discussion on geochemical indicators
There are various geochemical indicators which may be used to assess for in-situ
biodegradation. For the purpose of this standard, these are divided into primary
indicators and secondary indicators.

Primary indicators
Dissolved oxygen
Dissolved oxygen (DO) is the favoured electron acceptor used by microbes for the
biodegradation of many forms of organic carbon, and drives the aerobic biodegradation
process. To evaluate the potential for this process to occur, it is essential to quantify
the DO concentration of the groundwater within and outside the impacted zone.
CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

92

McAllister and Chiang (1994) showed that a significant statistical inverse relationship
exists between DO and BTEX concentrations where aerobic biodegradation was
occurring. They cited DO concentrations of greater than 1–2 ppm were sufficient to
facilitate aerobic biodegradation.
Nitrogen as nitrate
After dissolved oxygen has been depleted, nitrate may be used as an electron acceptor
for anaerobic biodegradation via denitrification. This is, energetically, the most
favourable of the anaerobic processes; however it may also be promoted by
denitrifying bacteria under aerobic conditions where NO3 is absent – such bacteria are
referred to as facultative (ORD 1994). During denitrification, nitrate concentrations
measured in groundwater decrease. Thus, nitrate concentrations below background in
areas with dissolved contamination provide evidence for biodegradation. Nitrate is
often analysed by methods that measure nitrate (NO3) and nitrite (NO2). As nitrite is
very unstable under most environmental conditions and makes up a very small
percentage of total nitrogen at the majority of sites, nitrate alone can be used as a
measure of nitrate.
Manganese
When Mn4+ is used as an electron acceptor during anaerobic biodegradation of organic
carbon, it is reduced to Mn2+. Increases in Mn2+ concentrations associated with
contamination can thus be used as an indicator that anaerobic biodegradation has
occurred via Mn4+ reduction.
Ferrous iron
When ferric iron (Fe3+) is used as an electron acceptor during anaerobic
biodegradation, it is reduced to ferrous iron (Fe2+), which is soluble in water. Fe2+
concentrations can therefore be used as an indicator that anaerobic biodegradation
has or is occurring via Fe3+ reduction. Dissolved ferrous iron in groundwater, however,
typically represents a minor fraction of the total assimilative capacity attributed to iron
reduction. This is because most ferrous iron remains bound to insoluble ferric iron
oxyhydroxide coatings in the soil matrix. In this case, measurement of bioavailable
ferric iron in soil can be used as a baseline characterisation for candidate natural
attenuation sites.
Sulfate
After dissolved oxygen, nitrate and biologically available Mn4+ and Fe3+ have been
depleted in the microbiological treatment zone, sulfate may be used as an electron
acceptor for anaerobic biodegradation via sulfate reduction (otherwise referred to as
sulfanogenesis). During sulfate reduction, sulfate concentrations measured in
groundwater decrease, and therefore sulfate concentrations less than background in
areas with dissolved contamination provide evidence for anaerobic biodegradation.
Sulfate, due to a generally naturally high background groundwater concentration, has
been found to be a commonly-used and important TEA in anaerobic biodegradation
(Wiedemeier et al. 1995). Sulfanogenesis is a very common form of in-situ
biodegradation.
Methane
Methanogenesis results in the production of methane during the biodegradation of
petroleum hydrocarbons. The presence of methane in groundwater is indicative of
strongly reducing conditions. Methanogenesis is a two-step process involving
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fermentation and respiration. Methane may be present either in dissolved or gaseous
form.
Alkalinity
The production of CO2 during hydrocarbon biodegradation can often result in localised
increases in carbonate species (H2CO3, HCO3- and CO32-) concentrations in
groundwater. Depending on solubility, this may lead to the formation of calcium
carbonate (CaCO3). As the sequential electron acceptors are used, CO2 is produced at
each metabolic step. Changes in carbonate species concentration are an indication of
microbial activity, and influence the ability of groundwater to buffer changes in pH
caused by the addition of biologically-generated acids through both aerobic and
anaerobic biodegradation processes (Washington State Department of Ecology 2005).
For example, aerobic biodegradation produces dissolved carbon dioxide and organic
acids, resulting in the potential acidification of groundwater where this process is
occurring. In these cases the impacted plume can be characterised by a region of
reduced pH levels, and increased alkalinity (as CaCO3) may occur as a result of the
enhanced dissolution of naturally-occurring carbonates within the aquifer material (if
present).

Secondary indicators
Metabolic by-products including hydrogen sulfide (H2S), CO2, increased pH and
lowered oxidation-reduction potential are all secondary indicators of in-situ biodegradation. The measurement of metabolic by-products in an aquifer may be useful in
identifying the predominant microbial and geochemical processes that are occurring or
have already occurred at the time of sample collection. Of the readily measurable
metabolic by-products, only oxidation-reduction potential should be measured in the
field; the remainder of the analytes can be measured in an analytical laboratory.
Generally, positive ORP readings indicate oxidising conditions as the predominant
environment for chemical transformation processes occurring within any given aquifer.
This is particularly so when occurring together with elevated DO concentrations.
Conversely, negative ORP readings indicate reducing conditions, which are more
suggestive of anaerobic conditions, particularly when occurring together with reduced
DO concentrations. Some care must be taken, however, in interpretation as ORP is
also affected by ionic concentrations, as indicated by the groundwater salinity.
Generally, ORP readings will be higher in more saline groundwater, due to the greater
ionic concentrations.
Theoretically speaking, the concept of sequential use of an electron acceptor assumes
competitive inhibition – that is, that microbial metabolism will deplete oxygen at first,
then nitrate, then available iron, etc., resulting in definable zones of individual electron
acceptors within a plume aquifer. However, as reduced products of electron acceptors
such as ferrous iron, sulfide and methane are transported down-gradient through
groundwater advection and altered by recharge (dilution), organic matter availability
(retardation), hydraulic gradients and other factors, it is difficult to delineate a particular
redox zone at a contaminated site. In reality, iron and sulfate reduction and methane
production may be intermingled, making it difficult to evaluate the dominant
biodegradation processes at any given location and time within the plume aquifer. In
addition, field-measured parameters such as electrical conductivity (EC) are also useful
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when interpreted together with ORP and pH (also measured in the field) for
identification of groundwater recharge zones. Localised recharge processes may
confound the typical assessment of natural attenuation based on spatial correlations
between contaminant and TEA and MB concentrations. For example, a localised
recharge zone characterised by low sulfate concentrations may be interpreted as being
a zone of active biodegradation, whereas the low sulfate (in reality) is reflecting
infiltration and the mixing of low salinity rainwater with regional groundwater. In this
case, it may be useful to plot EC vs. sulfate concentrations. If a mixing line is apparent,
then sulfate may not be able to be used for assessing natural attenuation.
Temperature can also influence biodegradation rates. Optimum temperatures are
between 20oC and 40oC (Atlas 1981). Higher temperatures may also increase
contaminant solubility; however, this would generally be negligible due to the buffering
effect of the vadose zone, resulting in relatively stable groundwater temperatures.

Optimum conditions for biodegradation
The following conditions are considered favourable for in-situ biodegradation:



high densities of aerobic and/or carbon-utilising microbes, available for either
aerobic and/or anaerobic biodegradation of hydrocarbon contaminants



elevated DO concentrations (i.e. greater than 1–2 ppm) and proximity to
groundwater recharge zones (i.e. zones of DO replenishment), which will facilitate
ongoing (and sustainable) aerobic biodegradation



presence of additional electron donors and acceptors (e.g. NO3-, SO42-, Fe3+) which
enable anaerobic as well as aerobic biodegradation (i.e. biodegradation is not
oxygen-limited), and



pH between 6 and 9 and warm groundwater temperatures (i.e. between 20oC and
40oC).

Relative importance of different electron acceptors
In the presence of hydrocarbon contamination and dissolved oxygen, micro-organisms
capable of aerobic metabolism will predominate over anaerobic forms. However, DO is
generally rapidly consumed in the interior of contaminant plumes, converting these
areas into anoxic (low-oxygen) zones. Under these conditions, anaerobic bacteria
begin to utilise other electron acceptors to metabolise dissolved hydrocarbons. The
principal factors influencing the utilisation of the various electron acceptors by
hydrocarbon-degrading bacteria include:



the relative biochemical energy provided by the reaction



the availability of individual or specific electron acceptors at a particular site, and



the kinetics (rate) of the microbial reaction associated with the different electron
acceptors.

Study results from the US Air Force Centre for Environmental Excellence (AFCEE)
(Newell et al. 1995) indicated that anaerobic processes dominate the biodegradation of
petroleum-contaminated groundwater during the natural attenuation processes. In
particular, sulfate reduction and methanogenesis appear to be the major
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biodegradation processes for petroleum hydrocarbons. Oxygen and nitrate serve as
minor electron acceptors. Figures D7 and D8 are pie charts based on the AFCEE
(1995) study. The first chart is based on all sites while the second chart is based on all
sites, except five where very high (>200 mg/L) sulfate concentrations were present.
Both charts show that sulfate and methanogenesis reduction are the two most
important forms of in-situ biodegradation.
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Figure D7. Average contribution of BTEX biodegradation processes in site groundwater
(AFCEE 1995).
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Methanogenesis
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Denitrification
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Iron (III) Reduction
12%

Sulfate Reduction
28%

Figure D8. Average contribution of BTEX biodegradation processes in site groundwater, excluding
five sites with greater than 200 mg/L sulfate reduction capacity (AFCEE 1995).

Concept of assimilative or biodegradation capacity
Assimilative capacity means the potential capacity of groundwater to biodegrade
petroleum hydrocarbon contaminants into other compounds or elements. Assimilative
capacity is calculated by multiplying the background concentration of an electron
acceptor by its utilisation factor to provide an estimate of the ultimate assimilative
capacity of the aquifer by that mode of biodegradation. Expressed assimilative capacity
means the demonstrated capacity of the aquifer to degrade contaminants. Expressed
assimilative capacity is calculated using the difference in concentration between a
background well and a well in the area of contaminant plume (Washington State
Department of Ecology 2005).
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Biological reactions occur until the available electron acceptors in groundwater are
consumed, or metabolic by-products produced. For the latter reactions, the metabolic
by-products, ferrous iron and methane can be used as proxies for the potential amount
of biodegradation that could occur from the iron-reducing and methanogenesis
reactions. The total amount of available electron acceptors for biological reactions can
be estimated by:



calculating the difference between up-gradient concentrations and source zone
concentrations for oxygen, nitrate and sulfate, and



measuring the concentration of metabolic by-products (ferrous iron and methane)
in the source zone.

Using stoichiometry, utilisation factors are developed which represent the ratio of
oxygen, nitrate and sulfate consumed relative to the mass of dissolved hydrocarbon
biodegraded. Similarly, utilisation factors can be developed to show the ratio of the
mass of metabolic by-products (e.g. methane) that are generated to the mass of
dissolved hydrocarbon biodegraded. Wiedemeier et al. (1995) provides the following
utilisation factors based on the degradation of combined BTEX constituents
(Table D3):

Table D3. BTEX utilisation factors.

Terminal electron acceptor/by-product

BTEX utilisation factor

Oxygen

3.14

Nitrate

4.9

Sulfate

4.7

Ferrous iron

21.8

Methane

0.78

Alkalinity

(1)

7.7

Note to table: (1) Alkalinity measurements provide a lumped estimate of assimilative capacity,
incorporating both aerobic and anaerobic biodegradation. As such it must be used separately from the
other TEAs and MBs.

For a given background concentration of an individual electron acceptor, the potential
contaminant mass removal or ‘assimilative capacity’ depends on the ‘utilisation factor’
for that electron acceptor. Dividing the background concentration of an electron
acceptor by its utilisation factor provides an estimate (in BTEX concentration units) of
the assimilative capacity of the aquifer by that particular biodegradation process. When
the available electron acceptor/by-product concentrations are divided by the
appropriate utilisation factor, an estimate of the ‘assimilative capacity’ of the
groundwater flowing through the source zone and plume can be developed:
Assimilative or biodegradation capacity (mg/L) =
{(Average up-gradient oxygen concentration) – (minimum source zone oxygen
concentration)} / 3.14
+ {(Average up-gradient nitrate concentration) – (minimum source zone nitrate
concentration)} / 4.9
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+ {(Average up-gradient sulfate concentration) – (minimum source zone sulfate
concentration)} / 4.7
+ {Average observed ferrous iron concentration in source area} / 21.8
+ {Average observed methane concentration in source area} / 0.78
The calculated biodegradation capacity (BC) of the aquifer is then compared to the
range of contaminant concentrations observed at the site. If the aquifer BC exceeds the
recorded contaminant concentrations, it may be tentatively concluded that, at the time
of sampling, contaminant loading to the aquifer does not exceed the aquifer’s ability to
attenuate the contamination (and vice versa).
This lumped assimilative capacity (or mass balance) approach assumes that all of the
various aerobic and anaerobic reactions occur over the entire zone of groundwater
contamination, and that redox-controlled zonation of reactions does not occur.
Theoretically, DO utilisation occurs at the down-gradient portion and edges of the
plume, nitrate utilisation a little closer to the source, iron reduction in the middle of the
plume, sulfate reduction near the source, and methane production in the heart of the
source zone. Field data, however, indicates little or no evidence of this theoretical
zonation of reactions; in fact, all of the reactions appear to occur simultaneously in the
source zone (Newell et al. 1995).
The most common pattern observed at petroleum release sites is that ferrous iron and
methane seem to be restricted to the higher-concentration or source zone areas, with
the other reactions (oxygen, nitrate and sulfate depletion) occurring throughout the
plume (AFCEE 1995).
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APPENDIX E.
Methods for estimating rate constants
The information presented in this Appendix has been extracted from the following
sources:



Washington State Department of Ecology 2005, Guidance on remediation of
petroleum-contaminated ground water by natural attenuation, publication no. 05-09091 (version 1.0), Washington State Department of Ecology, Olympia.

As with a large number of processes, the change in solute concentration in
groundwater over time often can be described using a first-order rate constant. In one
dimension, first-order decay is described by the following differential equation:

dC
 kt
dt
Where:

C = concentration at time t (M/L3)
k = bulk attenuation rate (first-order rate constant) (1/T)

Solving this differential equation gives:

C  C 0 e  kt
The bulk attenuation rate (k) groups all processes acting to reduce contaminant
concentrations and includes advection, dispersion, dilution from recharge, sorption and
biodegradation. To determine the portion of the overall attenuation that can be
attributed to biodegradation, these effects must be accounted for and subtracted from
the total attenuation rate.
First-order attenuation rate constant calculations can be an important tool for
evaluating natural attenuation processes at groundwater contamination sites. Specific
applications identified in US EPA guidelines (US EPA 1999a) include use in
characterisation of plume trends (shrinking, expanding, or showing relatively little
change), as well as estimation of the time required for achieving remediation goals.
However, the use of the attenuation rate data for these purposes is complicated, as
different types of first-order rate constants represent very different attenuation
processes:



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



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



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

Rate constants are used in solute fate and transport modelling of dissolved phase PHC
plumes and to estimate potential restoration timeframes. Bulk attenuation refers to all
of the natural attenuation processes (dispersion, sorption, volatilisation, dilution by
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recharge and biodegradation). To determine the portion of the overall attenuation that
can be attributed to biodegradation, these effects must be accounted for, and
subtracted from the total attenuation rate. Even though biodegradation usually
accounts for the majority of the attenuation rate for dissolved petroleum hydrocarbon
plumes, care must be taken when using the bulk attenuation rate in fate and transport
modelling, such that some natural attenuation processes (e.g. dispersion and sorption)
are not double counted.
This Appendix presents example methods for estimating point rates, bulk attenuation
rates and biodegradation rates. For the latter, two methods for determining first-order
biodegradation rates at the field scale are presented. The first method involves the use
of a conservative tracer; the second method was derived by Buscheck and Alcantar
(1995), and is valid for steady-state plumes. Any type of rate constant calculation
should be verified by observed groundwater concentrations during the performance
monitoring period.

Published values
Table E1 provides a summary of published literature values for first order anaerobic
decay rates, as taken from Wiedemeier (1999).

Table E1. Representative first-order rate constants.
Reference
Chapelle (1994)

Anaerobic decay
rate (day-1)
0.01

Anaerobic decay
rate (week-1)
0.07 (a)

3.6

(a)

Wilson et al. (1994)

0.2

1.3

Wiedemeier et al. (1995a)

0.01 – 0.2

0.07 – 0.22 (a)

Wiedemeier et al. (1995a)

0.03 – 0.04

0.20 – 0.30

Anaerobic decay
rate (year-1)

67.6
3.6 – 11.4

(b)

10.4 – 15.6

(c)

Wiedemeier et al. (1995a)

0.02 – 0.04

0.16 – 0.27

8.3 – 14.0

Wiedemeier et al. (1995a)

0.01 – 0.03

0.06 – 0.20 (d)

3.1 – 10.4

(e)

2.1 – 10.4

Wiedemeier et al. (1995a)

0.005 – 0.04

0.04 – 0.20

Stauffer et al. (1994)

0.01 – 0.02

0.07 (b) – 0.13 (e)

MacIntyre et al. (1993)

0.01 – 0.04

0.07 – 0.14

(e)

3.6 – 6.8
3.6 – 8.1

(b)

2.6 – 4.3
2.5 – 4.3

MacIntyre et al. (1993)

0.01 – 0.02

0.049 – 0.084

MacIntyre et al. (1993)

0.01 – 0.02

0.044 – 0.083 (f)

Notes to table: (a) for total BTEX; (b) for benzene; (c) for toluene; (d) for ethylbenzene; (e) for xylenes; (f) for naphthalene.

Distinctions between different rate constants
Figure E1 shows an example of concentration vs. time attenuation rate constant, where
a rate constant, in units of inverse time (e.g. per day), is derived as the slope of the
natural log concentration vs. time curve measured at a selected monitoring location.
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Natural Log
Concentration

Kpoint = Slope

Time

Figure E1. Concentration vs. time rate constant (Kpoint) (Newell et al. 2002).

Natural Log
Concentration

Figure E2 shows a method for concentration vs. distance attenuation rate constant,
where a rate constant, in units of inverse time (e.g. per day), is derived by plotting the
natural log of the concentration vs. distance and (if matched to a first-order pattern)
calculating the rate as the product of the slope of the transformed data plot and the
groundwater seepage velocity.

Slope = k/Vgw

Time

Figure E2. Concentration vs. distance rate constant (k) (Newell et al. 2002).

Figure E3 shows example methods for estimating biodegradation rate constants. The
‘biodegradation rate constant’ (λ) in units of inverse time (e.g. per day) can be derived
by a variety of methods, such as comparison of contaminant transport vs. transport of a
tracer or, more commonly, calibration of solute transport model to field data.
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Figure E3. Biodegradation rate constant (λ) (Newell et al. 2002).

Table E2 summarises the characteristics of the different rate constants, and what kind
of interpretations can be made from them.

Table E2. Summary of first-order rate constants for natural attenuation studies (Newell et al. 2002).
Use of rate constant
Rate constant

Method of
analysis

Context

Plume

Plume

Plume

attenuation?

trends?

duration?

Reduction in dissolved
contaminant concentration
over time at a single point
(bore). May also be used to
estimate source depletion if
bore is located in or near
source

No

No

Yes

Point attenuation
rate (Fig E1)
Kpoint , time per
year

Concentration
vs. time plot

Bulk attenuation
rate (Fig E2), k,
time per year

Concentration
vs. distance plot

Reduction in dissolved
contaminant concentration
with distance from source

Yes

No

No

Biodegradation
rate (Fig E3)
Λ, time per year

Model
calibration,
tracer studies

Biodegradation rate for
dissolved contaminants
AFTER leaving source, and
exclusive of other attenuation
processes

Yes

No

No

Notes: While concentration vs. time data at a single point in the plume are useful for determining trends at that location (i.e.
are concentrations increasing, showing relatively little change, or declining), a rate constant calculated from concentration vs.
time data at a single location cannot be used to estimate the trend of an entire plume. However, an assessment of general
trends in several monitoring bores which cover the entire plume may be used for this purpose.

Example Method 1: Graphical and regression techniques to
calculate point decay rates and bulk attenuation rate constants
(after Washington Department of Ecology 2005)
The following graphical and regression techniques for concentration vs. time (assuming
shrinking trends) and concentration vs. distance (assuming shrinking or stable trends)
have been adapted from ASTM (1998b) to determine rate constants.
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Concentration vs. time approach (temporal analysis at a point in the plume)
This method is based on the point decay rate (assuming first-order decay) equation:
Ct=C0*exp(−kpoint*t)

Where:

C0 = starting groundwater concentration measured at a specific time and
a specific monitoring bore (M/L3)

Ln (concentration)

For a shrinking plume, the natural log of the groundwater contaminant concentrations
can be plotted vs. time for each selected monitoring bore. The slope of the best-fit line
of the regression analysis is an approximation of the bulk attenuation rate. Three or
more bores located within the plume boundary should be used for this technique. The
r2 value of the regression analysis and the level of confidence on the slope of the loglinear regression line should be evaluated. Figure E4 illustrates this technique for a
shrinking plume.

1

kpoint

Time

Figure E4. Temporal analysis of a plume at a single monitoring point (Washington Department of
Ecology 2005).

Point decay rate constants derived at single monitoring locations provides information
regarding the potential plume lifetime at that particular location, but cannot be used to
evaluate the distribution of contaminant mass within the groundwater system. To
adequately assess the entire plume, monitoring bores should be available that
adequately delineate the entire plume, and an adequate record of monitoring data
should be available for each well.
For each monitoring bore within the plume, the time to reach an adopted clean-up goal
(CCUL) for that particular bore can be estimated using the following equation:

C 
ln  CUL 
C
t  0 
k po int
An attenuation rate can be extracted from field data and used to evaluate whether the
rate is statistically significant. This rate can also be used to assess how soon the
concentration will reach an adopted clean-up level at a particular monitoring bore. A
confidence level of at least 85% and probability error of 15% is typically sufficient.
CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

103

To account for the uncertainty in the estimate of kpoint and in the projected restoration
timeframe to achieve adopted clean-up goals for a particular monitoring bore,
confidence intervals may be calculated for each estimate of kpoint. The level of
confidence is the probability that the true rate (or a project remediation timeframe) is
contained within the calculated confidence interval (Newell et al. 2002; US EPA
2005a).
In a least squares regression analysis, the correlation coefficient ‘r’ is a function of the
degree of freedom (the number of observations minus two). For example, if a bore is
sampled quarterly for two years, the degree of freedom would be 6, which requires a
correlation coefficient of about 0.8 to demonstrate statistical significance at 98% level
of confidence for a least square regression analysis.
The level of confidence as a decision criterion for a log-linear regression analysis can
be used to:



determine whether there is sufficient evidence to conclude that there is a linear
correlation between sampling time and log contaminant concentration at a
designated bore, and



estimate the lower boundary value of the slope (calculated with log-linear
regression analysis) and consequent calculations for prediction of plume
behaviour.

If there are strong seasonal influences on groundwater recharge, these effects may be
reflected in the measured concentrations of contaminants in monitoring bores. When
there are strong seasonal effects on recharge and therefore water levels, it may be
useful to extract the rate of attenuation of seasonal maximum concentrations, and
compare that rate to the overall rate of attenuation.

Concentration vs. distance approach (spatial analysis)
The natural log of the groundwater concentration vs. distance can be plotted for
shrinking or stable plumes. Time (t) can be described in terms of contaminant velocity
in groundwater (νc) and distance travelled (x).

t

x
vc

The term x/νc is the residence time for the contaminant to move some distance (x) from
the source. Based on this, the first-order decay rate equation can be re-written as:


x
C x  C0 * exp   k 
vc 

The slope of the best-fit line of the regression analysis in a natural log of concentration
vs. time plot is k/νc, the reciprocal of the attenuation distance. To estimate k, the slope
of the line from the log-linear regression analysis of concentration along a plume path
(at a particular time) is multiplied by the contaminant velocity (νc) as shown in
Figure E5, where:
k/vc = slope of natural log (conc) vs. distance from source
k (bulk attenuation rate) = slope * contaminant velocity (vc)
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Ln (concentration)

1

k/vc

Distance from Source

Note: A minimum of four groundwater monitoring bores along the centreline of the plume should be used when applying
this technique. If groundwater concentrations from multiple events are available for a stable plume, average
concentrations per bore could be used. Caution should be taken with this approach, as it depends on accurate
groundwater velocities to obtain reliable bulk attenuation rates.

Figure E5. Spatial analysis (Washington Department of Ecology 2005).

A single bulk attenuation rate derived does not provide sufficient information regarding
the variation of contaminant mass over time, and therefore cannot be used to estimate
the remediation timeframes. These bulk attenuation rate constants incorporate all
attenuation mechanisms (sorption, dispersion, biodegradation, etc.) after they leave the
source. The distance the contamination would travel down-gradient from the source to
reach a certain groundwater concentration (e.g. clean-up levels) can be calculated
using the following equation:
x   ln

C CUL v c
*
C0
k

If the plume currently has not travelled this distance, then the rate analysis suggests
the plume may expand to that point. If the plume has extended beyond that point, the
rate analysis suggests the plume may shrink in the future.

Example Method 2: Methods for estimating biodegradation rates
This section provides three methods for estimating first-order biodegradation rates from
field data:



conservative tracer method



Buscheck and Alcantar (1995) method, and



mass flux method.

Conservative tracer method
Several processes cause a reduction in contaminant concentrations and an apparent
reduction in the total mass of contaminant in a groundwater system, including dilution,
sorption and hydrodynamic dispersion. In order to ensure that observed decreases in
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contaminant concentrations can be attributed to biodegradation, measured
concentrations of BTEX must be corrected for the effects of advection, dispersion,
dilution from recharge and sorption. In addition, an accurate first-order biological decay
rate can be calculated only if it can be shown that biodegradation is a first-order
process. BTEX concentrations must first be plotted on log-linear scale to ensure that
biodegradation is a first-order process.
The correction is based on normalising the measured concentration of the BTEX
constituents to the concentration of a tracer that behaves in a similar manner to BTEX,
but is recalcitrant to biodegradation. Two compounds in petroleum products which may
meet these criteria are trimethylbenzene (TMB) and tetramethylbenzene (Wiedemeier
et al. 1998). These compounds are difficult to biodegrade under anaerobic conditions,
and frequently persist in groundwater longer than BTEX. Depending on the
composition of the fuel that was released, other tracers are possible. The three isomers
of this compound (1,2,3-TMB, 1,2,4-TMB and 1,3,5-TMB) have Henry’s Law constants
and soil sorption coefficients that are similar to BTEX, and the TMB isomers are
generally present in sufficient quantities in fuel mixtures to be readily detectable when
dissolved in groundwater. TMB is slightly more hydrophobic than BTEX, and therefore
has a higher soil sorption coefficient. This causes preferential sorption of TMB. In
addition, TMB generally is not entirely recalcitrant under anaerobic conditions, and
appears to degrade rapidly under aerobic conditions. The degree of recalcitrance of
TMB is site-specific, and the use of this compound as a conservative tracer must be
evaluated on a case-by-case basis. The corrected concentration is equivalent to that
concentration that would be expected at one point (B) located down-gradient from
another point (A) after correcting for the effects of dispersion, dilution and sorption
between these points. This may be described mathematically as follows:
 TMB A 

C B ,corr  C B 
 TMB B 

Where:

CB,Corr = corrected concentration of compound of interest at point B
CB

= measured concentration of compound of interest at point B

TMBA = measured concentration of trimethylbenzene at point A
TMBB = measured concentration of trimethylbenzene at Point B
If any TMB mass is lost due to biodegradation or preferential sorption, the above
equation becomes more conservative (i.e. lower mass losses due to biodegradation
and lower biodegradation rate constants will be calculated). After correcting measured
BTEX concentrations for the effects of dispersion, dilution and sorption, it is possible to
estimate the amount of BTEX removed from the system (converted to carbon dioxide
and water) via biodegradation using the following relationship:

 C BIO , AB  C A ,OBS  C CORR
Where:

ΔCBio,AB = change in BTEX concentration between points A and B
caused by biodegradation
CA, Obs = observed BTEX concentration at point A
CB,Corr = corrected BTEX concentration at point B

The mass of BTEX lost between these two points can be calculated if the volume of
water between the two points is known. The percentage of BTEX lost to biodegradation
between the two points (A) and (B) can now be calculated, and is given by:
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C
 C BIO , AB 
 C B ,CORR
 x100   A ,OBS
BTEX BIO  


 C A ,OBS  C B ,OBS
 CTOTAL , AB 

Where:


 x100



ΔBTEXBio = percent BTEX lost to biodegradation
CB,Corr

= TMB-corrected BTEX concentration at point B

CA,Obs

= observed BTEX concentration at point A

CB,Obs

= observed BTEX concentration at point B

ΔCTotal,AB = observed change in BTEX concentration between points A
and B
ΔCBio,AB

= change in BTEX concentration between points A and B
caused by biodegradation

If the corrected concentration of a compound at the down-gradient location, CB,Corr, is
greater than the observed concentration of the compound at the up-gradient point, CA,
the amount of BTEX lost to biodegradation between the two points will be a negative
number. In this case, TMB is not a conservative tracer relative to the compound (i.e.
the given compound is more biologically recalcitrant between the two points than TMB),
and TMB cannot be used as a conservative tracer.
Substituting the TMB-corrected concentration, CB,corr, at a down-gradient point (B) for C
term in the first-order decay rate equation, and the measured concentration, CA, at an
up-gradient point (A) for Co, this equation becomes:

CCORR  C0 ,measured e  t
Where:

Ccorr

= TMB-corrected contaminant concentration at time t at downgradient point

Co, measured = measured contaminant concentration at up-gradient point
λ

= first-order biological decay rate (first-order rate constant)
(1/T)

The rate constant in this equation is no longer the total attenuation rate (k), but is the
biological decay rate (λ) because the effects of advection, dispersion, dilution from
recharge and sorption have been removed. This relationship can be used to calculate
the first-order biological decay rate constant between two points by solving for λ:
 C

ln CORR 
C
   0 ,measured ) 
t

Where the travel time (t) between two points is given by:

t
Where:

x
vc

x = distance between two points (L)
vc = retarded solute velocity (L/T)

A second way to estimate the first-order rate constant from a set of TMB-corrected data
is to make a log-linear plot of TMB-corrected total BTEX concentration (or the TMBcorrected concentration of a specific compound, such as benzene) vs. travel time. If the
data plot is along a straight line, the relationship is first-order and an exponential
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regression analysis can be performed. The exponential regression analysis gives the
equation of the line of best fit for the data and has the general form:

y  be mx
Where:

y = y axis value
b = y intercept
m = slope of regression line
x = x-axis value

When using TMB as a conservative tracer, y is the contaminant concentration, x is the
down-gradient travel time from point (A), and m is the biodegradation rate constant, i.e.
λ. The correlation coefficient, R2, is a measure of how well the regression relationship
approximates the data. The closer R2 is to 1, the more accurate the equation describing
the trend in the data. Values of R2 greater than 0.80 are generally considered good; R2
values greater than 0.90 are considered excellent. Spreadsheets can be used to
conduct the regression analysis. From the Figure E6, the biodegradation rates can be
estimated using the slope of the regression line.

Figure E6. Plot of TMB-corrected BTEX concentrations vs. travel time along flowpath (Wiedemeier
et al. 2005).

A tabulated example is shown in Table E3.
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Table E3. Results of exponential regression analyses using conservative tracer method
(Wiedemeier et al. 2005).

Compound

Calculated y
intercept (b) (1)

R2

Slope of regression
line (m)

Biodegradation
rate (λ) (day-1) (2)

Benzene

9249

-0.028

0.98

0.028

Toluene

8229

-0.023

0.98

0.023

Ethylbenzene

1095

-0.009

0.98

0.009

Xylenes

9507

-0.006

0.99

0.006

Total BTEX

23568

-0.010

0.99

0.010

Notes to table:
mx
(1) general form of y = be , where y = concentration, b = calculated y intercept, m = slope of regression line;
(2) λ = first order biodegradation decay rate

Buscheck and Alcantar (1995) method
This method allows for calculation of a first-order biodegradation rate constant (λ) for
stable plumes, based on a 1D steady state analytical solution to the advectiondispersion equation (Bear 1979) and use of the concentration vs. distance regression
analysis described above. This approach assumes steady state conditions and
negligible volatilisation. The method involves coupling the regression of contaminant
concentration (plotted on a logarithmic scale) vs. distance down-gradient (plotted on a
linear scale) to an analytical solution for one-dimensional, steady-state, contaminant
transport that includes advection, dispersion, sorption and biodegradation. For a stable
(steady state) plume, the first-order biodegradation rate is given by:

 v  
 k 
   c  1  2 x    1

 4 x  
 v x 

2

Where:

vc = retarded contaminant velocity (L/T)
αx = longitudinal dispersivity (in x direction) (L)
vx = groundwater seepage velocity (L/T)

It is important to confirm that the plume is stable before estimating a biodegradation
rate using this approach. This is done by analysing historical data to make sure the
plume is no longer migrating down-gradient, and contaminant concentrations are not
changing significantly through time. This is generally the case for older spills where the
source has not been removed. The next step is to make a log-linear plot of contaminant
concentration vs. distance down-gradient. The slope of the best-fit line is equal to k/νx,
which is then entered into the equation listed above. The r2 value and the level of
confidence on the slope generated by regression analysis should be evaluated to see if
data are appropriate to calculate a biodegradation rate. The calculated biodegradation
rate will be only as accurate as the parameters input into the equation. If there is
insufficient site-specific data to assign a value to these parameters, the use of bulk
attenuation rate constants or textbook value rate constants may be more appropriate.
Whichever the case, the predicted plume extent should be verified by a performance
monitoring program. Figure E7 is an example of a spreadsheet version of the Buscheck
and Alcantar method. The method can also be used to provide estimates of the ratio
between attenuation resulting from biodegradation vs. abiotic processes (e.g.
dispersion, sorption), therefore giving a clearer indication of the contribution to
attenuation from biodegradation.
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DATA INPUT SCREEN
PROJECT NUMBER:
PROJECT LOCATION:
PROJECT MANAGER:
DATE:
CHECKED:

FIRST ORDER DECAY RATE

11/09/2008 15:09

PLUME CENTRELINE BTEX DATA
DISTANCE*
B
T
E
(m)
(mg/l)
(mg/l)
(mg/l)
0
55
25
5
12
35
14
3
20
20
10
1
51
2
5
0.1
NATURAL LOGARITHM CALCULATIONS
LN (B)
LN (T)
LN (E)
0
4.01
3.22
1.61
12
3.56
2.64
1.10
32
3.00
2.30
0.00
51
0.69
1.61
-2.30

MONITOR
WELL
MW-5
MW-9
MW-2
MW-6

MW-5
MW-9
MW-2
MW-6

X
(mg/l)
80
64
25
12
LN (X)
4.38
4.16
3.22
2.48

SITE-SPECIFIC AQUIFER PARAMETERS
Hydraulic Conductivity (K)
0.7
Hydraulic Gradient (i)
0.005
Effective Porosity (ne)
0.3
Fraction Organic Carbon (foc)
0.001
Soil Bulk Density
1.5
Estimated Plume Length (L)
150
Estimated Longitudinal Dispersivity (L/10)
5.4
Seepage Velocity (Vx)
1.2E-02

Sorption Coeff.
(l/kg)
Koc
Kd (=foc x Koc)

(m/day)
(m/m)
dimless.
dimless.
(kg/l)
(m)
(m)
(m/day)

CHEMICAL-SPECIFIC PARAMETERS
Benzene
Toluene E-benzene Xylenes
83
0.083

302
0.302

1095
1.095

Other

240
0.24

NA
#VALUE!

RETARDED GROUNDWATER FLOW VELOCITY CALCULATIONS
Retard.Calcs
Benzene
Toluene E-benzene Xylenes
Other
Retard.Factor
1.42
2.51
6.48
2.20
#VALUE!
Retarded Vx (m/d)
8.24E-03
4.65E-03 1.80E-03
5.30E-03
#VALUE!
Retarded Vx (m/y)
3.01E+00
1.70E+00 6.58E-01
1.94E+00
#VALUE!

FIRST ORDER DECAY RATE CALCULATION
The first order decay rate is calculated using the method of Buscheck and Alcantar (1995):
Regression Techniques and Analytical Solutions to Demostrate Intrinsic Bioremediation.
In Intrinsic Bioremediation, edited by R.E.Hinchee, J.T.Wilson and D.C.Downey. Battelle Press, Colombus, OH
The relevant equation is:
-1
(day )
where
lamda = first order biological decay rate
2

 k 
 v  
Vc = retarded groundwater flow velocity (m/day)
   c  1  2 x    1
alpha (x) = longitudinal dispersivity

 v x 
 4 x  

k/Vx = slope of log-linear plot line (=overall attenuation coefficient)

ln (BTEX) Constituent

ln (BTEX Constituents) vs. Distance from Source
6.00

ln(B)

4.00

ln(T)

2.00

ln(E)

ln(X)

0.00
-2.00

Linear
(ln(E))

-4.00

Linear
(ln(T))

-6.00

Linear
(ln(X))
Linear
(ln(B))

-8.00
0

10

20
30
40
Distance from Source (m)

50

60

Chemical
Benzene
Toluene
E-benzene
Xylenes
Other

R

-0.0312
-0.0295
-0.0753
-0.0388

0.89
0.97
0.95
0.99

FIRST ORDER DECAY RATES
-1

Benzene
Toluene
E-Benzene
Xylenes
Other

2

k/Vx (m-1)

-1

(day )

(year )

2.1E-04
1.2E-04
8.0E-05
1.6E-04
#VALUE!

7.8E-02
4.2E-02
2.9E-02
5.9E-02
#VALUE!

BIODECAY:ATTENUATION RATIO

Benzene
Toluene
E-Benzene
Xylenes
Other

ratio
5.9E-01
3.3E-01
9.1E-02
3.6E-01
#VALUE!

PROJECT NUMBER:
DATE:
CHECKED:

%
58.7
33.5
9.1
35.9
#VALUE!
0
11/09/2008 15:09

Figure E7. Example spreadsheet output for Buscheck and Alcantar method.

Mass flux method
An estimated biodegradation rate constant can be estimated by using a quantitative
mass flux approach. The mass flux approach is a tool for estimating mass loading from
the source zone and concurrent mass attenuation within the plume. This method is
most applicable to situations in which the plume is stable. As groundwater flows past
and through a source area, it is contaminated with dissolved petroleum hydrocarbons
through contact with NAPL and residual NAPL smear zone. For a stable plume, the
loading rate can be used as an estimate for the biodegradation rate constant. The
mass of dissolved phase which enters the aquifer per unit time will be the product of
the average contaminant concentration in and below the source area and the flow of
contaminated groundwater in and below the source area. For an expanding plume, the
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actual biodegradation rate constant would be under-estimated, and for a shrinking
plume it would overestimated. The dissolved contaminant loading rate has two
components:



the dissolved phase added to the groundwater that flows horizontally through the
smear zone, and



the dissolved phase added to the groundwater beneath the smear zone, caused
primarily by vertical dispersion and advection.

For both of these zones, an average concentration is estimated and multiplied by the
groundwater flow rate through the zone. The method provides estimates of the mass of
dissolved PHCs contributed by each zone. If the plume is stable, this rate is equivalent
to a biodegradation rate constant, estimated by plotting the natural log of mass flux
through different transects perpendicular to the flow as a function of the average
groundwater travel time between the adjacent transects, according to the following
equation:

 MFs
 MFd

   ln

1

 t

This method usually requires a dense well network and accurate aquifer thickness. The
mass flux method assumes the concentration associated with each sampling point is
constant over the area represented by the sampling point. The greater the distance
between monitoring wells (as well as the down-gradient distance between the control
planes), the greater the uncertainty of both the contaminant concentration and mass
and the contaminant travel time. For a shrinking plume, biodegradation rate constants
derived from mass changes are calculated from change in the total dissolved mass
over time for a shrinking plume. A biodegradation rate constant for the contaminant
plume is estimated using a plot of dissolved mass as a function of time (Suarez & Rifai
2002). The rate is calculated as the slope of the best-fit line. Figure E8 indicates that
the biodegradation rate constant is occurring at the site at a rate of 0.17/year.

Figure E8. Estimation of biodegradation rate constant from mass change over time.
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APPENDIX F.
Notes on fate and transport modelling for MNA strategies
The information presented in this Appendix has been extracted from the following
sources:



Environment Agency 2001, Guide to good practice for the development of
conceptual models and the selection of analytical and numerical models of
contaminant transport processes in the subsurface, National Groundwater &
Contaminated Land Centre Report, Solihull, UK.



Middlemis, H 2001, Murray Darling Basin Commission – Groundwater flow
modelling guideline, Project No. 125, Final Guideline, iss. 1.

Need for predictive modelling
Once the NA characterisation phase is completed, predicting the future behaviour of
the plume may be required to ensure ongoing containment within acceptable
boundaries and continued absence of risk to receptors. It may be possible to determine
this by observing the trends in concentrations in contaminants and key indicators in
wells that best indicate the potential for migration of the plume of contaminants from
the source area. For example, if there is a steady decline in concentration of the
contaminants of concern at the front of the plume, then this may indicate that the plume
is contracting (and not expanding). This approach requires robust monitoring data over
a sufficient period to provide confidence in the groundwater system dynamics. It may
also be possible to carry out a numerical simulation using a dedicated solute transport
computer model; this can integrate a larger amount of data and provide predictions
based on the body of data that is available.

Defining modelling objectives
Developing appropriate objectives for the modelling is a key consideration in the
successful demonstration of MNA viability. Before undertaking any modelling, the
objectives, purpose and benefits of undertaking the modelling need to be clearly
defined. The higher the accuracy of the site-specific parameter estimates, the lower the
uncertainty associated with any numerical simulation developed based on these
parameter estimates.

Data compilation
The data collected as part of the NA characterisation phase need to be carefully
reviewed to establish their value to the modelling, and the impact on uncertainty of
outputs. Table F1 lists the parameters for which site-specific information is essential to
model hydrocarbon impacts in groundwater systems.

CRC CARE Technical Report no. 15
A technical guide for demonstrating monitored natural attenuation of petroleum hydrocarbons in groundwater

112

Table F1. Typical data requirements for predictive solute transport models.

Parameter

Matrix

Solution

Vapour

Aquifer depth/geology (1)

E





Hydraulic conductivity (2)



E



Hydraulic gradient and direction of flow (2)



E



Hydraulic head dynamics (seasonal, recharge,
anthropogenic)



D



Porosity (1)

D





Transport porosity (1)*
* Difficult to establish and generally requires tracer test

U





Bulk density (1)

D





Dispersivity (1 + 2)*
* Difficult to establish and requires long-term monitoring or
tracer test

D

D



Moisture content of unsaturated zone (1)

D





Vapour phase concentration distribution in unsaturated
zone (1)





U

Fraction of organic carbon (1)

E

E



Rainfall, infiltration and recharge

D

D



Degradation rates*
* Difficult and expensive to measure and requiring longterm monitoring BUT vital to provide confidence

D

D

D

Contaminant concentrations and delineations (1+2)

E

E

U

Biochemical environment (2)*
* Biodegradation indicators (pH, Eh, Temp, DO, Mn, NO3,
Fe, SO4 and CH4

D

E



Vapour mass flux





U

Notes: (1) Requires investigation bores and soil /rock testing; (2) Requires installation of monitoring wells and testing;
E = Essential; D = Desirable; U = Useful; = Not relevant.

The quality and quantity of the available data should be taken into account when
selecting the solute transport model. Distributed numerical models (finite difference or
element-based codes) should not be considered where data are limited. Even when
simple analytical calculations are used that require a single value for each parameter,
those parameter values must be representative of the site and the area being
modelled, and must be adequately justified.
Single site-specific measurements should be used with considerable caution because
of the high level of uncertainty that can result. It should be recognised that some
parameters will vary with location and depth on a site and, depending on the value
selected, can potentially result in differences in model outputs by orders of magnitude.
Selecting a single parameter value that is representative in this situation is a gross
simplification and is one of the challenges of modelling.
Probabilistic model approaches can accept estimates of parameters in the form of a
distribution; however, this does not eliminate the uncertainty in outcome associated
with parameter estimates that do not appropriately represent the situation that applies.
Particular caution is required if parameter distributions are literature-based, as
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variations of an order of magnitude or more can be common, and variations of this
magnitude can result in a high level of uncertainty in predicted behaviour of a plume.
Using a robust, statistically-derived data set of site-specific parameters that are
representative of the situation at the site is essential if the model outputs are to be
reliable and to have an acceptable level of uncertainty.

Converting a conceptual site model into a solute transport model
The NA characterisation stage should result in a good understanding of the source and
hydrogeological regime, and a conceptual site model that is able to account for the
various observations relating to the distribution of contaminants and indicator
parameters. This conceptual site model can form the basis for the solute transport
model. The development of a solute transport model must consider and comment on:



what is known and understood about the groundwater system and its interaction
with the wider environment



what components of the model are not known or not understood with sufficient
confidence



what the key physical and chemical processes are and how can they be
represented



what the assumptions are that need to be made for the model, and



what data and components of the system can be ignored or simplified while still
meeting the modelling objectives.

Figure F1 presents how a conceptual site model developed after completion of the NA
characterisation stage can be translated into a solute transport model for simulation of
future dissolved phase plume behaviour.
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Petrol

Unsaturated Zone

Mass ± kg

Capillary Fringe
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Vapour Phase
Free Phase
Trapped Phase

Mass ± kg

Di ssolved Phase

DO, EC, pH,
Eh, Temp

Inhibitors
DO, EC, pH,
Eh, Temp

Saturated Zone

V ± x m/year

Justifiable
Boundary
Compliance
Point /
Receptor

DO, Mn, NO3,
Fe, SO4, CH4

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

TOC% ± x %

Concentration
Along Flow Path

Mass ± kg

Dispersivity

Sorption

1 st Order
Decay

Instantaneous
Reaction

Calibration Wells

Justifiable
Boundary

Source Mass
Loading
(eg
eg.. mg/da y)

Di ssolved Phase
Groundwater
Velocity (m/year)

Figure F1. Translating a conceptual site model into a solute transport model.

Conceptual models for computer simulation include qualitative and quantitative
elements that describe the system to be simulated. The conceptual model for
simulations should also consider the uncertainties in defining the system behaviour,
and how this affects the accuracy and uncertainty of predictions derived from the
simulation. Achieving a balance between simplification and complexity is an important
aspect of the conceptualisation phase. Over-simplification results in a model incapable
of simulating observed conditions adequately. Under-simplification results in a model
too complex for efficient and cost-effective problem analysis, and can hinder the model
in being a useful predictive tool. Any conceptual model will be imperfect and the key is
managing the level of uncertainty.

Model selection and domain design
Model selection
A wide range of modelling tools is available for simulation of petroleum hydrocarbon
site-specific transport. No one modelling tool fits all situations, and selection of the
model will depend on the following:
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what the modelling objectives are



what components of the groundwater system are relevant to the model



how the conceptualisation of the model will translate into the simulation domain



what data is available in relation to the model input requirements



what natural processes are being modelled



what the model’s capabilities are and limitation in dealing with the dynamics
observed in the groundwater system being studies, and



what the experience and preference of the person undertaking the modelling is.

Domain design
The design of the model domain will be site-specific and model dependent. All models
require the model domain to be specified, which as a minimum needs to include:



the size of the study area



source and area of contamination



location of receptors



presence of natural boundaries, such as the edge or limits of the geological
formation or aquifer, faults, rivers, groundwater catchment divides, and



the dominant fate and transport processes controlling contaminant migration.

Table F2 provides a summary for the main elements of model domain design to be
checked.

Table F2. Summary of basic model checks (modified from UK EA 2001).

Parameter

Comment

Model
convergence

Numerical precision or instability; Repeatability of model results; Acceptable
water and solute mass balance errors

Parameter
values

Plausible when compared with field or literature values, incorrect data entry,
extrapolation or averaging of data sets over the model area; Effects of
uncertainty in data inputs on model stability

Initial
conditions

Available data may be limited to defining starting conditions; Incorrect initial
conditions may affect model results, particularly for aquifers characterised by
high effective porosity

Model grid
spacing*

Definition of system, such as spatial variation in hydraulic conductivity,
numerical errors e.g. numerical dispersion; Acceptable relative of REV

Time step*

Definition of system, such as transient changes of recharge, numerical errors,
e.g. numerical dispersion

Notes: *Numerical models only

Model calibration
Once the solute transport model code is selected and the domain established, a
numerical simulation needs to be set up using a set of input parameters that allows
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comparison of the model output to a known set of field observations. This process of
comparing predicted vs. observed results is known as ‘calibration’. In the calibration
process, the input parameters are adjusted and the model re-run until the model
outputs fit the observations within a given set of uncertainty. Throughout the calibration
process, the modeller must review model outputs in the context of the limitations of the
definition of the system behaviour and the assumptions used in representing this
system mathematically. Calibration can be achieved by manual changes to input using
a trial and error approach or automated calibration routines (e.g. PEST code for
MODFLOW).
It is essential that the adjusted parameter values required to achieve calibration be
compared with what can be expected to be representative of the hydrogeological
regime for the site. It is often found that the parameter estimates necessary for
achieving calibration are not representative, and such variations need to be reconciled
with site observations.

Model verification and validation
Model verification and validation follows the calibration step and requires an
independent data set from that used in the calibration. A model cannot completely
duplicate historical data under all conditions for the following reasons:



models are just mathematical representation of reality



model solutions are non-unique, i.e. adjustment of one set of parameters can yield
the same result as adjustment of another, unrelated set of parameters, and



historical data contains problems with accuracy, precision and completeness.

Validity is a matter of degree; it depends on the information available and is subject to
the requirements established by the decision-maker. Model validation is almost always
difficult, requiring a large amount of independent, high quality data, and hence is not
commonly undertaken.

Model sensitivity analysis
The purpose of undertaking a sensitivity analysis is to identify those input parameters
that have the greatest influence on model predictions, and hence should be known as
accurately as possible. The sensitivity analysis can assist in deciding whether further
investigation is needed to better define these parameters. While the model outputs can
be highly sensitive to the values assumed for some parameters, in the case of other
parameters the sensitivity of the model outputs may not be significant.

Modelling scenarios
Before commencing the simulation, the modeller should ensure the model can be
expected to be able to simulate the natural system within an acceptable uncertainty
range. The modeller should also confirm that the proposed model will be acceptable to
the relevant stakeholders (for example, the regulatory agency or auditor may have a
view on the appropriateness of particular models). Because of the variety of scenarios
that may need to be considered, providing guidance that will address all situations is
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not possible. However, as a minimum, it is suggested that the following modelling
scenarios should be considered:



Likely case scenario (LCS): Prediction using the most likely value for each
parameter. These values may be based on analysis of the available data that have
been refined in matching modelled results with field data. This approach will
provide no indication of the uncertainty in model parameters on the model result.



Worst case scenario (WCS): Prediction where the model input parameters are
set at their most conservative, but within the bounds of the uncertainty around the
parameters. The difference between a best estimate and a worst-case prediction
will provide an initial indication of the magnitude of uncertainty in the model results.

The results of these two basic modelling scenarios can then be compared to
designated target or trigger values for the compliance points to assess viability of an
MNA strategy for a given situation. Additional scenarios may be required, depending on
whether the two essential scenarios address the requirements developed and project
data quality objectives (DQOs) and modelling objectives.

Accuracy and uncertainty of model predictions
Understanding the uncertainty associated with the model predictions is an essential
consideration in the application of a predictive solute transport model. Uncertainty in
model simulations results from:



natural variability of aquifers’ geological, hydrogeological and hydrogeochemical
properties that translate to the adopted input parameter estimates



source parameters can be difficult to define and options with most modelling
packages are limited. Thus accurate simulation of natural systems and their source
dynamics is often not feasible, resulting in the introduction of uncertainty



variability between the transport mechanisms in the aquifer and the adopted
mathematical equations chosen to simulate them



various sink/source phenomena such as heterogeneity on mass loading within the
source zone



values of model coefficients and their spatial and temporal variation between the
aquifer and model domain



initial conditions adopted for the model



the location of domain boundaries and the prevailing conditions



the measuring accuracy of data employed in model calibration, and



the ability of the model to cope with a problem in which the solid matrix
heterogeneity spans a range of scales, sometimes orders of magnitude apart.

All models have inaccuracies and uncertainties, and thus all simulations need to be
accompanied by an uncertainty analysis and error statement. Errors can be expressed
qualitatively, but preferably quantitatively. Stochastic models provide the ability to
predict future plume behaviour at predetermined confidence levels; however, these will
also have a degree of uncertainty and it should not be assumed that the results
necessarily have a higher degree of confidence. The confidence levels need to be
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established in consultation with stakeholders to ensure the model outputs are
acceptable.
Any modelling results presented without an uncertainty statement should be regarded
with caution. For example, a model prediction that indicates simply that the maximum
extent of the plume is yy metres and will occur in zz years would need to be
questioned, and the possible range in values assumed for parameters such as
hydraulic conductivity, head and rate of biodegradation would need to be compared
with the values measured and possible at the site, and confidence gained that the
possible range of outputs reflects this.
Particular caution should be taken with the reporting of model outputs, in that once
numbers are presented in a report they tend to gain credibility and be quoted as fact. It
should be remembered that they are at best approximate estimates and may have an
order of uncertainty of possibly an order of magnitude, and should not be reported with
more accuracy than is inferred from a single significant figure.

Uncertainty analysis
When studying natural systems through the collection of a range of single value
parameter estimates and numerical simulations, there is an inherent uncertainty in the
decision-making process that has to be acknowledged and communicated. No
investigation, however intensive, can fully define a natural system. Thus, uncertainty is
an inherent part in the assessment of MNA viability assessment. The key sources of
uncertainty in any MNA viability assessment are:



Investigation location selection, sampling pattern and sample collection
method: All of these factors influence the level of information obtained from an
investigation and the foundation of the conceptual model. Yet no system can be
sampled sufficiently to fully characterise all of the physical and chemical properties
to the point where there is no uncertainty in their spatial or temporal distribution.



Field/laboratory data: There is inherent uncertainty in the point measurement of
all field/laboratory data and in producing spatial distributions based on them.



Conceptual model: The most serious cause of error in establishing MNA viability
arises from deficiencies in the formulation of the conceptual site model for the site
and numerical simulations. The conceptual model is a simplified description of the
real aquifer system. Alternative conceptual models can be formulated which are
equally plausible so that both require testing. This is commonly called conceptual
uncertainty.



Modelling package selection: All modelling software has limitations that need to
be understood in order to factor these into the uncertainty analysis. This applies
from simple analytical models to more advanced numerical simulations.



Model input data: There are errors introduced due to the uncertainty in the model
input parameters adopted. Model parameters are applied to cells or zones across
which the properties are averaged, thus not representing the real heterogeneity of
the system. This is very scale-dependent, so greater accuracy requires much
greater detail.
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Mathematical representation: There will be inherent errors associated with the
mathematical representation of the physical processes (e.g. the governing
equations and boundary conditions are simplified mathematical descriptions of the
conceptual model). In addition, the numerical approximations used to solve these
equations and the associated spatial and temporal resolution introduce further
errors.



Predictive uncertainty: There will be errors in the model predictions because
future conditions are estimated but will, in reality, be different.

Any MNA viability assessment must be accompanied by an outline of uncertainty
associated with the results, including the significance of the uncertainty in terms of the
project DQOs, the modelling objectives and the viability of an MNA strategy.
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