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Executive Summary
Geological storage of carbon dioxide (CO2) was identified by the Intergovernmental Panel on Climate
Change (2005) as a primary greenhouse gas reduction strategy, and is projected to contribute about 17%
reduction of CO2 emissions by 2050 (IEA, 2013). Storage programs target geological settings in sedimentary
basins that are often resource rich and may contain high quality groundwater, oil and gas, unconventional
gas, coal, geothermal and other mineral resources.
Sub-surface (geological) characterisation, static and dynamic modelling, monitoring and risk evaluation are
essential activities used to determine long-term containment security of a CO2 storage site. These activities
are also key to understanding and managing potential impacts of storage activities on other basin
resources. Injected carbon dioxide may impact other resources by migrating laterally or vertically outside
the area of the planned storage complex. Such migration may potentially contaminate another resource,
such as comingling with natural gas or entering a coal seam, or effectively sterilize a region from further
development such as in an area of prospective geothermal energy resources (Figure - I). Whereas these
particular impacts would only occur at some depth within the basin, vertical migration into near-surface
groundwater may pose environmental or even health concerns. Increased pressure in the subsurface
resulting from CO2 injection could result in brine displacement into usable groundwater sources and if
unmonitored may result in fracturing of top seals preventing further development. Alternatively, increased
pressure may provide support for producing oil or gas fields, and may limit the decline of groundwater
levels in stressed aquifer systems.

Figure - I. Potential impacts of CO2 geological storage on other basin resources.

This report presents basin resource management strategies associated with large-scale CO2 storage with a
focus on the Australian situation in which potential interactions would primarily involve groundwater,
petroleum (conventional and unconventional), coal and geothermal resources. CO2 geological storage
considerations, monitoring strategies, and remediation strategies were assessed in this report to develop a
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generalised workflow for the evaluation of resource interactions following the methodology proposed by
the USEPA (2008) (Figure - II). The initial stage in assessing potential resource interactions would require
the basin-scale identification of various resources and their geographic overlap with areas suitable for CO2
geological storage. As basin assessments progress into more project specific assessments, correspondingly
more detailed characterisation will be required as well as the identification of potential interactions, either
adverse or beneficial, between CO2 geological storage and other resources For areas having potential for
resource conflicts a basin management plan may be required, and the regulator would need to decide on
the priority of each resource and, if parallel development is not feasible, the order in which resources
should be exploited.
There exists considerable potential for overlap among CO2 storage sites, geothermal energy sources and
petroleum development because these resources generally occur at similar depths within a sedimentary
basin. In contrast, coal, coal seam gas and usable groundwater usually only occur, or are exploited (at least
with current technologies), at shallower depths than is targeted for CO2 storage. Resource impingement
may still occur between CO2 and these shallower resources if continuous or stepwise vertical leakage
pathways exist through regional seals (geologic units that restrict vertical movement of fluids). Possible
such pathways would include some faults (most do not transmit fluids), existing and often old wells, and
connected or adjacent high-permeability rocks. The identification of possible conduits is a significant aim of
the site characterisation exercise and that leads to developing site-specific monitoring schemes to target
surveillance on these features as part of overall project risk management. Thus, these project activities also
provide the essential information for developing a basin resource management strategy. The following
sections summarise possible issues between geologic storage of CO2 and specific basin resources.

Figure - II. High-level workflow for the assessment of potential interaction of CO2 geological storage with other
basin resources. Part I and Part 2 of the report address detailed aspects of the workflow at the basin-scale and for
site-specific impact assessments, respectively.
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Groundwater Resources
Groundwater is an integral part of the hydrologic cycle and, although through this cycle it is replenished,
the quantity and quality of groundwater requires careful management to ensure its sustainable use for
social and environmental needs. Depending on jurisdiction, the salinity of groundwater constrains its
possible usage, i.e. potable water (< 1000 mg/l), irrigation or domestic washing purposes (< 2,000 mg/l),
stock watering (< 7000 mg/l) and >10,000 mg/l is generally used only for specific industrial purposes and,
where highly saline (>100,000s mg/l), recovery of some of its mineral content (i.e. potash). Thus
sedimentary basins may have multiple groundwater requirements from housing, agriculture, mining, and
petroleum production that place stresses on aquifers and groundwater. CO2 geosequestration programs
usually target deep strata that contain brines so that these storage reservoirs are often referred to as saline
aquifers or saline formations (it must be stressed that having saline water is not a requirement for storage,
nor is all deep water necessarily highly saline). Knowledge of a basin’s usable groundwater distribution,
jurisdictions and existing policies is therefore required for planning and management of potential resource
interactions including CO2 geosequestration.
Basin-scale characterisation of the groundwater resource and knowledge of the regional setting including
climate, geomorphology, drainage, and land-use are needed as a starting point for developing a basin
resource management strategy. The main features required to develop a suitable groundwater
characterisation are:
(1) The geological distribution of aquifers and aquitards (rocks that greatly restrict or limit
groundwater flow and that can be sealing rocks for storage) and their hydraulic properties such as
porosity and permeability;
(2) Baseline groundwater levels and flows within aquifers under natural conditions and, where
possible, records of historical changes arising from climate variability, pumping and land-use;
(3) Baseline or current groundwater quality parameters;
(4) Groundwater-dependent ecosystem requirements;
(5) Locations and rates of basin recharge and discharge;
(6) Locations of subsurface features affecting flow paths or regions of cross-formational flow; and
(7) Volume of groundwater in storage.
These data will aid in preparing a comprehensive water balance to account for all inflows and outflows to
groundwater storage. The characterisation should provide a complete understanding of interactions
between groundwater and surface water (rivers, lakes, streams, wetlands) and, in the case of subsea
geosequestration of CO2, a baseline description of the freshwater-seawater mixing zone is needed for
aquifers that extend offshore.
Possible risks to groundwater can be identified and examined through a typical qualitative matrix approach
to assess the likelihood and consequence of each potential impact. Examples exist in published literature
that document different types of methods used to assess potential impacts to groundwater and that also
emphasize the importance of acquiring site-specific data. These methods include conducting lab and field
experiments and performing modelling of geochemical (reactive transport), geomechanical and dynamic
flow processes. Model sensitivities for specific parameters should be tested for appropriateness for a given
site or scenario, and data and interpretations must be continually reviewed to gain more confidence in
model predictions.
The process of managing potential impacts to groundwater resulting from injection of CO2 into deep
formations begins with constructing a conceptual model that encompasses operational and physical
aspects of the injection program. Physical attributes are mainly those determined by the basin
characterisation effort such as the geological aquifer-aquitard succession, locations of structural features
and wells for injection, groundwater flow directions and the water table in unconfined aquifers.
Operational aspects include the amount and rates of CO2 injection, number of wells, and injection
pressures. While a range of scenarios should be considered in managing possible groundwater resource
conflicts, common consequences resulting from injecting CO2 into saline (or non-saline) reservoirs include
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the dissolution of CO2 into the formation water and pressure changes within the aquifer. The effect of
dissolution may be the lowering of the pH in the aquifer water through the formation of carbonic acid. The
degree of dissolution is a function of salinity, temperature and pressure – or depth, of the aquifer. A change
in pH may induce some reactions with the host rock including both dissolution of rock material or
precipitation of cements. These reactions have the potential to degrade or enhance water quality and flow
characteristics and are highly scenario specific. Similarly, pressure may be increased within some reservoirs
during injection whereas changes will be minimal in others. In the instance in which pressures do increase
this potentially could be sufficient to push brines up old wells and into shallower aquifers. Other site
specific impacts could be the introduction of supercritical CO2 into organic-rich rocks where the CO2 could
dissolve and transport organic material into groundwater, or the reduction in abstraction of groundwater
due to clogging from mineral precipitation. A variety of methods for the detection and remediation of these
consequences for groundwater are described in the main body of this report. Numerical modelling can
provide estimates of the footprint area of the CO2 plume and resulting pressures and movement of
displaced brine. These modelling efforts combined with effective and thorough site characterisation and
monitoring will help manage both potentially deleterious and positive groundwater impacts and prevent
them from occurring.
Petroleum Resources
Depleted or depleting hydrocarbon reservoirs make excellent injection targets for geological CO2 storage
due to suitable reservoir properties, proven containment security and abundance of relevant subsurface
data sets. In considering this storage option, basin resource management may be used to identify potential
CO2 storage sites based on timing around declining production of individual oil or gas fields and their
ensuing availability for storage. CO2 can also be injected into certain maturing oil fields to rejuvenate
declining production as has been performed since the 1970’s and in now over 130 fields globally, although
about 90 per cent are in North America. Screening oil fields within a basin for suitability for CO2 enhanced
oil production (CO2 EOR) can reveal opportunities for the synergistic co-existence of resources. An initial
CO2 EOR operation within a basin may also serve as an “anchor” to lower the cost of entry for smaller sites
through its existing investment in transport and capture infrastructure. Not all declining oil fields are
candidates for CO2 EOR, however, and many individual hydrocarbon fields will not provide the capacity or
volume necessary for a long-term commercial storage operation. Although the injection of CO2 to enhance
gas recovery (EGR) and enhance coal seam gas (ECSG) production may also provide opportunities for joint
resource exploitation and storage, these processes have only had limited application and marginal
economic and operational successes.
The desired reservoir characteristics for CO2 geosequestration sites are highly similar to hydrocarbon
reservoirs so they are explored for and exist in similar geological settings. Within petroliferous sedimentary
basins this may require effective basin management strategies to avoid impacting existing and future
resource development. Hydrocarbon resources in sedimentary basins are classified as reserves
(commercially recoverable), contingent resources (potentially recoverable but not yet commercial) and
prospective resources (estimated but undiscovered). This classification scheme provides a useful
framework for carbon storage projects to review the hydrocarbon potential of a basin during site screening
and selection process. Estimates of hydrocarbon resource potential are already available for most
hydrocarbon-prone basins which minimizes the need for extensive analysis of petroleum data and
exploration models. The classification scheme provides insight into reserves and contingent resources that
reflect the proven commercial potential of the basin. The undiscovered or future potential of the basin is
presented as prospective resources. It is not uncommon, however, that a new play emerges in a mature
hydrocarbon basin that changes the assessment of hydrocarbon potential. A recent example of this is the
emergence of unconventional resources such as shale gas and tight oil reservoirs. Therefore, consideration
of the emerging resources is also critical for carbon storage projects in the assessment of potential impacts
on the hydrocarbon resources of a basin. For example, regional shales are considered important seals for
CO2 storage in Australian basins, but could also be a prospective unconventional gas resource in the future.
Production of shale gas and associated fraccing procedures are not compatible with maintaining effective
sealing capacity for a CO2 storage site.
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Developing and operating large-scale CO2 storage sites with ongoing hydrocarbon production and
exploration within a basin can be managed through planning, modeling and monitoring, although
prospective future resources do present additional uncertainty. In general, any potential interaction
between CO2 storage and hydrocarbon reserves should be avoided. Potentially unfavorable impacts
resulting from CO2 incursion into hydrocarbon resources would include CO2 contamination of the reservoir,
disturbance of reservoir equilibrium, and impacts on the facilities and operations. These impacts will have
commercial consequences requiring new investments, increasing operation costs and compromising profits
due to decreased production, degraded hydrocarbon quality or increased production costs. Remedial
measures are generally limited once the interaction occurs but some viable options include termination or
reconfiguration of injection, drilling of pressure relief wells, installing hydraulic barriers, and separation of
CO2 at a surface facility and reinjection at a different location.

Coal and Coal Seam Gas Resources
Coal is Australia’s largest export commodity and fuels most of Australia’s electricity generation. With coal
seam gas (CSG) now accounting for about 80 per cent of Queensland’s domestic gas market, both coal and
CSG are expected to be significant extraction industries for the foreseeable future. To identify whether an
economic resource of coal or CSG exists close to a planned CO2 storage project, coal and gas quality and
quantity may be determined from drill-hole, logging, laboratory assay and modelling data. Data may be
sparse, such as in the Perth Basin or it may be extensive, such as in the Bowen Basin, but each reflects the
level of resource exploitation. Knowledge of current activities should not preclude that other deep or
sparse coal or gas may be of future value as technologies improve, thus a full technical and spatial
assessment of potential CO2 interaction with resources is important. In Australia coal is currently extracted
from open cut mines to about 300 m and from underground mines to depths of almost 1000 m and CSG gas
may be extracted with current technology from depths up to 1200 m. Therefore, both of these resources
may overlap with areas that are deeper than 800 m and suitable CO2 storage sites and some basin
management to avoid conflict with CO2 storage may be necessary.
Site characterisation for CO2 storage and consideration of the location and geological setting of coal
deposits and mines within the area of interest should minimize any potential interaction between these
activities. The impact of injected CO2 encroaching into a coal deposit or seam will not reduce the value or
quality of the coal itself; however, the CO2 could displace methane from coal which would reduce or negate
the value of the coal for CSG exploitation. The higher affinity of CO2 to coal compared with methane is the
basis behind ECSG production, but in the case of ECSG the CO2 would be purposefully injected into the coal
and while this may provide some storage potential, this technique has had limited technical or economic
success. The leakage of CO2 leakage into an underground mine provides more serious concerns as CO2
could act as an asphixiant. Although the likelihood of this occurring is extremely low, the consequences are
potentially severe. If CO2 does displace methane which migrates into the mine this further represents an
explosion hazard. Any leakage or migration would likely be slow and ventilation and air-quality testing in
modern mines would identify and mitigate potential issues. By providing a mine or CSG facility with ongoing
monitoring and modelling data safety procedures can be dedicated toward monitoring CO2 influx.
Regardless these situations can be avoided entirely by not placing storage sites near coal mines.

Geothermal Resources
Potential resource interactions between CO2 storage and geothermal energy production are less well
defined than for other resources. Although the potential for large scale geothermal project developments
in sedimentary basins is well documented because many nations want to increase the geothermal resource
component of their “energy supply mix”, at present no large geothermal projects exist in Australia’s
sedimentary basins. In this case there are three main short term considerations for impacts of geothermal
resources on CCS projects: (i) competition for tenure based on future potential for geothermal resources,
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(ii) potential conflict between CCS and small-scale heat exchange projects, and (iii) potential advantages of
co-location/joint development of geothermal and CCS projects.
In the longer term it will require new technology and/or large scale investment in infrastructure for
development of geothermal projects in Australian basins, at a scale, that could present genuine risk and or
competition to CCS projects. There are an increasing number of examples from around the world where the
possibility of such risks are being identified (i.e. the Paris Basin). Even if the current potential for
development in Australia is low, the possibility for large scale development of geothermal resources must
be considered and documented in the planning stage of any CCS project and then reviewed periodically
throughout the life of the project.
Many of the activities that will help mitigate risk or identify possible benefits for geothermal resource
development and CO2 sequestration are already identified as parts of any best practice characterisation,
monitoring and risk assessment process for CCS projects. Additional activities that may be necessary would
include; (i) background research for characterisation of existing geothermal resources/activities, (ii) high
accuracy temperature measurements in new CCS wells, (iii) the addition of a hydrothermal component to
numerical modelling of CO2 injection, (vi) thermal property measurement on core samples and (v) include
time lapse temperature logging/measurements for new and or existing CCS wells. Again, it is likely that a
hydrothermal component would be a requirement for any multiphase hydraulic, mechanical and chemical
numerical modelling that would typically be completed for a CCS project. In this case the model could be
run to identify possible impacts or benefits for nearby existing or potential geothermal developments.
Ultimately each CCS project is unique and should independently carry out a risk-benefit analysis in relation
to geothermal resources.
Containment Risks
In Australia, geological systems typically considered for geologic storage of CO2 are sandstone reservoirs
having good permeability and porosity that are overlain by shale top-seals having extremely low
permeability. Faults may or may not be present that also help trap and contain the CO2. The classic targets
are depleted oil and natural gas fields or deep saline formations. The injection of CO2 into these reservoirs
will result in increased subsurface pressures and the extent of pressure increase depends on the reservoir
parameters. The pressure of injection will displace CO2 outward from the injection well(s) and predictions
of the CO2 plume radius and its pressure footprint are provided through characterisation and modelling
work. Monitoring and Verification (M&V) of the storage site will be performed both continuously and
periodically and the monitoring data will be used to iteratively update model parameters and predictions.
Thus the modelling and characterisation efforts are intended to minimize any potential interaction of the
injected CO2 with other basin resources. Undesired interaction of CO2 with other basin resources would
only result if unexpected migration beyond the limits of the defined storage area occurs. Some of the
potential mechanisms by which this may occur are:
•

•
•

•

Insufficient fault membrane sealing can result in across-fault flow where permeable reservoirs are
self-juxtaposed, which can lead to CO2 lateral migration to adjacent compartments. An assessment
of the unit’s juxtaposition pattern and a model of the fault zone lithology are required to evaluate
across-fault flow.
Insufficient fault sealing potential can result in up-fault flow and top seal bypass; this can lead to
CO2 leakage and migration to the overburden or to the ground surface. An assessment of the fault
zone lithology and the in-situ stress on the fault plane are required to evaluate up-fault flow.
Low top-seal capacity due to insufficient threshold capillary entry pressure of the caprock can be
overcome by the pressure build-up in the CO2 column due to injection; this can lead to CO2 leakage
and migration to the overburden. An evaluation of top seal mercury injection capillary pressure is
usually required to assess the CO2 column height that can be trapped by a shale-rich caprock.
Insufficient top-seal mechanical integrity can result in the development of natural hydraulic
fractures once the pore pressure variation induced by CO2 injection exceeds the minimum
horizontal stress plus the tensile strength of the rock, possibly leading to leakage of CO2 from
reservoirs and migration to the overburden. The definition of the Mohr-Coulomb and Griffith-

ix | Basin Resource Management and Carbon Storage – Executive Summary

•

Coulomb failure criteria, based on the caprock strength data and coefficient of internal friction, are
required to evaluate top seal integrity.
Interaction between injected CO2 and abandoned wellbores may result in degradation of well
cements and casing, potentially creating vertical leakage pathways from the storage horizon to the
overburden or to the ground surface. An analysis of well geomechanics and the potential stresses
and strains around wellbores can be performed to investigate the mechanical integrity of
wellbores. Static and dynamic laboratory experiments may be employed to investigate wellbore
cement behaviour as a result of exposure to a CO2 rich liquid. Downhole geophysical logs (i.e.
cement bond logs) can be used to assess the integrity of wells in the vicinity of a CO2 injection site.

The assessment of top and fault seal integrity within the Area of Investigation (AOI) of a CO2 storage site
should always be part of the general site characterisation process independent from other resources in the
area. Potential points of weakness in the geological containment system should be prioritised in the M&V
program.
Assessment and management of potential interactions between CO2 geological storage and other
resources
The first steps in the assessment of potential impacts from CO2 injection are delineation of the extent of
suitable areas for CO2 geological storage and identification and mapping of areas with present or future
resource development. By overlapping the storage suitability map with resource distribution maps in the
next workflow step, areas of low, intermediate and high potential for resource interaction may be
identified. Alternatively, these areas could be characterised as having low, intermediate or high
vulnerability to the impacts of CO2 injection. Examples for generalised, high-level constraints on critical
parameters are listed in Table - I for identifying areas suitable for CO2 geological storage and areas of other
resource development potential at the basin-scale. These should be adjusted to account for the degree of
data availability and regulatory requirements in a specific basin.
Table - I. Example for parameters that may be used for the high-level delineation of earth resources and areas
suitable for CO2 storage at the basin-scale. Generally, the higher the resource potential, the greater is the likelihood
of geographic overlap and possibility of interactions with CO2 geological storage. Conversely, a thin intervening seal
implies low CO2 geological storage potential, but high potential for resource interactions.

Resource

Resource/storage potential
High

Groundwater

< 5 g/l

Additional constraints

Intermediate

Low

5 – 10 g/l

> 10 g/l

Current usage, depth,
sustainable yield

Petroleum

Producing fields
(proved
reserves)

Contingent &
prospective
reserves

Non-prospective

Petroleum system
analysis

Coal & CSG

Depth < 1000m

Depth: 1000 2000m

Depth > 2000m

Coal thickness, vitrinite
reflectance, coal
permeability

Geothermal

> 100oC

40 - 100oC

< 40oC

Geothermal gradient,
producibility/injectivity

Depth > 800m
CO2 geological storage

Seal thickness >
100 m

Seal thickness
50 - 100 m

Seal thickness <
50 m

P, T, injectivity, seal
capacity
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If the location of a CO2 injection operation is known, its Area of Impact (AOI) can be used to further focus
the assessment of potential resource interactions to a specific area. In this case, a more detailed
characterisation of each resource is required. Depending on the level of interaction potential (or degree of
vulnerability), different site characterisation requirements, M&V and mitigation strategies would be
recommended in the last step of the assessment workflow. An example of the process for evaluating a CO2
storage project is shown in Figure - III. Many of the decision points in the example workflow as well as the
parameters that constrain the vulnerability ranges in Table - I may require substantial data collection,
interpretation and expert risk assessment, which will be different for each basin and the current study can
only provide the necessary background information and suggested methodologies. In the end, it will be the
regulator’s responsibility to define specific workflows, monitoring requirements and key performance
indicators.

Is the water salinity in the aquifer
less than 10,000 mg/l?

Yes

No
Is the aquifer used for coal,
hydrocarbon or geothermal
energy production?

Is the aquifer used as a
groundwater resource?

Yes

Does the AOI encroach
on groundwater wells?
No

No
No

Yes

Yes

Is there potential for
future groundwater
development in the AOI?

Yes

No
Is there potential for future
resource development in the
aquifer?

Does the AOI encroach
on producing wells (with
negative impact)?

Yes

No
Is there resource development
above the aquifer?

Yes

No

No
Is there future potential for
resource development above
the aquifer?

Yes

Is the intervening rock unit a
proven aquitard/seal?
Yes

No

Suitable for CO2 storage

No

Requires resourcespecific M&V system

Unsuitable for CO2 storage

Figure - III. Example for evaluating the suitability of a CO2 storage site with respect to potential resource
interactions within its Area of Influence (AOI) (from Michael et al., 2012).
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1 Introduction

1.1 Background
Geological storage of carbon dioxide (CO2) has been identified as one of the important elements of
greenhouse gas reduction strategies, projected to contribute about 20% reduction of CO2 emissions by
2050. Risk evaluation, monitoring and verification with respect to containment security are of utmost
importance to ensuring the long term feasibility of a site for CO2 storage. Potential storage sites in Australia
are located in resource rich sedimentary basins, which contain high quality groundwater, oil and gas,
unconventional gas, coal, and geothermal resources. In many basins there is a geographic overlap between
various resources (Figure 1) and geological storage of CO2 will add to the complexity of a basin’s fluid
dynamics and the multi-purpose use of subsurface pore space.
Hence, there is a need to have a comprehensive knowledge of the occurrence and the condition of various
resources such as groundwater, oil and gas, coal, coal seam gas, potential geothermal energy resources and
other mineral resources in order to mitigate potential overlaps with CO2 injection and storage. All of these
would need to be evaluated for a potential storage site to determine the risk and the degree of impact that
CO2 storage may have on these resources. Accordingly, a basin-scale resource management system is
required to ensure that these multiple uses of the pore space can sustainably co-exist.
It should be noted that several other resources e.g. gas hydrates, mineral sands and other sediment hosted
mineral deposits may exist in sedimentary basins; however these are not considered significant in the
context of the Australian conditions. Hence, they will not be discussed in this report. Other aspects that are
not covered in this report, but may be important potentially, include the surface infrastructure and land use
that may have an impact on CCS activities and vice versa. This report will deal only with the major
subsurface basin resources that are known to exist in Australian sedimentary basins.

Figure 1. Typical depth ranges for the development of various subsurface resources (Field et al., 2013).
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1.2 Project objectives and report structure
The broader objectives of the current project are:
1. Developing a national approach to the assessment of potential impacts of carbon storage on water,
hydrocarbons, coal, geothermal and other mineral resources, and
2. Developing guidelines for the adoption of mitigation options for potential conflicts and high risk
issue associated with CO2 geological storage.
As a first step of the project, the relevant Australian and international literature in the public domain was
reviewed to understand the present level of knowledge of resource management issues related to carbon
dioxide storage and other existing basin resources. The literature search was accompanied with a resource
management data gap analysis for each of the three proposed Australian CCS flagship sites (CarbonNet in
Victoria, South West Hub in Western Australia and Wandoan in Queensland). The findings were published
in a standalone report (Varma et al., 2012).
Subsequently, a more generic work flow has been developed for assessing potential resource interactions,
containment risks as well as mitigation and monitoring strategies for specific resource conflict risks in the
Australian context. A general work flow related to the structure of this report is depicted in Figure 2. It
became apparent during the project, that the potential interaction between CO2 geological storage and
other basin resources can be assessed at two different scales: basin- and site-scale, which will be discussed
in Part 1 and Part 2 of this report, respectively.
A basin-wide impact assessment is based largely on the geographic overlap between various resources.
Standard methods and classifications exist, either nationally or internationally, for the assessment and
mapping of resources, which are different for each resource. Basin-wide resource assessments are usually
performed by state or federal state agencies (i.e. geological surveys) and applied methodologies, data
requirements, and examples from the Australian basins with CO2 flagship activities are presented in this
part of the report. In the context of CCS, such a regional assessment would map areas in a sedimentary
basin suitable for CO2 geological storage and with high, medium or low potential of interaction with other
resources as part of the site selection process. It is important to note that these areas would not indicate
the specific risk of any resource conflicts, i.e. an area with high potential for resource interaction would not
automatically imply that this is a ‘no-go area’ for CO2 geological storage. Rather it provides a first-order
identification of areas in which the impact on other resources would need to be considered and what
specific M&V strategy may need to be employed when selecting a particular CO2 storage site.
This part (Part 1) of the report provides background information on the classification and assessment
methods for the main basin subsurface resources that are known to exist in the three Australian flagship
basins. As a first step, each of the resources including groundwater, oil and gas (including unconventional
gas), coal and coal seam gas, and geothermal must be identified and characterised. For each of the
resources this assessment includes defining the occurrence of the resource, the parameters that define the
resource such as estimates of resource quantity and quality, the key rock and fluid properties that allow the
description of the resource (including the various means that may be adopted for estimating such
properties), the economic value of the resource and the various regulatory controls that apply to the
extraction of the resource.
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Figure 2. High-level workflow for the assessment of potential interaction of CO2 geological storage with other basin
resources, depicting how the different Parts and Sections (Sec.) of the report address specific aspects of the
workflow.

1.3 CO2 storage suitability
The first steps in any basin-scale impact assessment of CO2 geological storage on other basin resources are
the identification and delineation of a suitable storage area. General basin criteria that affect CO2 storage
potential were defined by Bachu (2003) and are summarised in Table 1. From the perspective of resource
interaction it is interesting to note that large hydrocarbon potential, shallow coal systems and low
geothermal gradients correspond to high suitability with respect to CO2 geological storage.
Basic requirements for the CO2 storage suitability are that: a) the basin has sufficient capacity to store the
anticipated volume of CO2, b) the storage interval has sufficient injectivity to accept the CO2 at the required
injection rate and c) the injected CO2 will be contained within a defined volume in the storage horizon for
100s to 1000s of years. It is generally accepted that the CO2 should be stored as a supercritical fluid at > 800
m depth to constrain buoyancy-driven migration and maximise storage capacity. Furthermore, either a
competent low-permeability sealing unit or volume of rock capable of residually trapping the required
volume of stored CO2 should be present that prohibit any vertical buoyancy-driven leakage.
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Table 1. Criteria for assessing sedimentary basins for CO2 geological storage (modified from Bachu, 2003).
Increasing CO2 Storage Potential
Criterion

1

2

Classes
1

2

3

4

5

Seismicity

Very high

High

Intermediate

Low

Very low

(Tectonic
setting)

(e.g. subduction)

(e.g. syn-rift,
strike-slip)

(e.g. foreland)

(e.g. passive
margin)

(e.g. cratonic)

Size

Very Small

Small

Medium

Large

Very Large

(<1000 km )

(1000-5000
2
km )

(5000-25000
2
km )

(25000-50000
2
km )

(>50000 km )

Very shallow
(<300 m)

Shallow

Deep

(300–800 m)

(>3500 m)

Intermediate
(800–3500 m)

2

3

Depth

2

4

Faulting Intensity

Extensive

Moderate

Limited

5

Hydrogeology

Shallow, short
flow systems, or
compaction flow

Intermediate
flow systems

Regional,
long-range
flow systems;
topography
flow

6

Geothermal

Warm basin

Moderate

Cold basin

(>40 C/km)

o

(30-40 C/km)

(<30 C/km)

Intermediate

Excellent

o

7

Reservoir – Seal
Pairs

Poor

8

Coal Systems

None

very shallow
(<300 m)
Lignite

o

Deep

Shallow

(>800 m)

(300–800 m)

Sub-bituminous

Bituminous

9

Coal Rank

Anthracite

10

Evaporites

None

11

Hydrocarbon
potential

None

Small

Medium

Large

Giant

12

Maturity

Unexplored

Exploration

Developing

Mature

Overmature

13

Onshore/
Offshore

Deep offshore

14

Climate

Arctic

Sub-arctic

15

Accessibility

Inaccessible

16

Infrastructure

None

Domes

Beds

Shallow
offshore
Desert

Onshore
Tropical

Temperate

Difficult

Acceptable

Easy

Minor

Moderate

Extensive
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A considerable effort has been spent on CO2 storage research in Australia’s sedimentary basins. The Carbon
Storage Taskforce (CSTF) established by the Australian Government in 2008 reviewed Australian potential
for CCS implementation and concluded that "Australia has sufficient geological storage capacity to make
carbon capture and geological storage (CCS) a real option in the portfolio of responses needed to reduce
Australia's greenhouse gas emissions" (Carbon Storage Taskforce, 2009). The Carbon Storage Taskforce
(2009) evaluated and ranked each major Australian basin, both onshore and offshore, to develop a basin
ranking map (Figure 3). Basins coded in dark blue are the most highly ranked and are regarded as being
highly suitable. They are also relatively well understood and show high data availability. In other words,
these basins could be matured as carbon storage areas most rapidly. Once a sedimentary basin has been
targeted for its carbon storage potential, the various existing basin resource potentials need to be assessed.

Bonaparte

Browne

Carnarvon
Canning

Eromanga

Surat

Perth

Otway

Bass

Gippsland

Figure 3. Australia’s basins ranked for CO2 storage potential (modified after Carbon Storage Taskforce, 2009).
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2 Groundwater resources

2.1 Hydrogeological concepts
Groundwater is an integral part of the water resources and occurs within the pores and fractures in the
rock formations in the subsurface. It is a vital resource for the socio-economic
socio economic development of a region and
maintenance of the ecosystem. Thee porous and permeable formation that holds and transmits appreciable
quantities of water is known as an aquifer (Todd, 1959). An aquifer may be unconfined or confined. When
the saturated zone of an aquifer is in direct contact with the atmosphere it is called
called unconfined with the
upper boundary of the saturated zone known
know as the watertable. When an aquifer is overlain by a formation
of low permeability (aquiclude or aquitard), it is known as a confined aquifer. Groundwater is an integral
part of the hydrologic
logic cycle. The source of most groundwater is the part of rainfall that percolates
downwards to recharge the aquifer. Groundwater flows through the aquifers and ultimately discharges into
lakes, streams or the ocean. Figure 4 shows the basic hydrogeological concepts for the Peel – Harvey
Region in the Southern Perth Basin where the Southwest Hub CCS project is planned.
planned

Figure 4. Conceptual hydrogeology of the Peel – Harvey Region in the Southern Perth Basin (URS, 2009).
2009)

The fresh groundwater from the aquifers in the onshore region discharges into the ocean when a basin
occurs both onshore and offshore, and a wedge-shaped
wedge
boundary or interfacee is formed between the
saline groundwater and the lower density fresh groundwater near the coast (Davidson, 1995) (Figure
(
5). In
coastal areas, a lowering of the watertable
atertable, such as from pumping, may induce the seawater interface to
move inland (saltwater intrusion).
Groundwater forms a usable resource when the quantity and quality of the groundwater that can be
extracted through a well is suitable for a desired use (Maitra and Ghose, 1992). Groundwater management
is important for ensuring its sustainable use. The sustainability of groundwater takes into account the
environmental and social needs, and economics and works on the principle of highest-value
highest
use of the
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water. These factors are transient in nature and depend on several factors. For example in time of drought,
the depletion of storage may be acceptable.

Figure 5. Schematic freshwater – seawater interface in an unconfined aquifer (Davidson, 1995).

Figure 6 shows the distribution of the groundwater bearing rocks in Australia. Some of Australia’s most
extensive groundwater resources occur in multi-layered aquifer systems within sedimentary basins that
vary in depths from a few hundred to thousands of metres. Groundwater from these basins is used for
public water supplies, irrigation and industrial use. Groundwater abstraction, dewatering and
depressurising of aquifers for mining that takes place below the watertable, petroleum and associated
water production, as well as injection of liquid waste, all have an impact on the aquifer levels and flow
systems in a sedimentary basin. A basin-scale assessment of the combined effects of fluid extraction or
injection is required to ensure suitable management strategies can be put in place to mitigate any mutual
impacts from these activities.
The following sections describe some of the steps that would need to be taken to achieve a good
understanding of the hydrogeological systems and groundwater resources in a basin that would allow the
development of an effective management plan for multiple uses of the basin aquifers.

2.2 Groundwater resource evaluation
2.2.1 REGIONAL SETTING
The regional setting of the study area should include a description on the location, physiography and landuse and the geological setting of the basin. Climate, geomorphology and drainage should be discussed as
part of the physiography. Description of climate should include the historical and mean rainfall,
temperature and evaporation. A description of the climate trend would assist in understanding the
behaviour of groundwater levels in the basin aquifers in the past, and making predictions for the future.
The description of drainage would need to include the various perennial and ephemeral streams, records of
flow, stage elevations and historical and seasonal variations. The occurrence of open water bodies such as
lakes and estuaries and other wetlands should be discussed and illustrated on a map.
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Figure 6. Hydrogeological map of Australia (Data source: Geoscience Australia).
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Figure 7. shows the various land uses and a map of the groundwater dependent ecosystems in the PeelHarvey area and Figure 8 shows the surface water features in the Peel Harvey Region in the Sothern Perth
Basin (URS, 2009) as example. The geological setting should be described in detail and include the
structure, stratigraphy and the depositional environment. This could be based on previous investigations,
data from drill holes and field mapping. Many jurisdictions already have groundwater resource assessments
available as well as groundwater monitoring networks as part of their groundwater allocation and
management plans.

Figure 7. Landuse map of the Peel-Harvey Region (URS, 2009).
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Figure 8. Location of potential zones of groundwater dependent surface water bodies likely to support the
groundwater dependent ecosystem (GDE) (URS, 2009).

2.2.2 AQUIFERS AND AQUITARDS
The hydrogeological setting of the basin describes the various geological strata that form the unconfined
and confined aquifers and any aquitards (confining units) that occur in the basin. As an example the
hydrostratigraphic table for the Gippsland Basin is shown in Figure 9. A detailed discussion of each aquifer
is required, starting with the unconfined aquifer, followed by the confined aquifers in a sequence of
increasing order of age. For each aquifer, the following characteristics need to be described: extent and
thickness; lithology and grain size; hydraulic characteristics such as hydraulic conductivity (permeability),
porosity, specific yield and specific storage. Recharge and discharge areas need to be identified and rates of
recharge and discharge should be estimated. The water level elevations, groundwater flow system and
hydraulic gradients need to be defined. The water balances of each aquifer should be described and ideally
should consist of recharge, discharge and inter-aquifer fluxes; groundwater abstraction and injection;
groundwater and surface water interaction; and groundwater storage.
Basin Resource Management and Carbon Storage – Part I | 10

Figure 9. Hydrostratigraphic table of the Gippsland Basin (Varma and Michael, 2012 after Goldie-Divko
Goldie
et al., 2010).

2.2.3 RECHARGE
The volume of groundwater in a basin depends on (a) the rate at which the groundwater is replenished,
and (b) the volume of groundwater in storage.
st
Groundwater recharge is a mechanism by which
groundwater enters the aquifers. Recharge can take place through connections with surface water bodies
such as lakes and rivers, by percolation of the rainfall through the vadose zone, and artificially for
fo example
through irrigation return, or managed aquifer recharge for storage and a later recovery purposes. Recharge
can also be as flux (or leakage) from underlying or overlying aquifers which may be induced by groundwater
pumping (or injection). Direct quantification
uantification of recharge is difficult as it needs to take into account several
factors such as climate (rainfall and evaporation), vegetation and other landuse, topography, soil properties
and depths to the watertable. Most
ost of these parameters are difficult
difficult to estimate.
estimate Crosbie at al. (2010)
provide a review of different the techniques used for estimations of groundwater recharge and its
application to recharge estimation in Australia. Vertical flux models (VFM) are being used increasingly as a
means of direct
rect recharge estimation in major groundwater resource studies (Figure
(Figure 10, CSIRO, 2009).
Normally, recharge assessment is mostly carried out through indirect means such
such as chloride mass balance,
balance
hydrograph analysis or isotopic methods, or using the water balance approach after estimation of the
remaining components. The study of recharge should include discussion on the depth to the watertable

11 | Basin Resource Management and Carbon Storage – Part I

and groundwater heads in the confined aquifers together with the historical and seasonal fluctuations and
implications for recharge.

GIS

Land Use and
Vegetation map

Soil Property
map

Climate Zone
map

List of Depths to
Watertable
RRU Classification
WAVES

Other Recharge Models

Depth to Watertable

Recharge Allocation

Saturated groundwater model

Figure 10. VFM flow chart Flow diagram showing the structure and integration of geographical information systems,
vertical flux modelling and the saturated groundwater model (CSIRO, 2009).

2.2.4 GROUNDWATER LEVELS AND FLOW
Once groundwater percolates through the vadose zone and reaches the watertable, natural groundwater
flow takes place in a down-hydraulic gradient direction driven by gravity. Groundwater flow is defined using
Darcy’s flow equation (Freeze and Cherry, 1979):
=

ℎ

where Q is the groundwater flow rate (L3·T−1), K is the hydraulic conductivity of the aquifer (L·T−1) and is
dependent on the intrinsic permeability (k) of the aquifer, density (ρ), acceleration due to gravity (g) and
viscosity (µ) of the groundwater (K = kρg/µ), dh/dl is the hydraulic gradient (dimensionless), and A is the
area that the groundwater is flowing through (L2).
Hydraulic gradients are estimated using equipotential maps for each aquifer (see Figure 11 as an example).
The direction of the flow is orthogonal to the equipotential lines, assuming constant-density laminar flow
through an isotropic aquifer. Records of historical groundwater levels (hydrographs) should be used for
understanding the historical changes in flow regime as a result of changes and variability of climate, land
use and pumping.
At the end of the flow path, groundwater discharge can take place into surface water bodies such as rivers
and streams, lakes and wetlands, ocean or as flux to adjacent aquifers. Discharge also takes place by
pumping for various uses such as irrigation or public water supplies. Impact of any structural features such
as faults on groundwater flow should be described. Figure 12 shows an illustration of the groundwater flow
processes in the Southern Perth Basin.
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Figure 11. Groundwater flow pattern in the superficial aquifer in the Peel Harvey area (after URS, 2009). Coordinate
grid is in UTM meters (Zone 50) based on Geocentric Datum of Australia 1994. Arrows show the direction of flow.
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Figure 12.. Schematic sectional view of the groundwater flow patterns
pattern in the Southern Perth Basin (after Water
Corporation, 2005).

2.2.5 GROUNDWATER STORAGE
In addition to the estimates of replenishable groundwater, the groundwater volume that occurs beneath
the watertable in the saturated zone within the pores and fractures is termed ‘groundwater storage’. The
groundwater storage is estimated from the aquifer porosity,
porosity, thickness and its areal extent. Usually the term
‘specific yield’ is used in place of total porosity to obtain an estimate of the groundwater that can be
obtained from an aquifer. However, in many jurisdictions, significant removal of groundwater from storage
(or groundwater mining) is unacceptable in order to prevent detrimental effects to the dependent
environment.

2.2.6 GROUNDWATER BALANCE
Groundwater balance is a means of equating the components of groundwater inflow and outflow.
outflow The
components of inflow are recharge and inter-aquifer
inter aquifer flux, while natural discharge and pumping are the
components of outflow (Table 2).
). Under steady-state
steady state conditions, the sum of inflows and
a outflows are
equal, whereas when the system is under a transient condition (resulting from a change in transient
stresses e.g. pumping), there is a difference between the total outflow and inflow, which results in a change
in aquifer storage. When the changes
hanges in the stresses are relatively small compared to the overall water
balance, a new steady-state
state is reached. However, if change to the flux is significantly large, a steady state
may not be reached. Depending on the stress regime and rock strength, this
is hydrogeological imbalance
may result in land subsidence or uplift. For the study area a comprehensive groundwater balance would be
required for each aquifer.
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Table 2. Groundwater balance of the Latrobe aquifer for 2007/08 (Varma and Michael, 2012).
WATER BALANCE COMPONENT

INFLOW (X 106 M3/YEAR)

Rainfall recharge

26

OUTFLOW (X 106 M3/YEAR)

Wells (combined fluids under reservoir
condition)

125

Net upward flux

2.2

Constant heads at offshore boundaries

65

8.2

Total inflow/outflow

93

133

Storage change

40 (Depletion)

2.2.7 SURFACE WATER – GROUNDWATER INTERACTIONS
A study of the surface water – groundwater interactions in the basin should be carried out to understand
the water exchange between the aquifer (particularly the shallow unconfined aquifer) and any river,
stream, lake or any other wetland that may be connected with the aquifer. The study should include the
seasonal and spatial variations of the water exchange from surface water bodies. For example a river may
be effluent (i.e. discharging into groundwater) in the wet season, but may become influent (receiving
groundwater as baseflow) in the dry season (See Figure 28 in Davidson, 1995). In its upper reaches, a river
may be effluent whereas in its lower reaches it may be influent. Any changes to the surface water –
groundwater interaction regime could affect the dependent ecosystem; hence it is important to investigate
this aspect of the basin hydrogeology. However, it is also possible that a wetland may be completely
disconnected with the underlying groundwater system e.g. a perched lake, in which case a change in the
groundwater condition may not have an impact on the wetland.

2.2.8 FRESHWATER – SEAWATER INTERFACE
Any proposed carbon storage in a basin that extends offshore has the potential of modifying the onshore
hydrodynamics and hence the location of the freshwater-seawater mixing (or transition) zone (FSMZ). It is
important to have a baseline characterisation of the FSMZ in each of the aquifers that extend offshore.
Identification of the FSMZ is carried out by measuring the salinity variation in several wells in the coastal
zone. Where salinity from DST/MDT/WFT is not available, wireline logs (e.g. resistivity and SP) may be
analysed to obtain the salinity variation.

2.2.9 GROUNDWATER QUALITY
Assessment of the baseline groundwater quality parameters is an important aspect of the characterisation
of the groundwater resource. This is particularly important when proposing an activity such as carbon
storage that has the potential of altering the quality of the groundwater in aquifers. Such an assessment
should include the physical, inorganic and organic parameters. Spatial variation of these quality parameters
should be presented as graphs and maps as shown in Figure 13, Figure 14 and Figure 15. The water quality
reporting should include the full laboratory report for all analyses and a data table summarising the results
for each well at a given date. The study should also assess the adequacy of the existing monitoring bore
network, and infill drilling should be considered in the pre-injection groundwater resource characterisation
plan.
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Figure 13. Groundwater salinity map for
fo the superficial aquifer in the SW Hub CCS study area (URS, 2009).

Figure 14. Gippsland basin salinity distribution in vertical section (Varma and Michael, 2012).
2012)
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Figure 15. Radial plots showing the change in major ion chemistry (in meq/l; note logarithmic scale) for Latrobe
aquifer (Varma and Michael, 2012).

2.3 Summary of groundwater data, sources and documentation
The hydraulic properties of the various aquifers and aquitards need to be characterised to enable
quantification of the groundwater flows. The hydraulic properties include hydraulic conductivity (horizontal
and vertical), transmissivity, porosity and storativity for the confined and unconfined aquifers. The
methodologies adopted for derivation of various properties e.g., core analysis, interpretation of
petrophysical logs and pumping-tests should be described. The vertical and lateral variation (heterogeneity)
of the hydraulic properties should be assessed and illustrated using maps and sections. Permeability can
be measured directly on core samples through conventional and special core analysis (e.g. Mercury
Injection Capillary Pressure, air permeameter, nitrogen injection). In addition, petrophysical wireline logs
and other data such as seismic are increasingly utilised for the indirect estimation of porosity and
permeability distribution at the basin scale.
Data requirements for characterising the hydrogeology of an area has been summarised in Table 3 and is
based on the Murray-Darling Basin Commission Groundwater flow modelling guideline (Middlemis, 2001)
and comprise the hydrogeological framework, boundary conditions and stress (i.e. water extraction) data.
The framework data describe the general hydrogeology whereas the stress data include the dynamic
stresses (e.g. groundwater abstraction, time-varying recharge) that may be needed at a later stage if a
numerical model was to be developed. Table 3 also contains the possible sources of such data and means
of documenting the data in a report.

17 | Basin Resource Management and Carbon Storage – Part I

Table 3. Summary table of data requirements and sources (source: Middlemis, 2001).
DATA TYPE
Hydrogeological Framework
• Physical system (geology,
stratigraphy, lithology,
topography, surface
drainage)
• Aquifer extent, boundary
types, elevations, thickness,
confining beds, bedrock
configuration
• Aquifer hydraulic and
storage parameters and
spatial variability (hydraulic
conductivity, transmissivity,
anisotropy, specific yield,
storage coefficient,
porosity)
• Borehole locations,
infrastructure
Hydrological Stresses
• Sources and sinks, and data
to quantify their effect on
flows and aquifer levels
• Natural recharge and
discharge areas, rates,
patterns and durations
• Stream-aquifer interaction
• Abstraction, injection and
drainage features and
processes
• Land uses, irrigation,
evapotranspiration,
vegetation

DATA SOURCES

DOCUMENTATION/PRESENTATION

• Maps of (hydro)geology
• Topographical maps showing surface
drainage features, and other data to
specify drainage geometry (extent and
elevation)
• Reports of previous work, including
drilling programmes, pumping tests and
analyses, geophysical studies,
hydrology, etc.
• Bore construction and lithological logs,
cross-sections, bore completion reports
• Journal and conference papers, student
theses
• State agency databases, private
company reports and databases

• Common and standard coordinate
systems and elevation datum to be used
and quality assured
• Extent and thickness of geological units,
and identification of aquifer units
• Contours on the base elevation and
thickness of aquifer units
• Maps and sections of aquifer units and
parameters, identifying significant areas of
permeable and impermeable unit outcrop
to identify recharge areas
• Degree of hydraulic connection between
surface drainage and groundwater
systems, and between different aquifer
units
• Groundwater dependent ecosystem (e.g.
phreatophytic vegetation, lakes,
permanent streams)

• Rainfall and evaporation
• Stream flow and stage
• Groundwater level data for pumping
and observation bores
• Abstractions from groundwater and
surface water, including licensed
volumes and estimates of unlicensed
amounts
• Areas irrigated, crop types and areal
distribution
• Projections of growth in demand for
water and discharge of wastewater
• Groundwater and surface water quality
• State agency databases, private
company reports and databases, some
landholder records

• Usually monthly time series data is the
bare minimum requirement; daily data is
often required
• The data is required to specify the
time/date, the location, the value and the
unit of measurement
• For groundwater level data, it is important
to know whether abstraction was
occurring at the time of the
measurements
• Presentation of contours of groundwater
level at various dates, and hydrographs of
time series data
• Abstraction data is notorious for its poor
quality, and yet this data is critical to the
development of good quality models
• Land use data (especially area under
irrigation) is often unreliable

2.4 Regulatory controls for groundwater development
2.4.1 GROUNDWATER LEGISLATION
Groundwater resources in Australia are managed by various jurisdictions (States and Territories), which
apart from making policies, provide information on the status of the groundwater resources (e.g. water
levels and quality) and regulated current and future planned use. For example in Western Australia, the
Department of Water has the responsibility for water planning, management and water quality protection.
The Rights in Water and Irrigation Act 1914 provides the statutory basis for planning and allocation of
water in Western Australia. The objectives of the legislation include providing for the management,
sustainable use and development of water resources to meet the needs of current and future users, and for
the protection of ecosystems and the environment in which water resources are situated. The Country
Areas Water Supply Act 1947 provides for the allocation of reticulated water to country areas and
safeguards water supplies. The Metropolitan Water Supply, Sewerage and Drainage Act 1909 provides the
legal definition of boundaries for metropolitan water, sewerage and drainage areas. The Acts define legal
boundaries of surface and groundwater drinking water sources and include by-laws that protect the water
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quality of these sources. They also include provisions for the establishment of protection zones (i.e.
wellhead protection zones and reservoir protection zones). Any intentions of taking groundwater or
injecting into aquifers are covered under the above three Acts. From time to time the Department of Water
develops specific management plans that further define the circumstances under which water can be taken
from an aquifer, and develops guidelines for the protection of the water resources from any activity that
has the potential to affect the quality of the resource. Other States in Australia have similar regulatory
bodies.
The responsibility for the public water supply in Western Australia lays with the various water service
providers e.g. Water Corporation, AQWEST and Bunbury Water Board.

2.4.2 ENVIRONMENTAL CONSIDERATIONS
Groundwater resource characterisation also needs to include an inventory of the groundwater dependent
ecosystems that are likely to be affected by a change in the hydrological regime as a result of carbon
storage. Changes in the groundwater regime can be produced by rising water levels through land clearing,
or falling water levels through abstraction, which may potentially impact on the groundwater dependent
ecosystems. It is therefore important to identify groundwater dependent ecosystems (GDEs), and to
understand their distribution and dependence on the regional aquifers (Rutherford et al., 2005).

2.5 Economic considerations
Water provides an essential input to human survival and a resource on which to base economic
development with flow-on employment and investment opportunities. Water could be a limiting factor in
establishing new enterprises and job opportunities (Economics Consulting Services, 2003). The economic
value of groundwater depends on the resource availability and quality, the cost of supplying the water
(infrastructure needs and efficiency of supply), the current use and future demand of water, and the nature
of use, e.g. public water supply, agriculture, mining and other industrial. Other factors that contribute to its
economic value are the indirect outcomes such as growth in employment opportunities through water use,
and growth in tourism. While it is difficult to put a price on water, the impact of water on health and
sanitation, and recreation (garden, pools, etc.) may also need to be factored into the assessment.
Deep saline aquifers considered for CO2 storage may be used for supplementing groundwater supplies in
the future if desalinisation of brackish water becomes economically attractive, particularly if the salinity is
below that of seawater (Davidson et al. 2009). There may be opportunities for advantageous synergies, for
example, brackish water extracted from the injection reservoir to reduce subsurface pressures at the
sequestration site could be used for cooling at coal-fired power plants (Court et al., 2011; 2012).
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3 Petroleum resources

3.1 Petroleum resources concepts
Petroleum (liquid hydrocarbons – oil, condensate and naturally occurring liquid petroleum gas (LPG)) and
natural gas (gaseous hydrocarbons) resources are contingent to sustainable growth and development of
Australia as the primary input for its energy, transport and petrochemical industry. The national upstream
oil and gas industry is active in a number of onshore and offshore sedimentary basins with decades of
historical exploration and production activities (Figure 16). While the resources are identified across these
basins through much of the stratigraphic column, offshore Mesozoic basins of the northwest and southeast
shelves have the volumetrically highest shares in contributing to the total resources (Figure 16A). Most of
the remaining resources are located across the northwest margin, and in the southeast. Despite 40 years of
production, the Gippsland Basin still remains a significant resource area. Onshore basins, on the other
hand, constitute only a small fraction of the total resources despite the activities in the Cooper/Eromanga
and Bowen/Surat basins (Figure 16B).
The oil and gas industry is a major contributor to the Australian economy. Continued population growth
and the ever-increasing demand for energy require additional resource discoveries. Not all areas of the
country have been fully explored and/or exploited for conventional and unconventional oil and gas
resources. Accordingly, Australia has a strong growth potential in expanding production. Therefore, any
attempt to overlap the use of the subsurface pore spaces for carbon storage should carefully consider both
the known and potential oil and gas resources in that area.

Figure 16. (A) Density of oil and gas fields in the main hydrocarbon prone basins of Australia. This density mostly
captures the spatial intensity of production activities. Bar graph in each basin illustrates total oil and gas reserves
(economic and sub-economic) in petajoules with the size scaled to the total of remaining and produced reserves
(AERA, 2010). (B) Density of exploration and production wells (2011 data) capturing the spatial intensity of both
exploration and production activities in the Australian basins.

Accumulation and occurrence of oil and gas resources are linked to a petroleum system which requires the
presence of a number of essential geologic elements and processes in a sedimentary basin (Magoon and
Beaumont, 1999). Any quantity of petroleum, whether it is a producible accumulation, surface oil and gas
seep or show of oil and gas in a well, demonstrates the presence of a petroleum system. The essential
elements of a petroleum system include:
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• Source rock that is rich in organic matter and capable of generating or has generated moveable
quantities of hydrocarbons;
• Reservoir rock that has sufficient porosity and permeability to allow production of hydrocarbons;
• Seal rock that is impermeable enough to restrict vertical and lateral distribution of hydrocarbons;
• Overburden rock that will satisfy burial conditions for thermal maturation of source rock and generation
of hydrocarbons.
In addition to these elements a petroleum system also depends on two main processes:
• Trap formation to provide confined volumes for accumulation of hydrocarbons;
• Generation, migration and accumulation that will facilitate migration and entrapment of hydrocarbons
generated in the source rock.
The essential elements and processes must be in a spatial and temporal order so that the generated
hydrocarbon from the organic matter in the source rock can be transferred into an exploitable resource. A
petroleum system exists only if all the essential elements and processes occur or have a reasonable
probability to occur (Magoon and Beaumont, 1999). The petroleum system events chart is a useful tool for
showing the temporal relation of the essential elements and processes of a petroleum system (Figure 17).
The chart depicts the times that the elements formed and the processes occurred. This allows assessment
of whether the system is developing in the required order to lead to resource accumulations. It also helps
to estimate the critical moment and the preservation time for the system.

Figure 17. Elements and processes of the Latrobe Total Petroleum System in the Gippsland Basin (USGS, 2012). The
chart depicts that all the elements and processes are in the correct sequence to form oil and gas resources. Time
scale in the first row is in million years. Abbreviations: Plio – Pliocene; Mio – Miocene; Olig – Oligocene; Eoc –
Eocene; Pal – Palaeocene; L – late; E – early.

Any oil or gas accumulation formed by means of a complete hydrocarbon system is commonly referred to
as conventional oil and gas resource (Figure 17 and Table 4). In some cases, economically producible oil and
gas accumulations could still occur even though one or more of the essential elements or processes are
missing in the conventional petroleum system. Several types of these accumulations are recognised around
the world and are referred to as unconventional oil and gas resources where a petroleum system partially
fails or under-performs (Table 4). Tight gas accumulations occur in low porosity and permeability reservoirs
that lack the necessary reservoir rock quality requirements of a conventional accumulation. Tight gas
accumulation can also be continuous and regionally distributed without a need for sealed volumes that
provide traps. Similarly, shale oil, shale gas and coal seam gas accumulations are continuous occurrences
where the hydrocarbons are still in the source rock and they have not migrated and accumulated within
confined high porosity reservoir rock volumes. Oil shale is a mature source rock from which hydrocarbons
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have not been expelled, and oil sand occurs when migrating oil has failed to be trapped at depth and has
been degraded by evaporation, biodegradation and water washing in the shallow subsurface environment.
Both oil shale and oil sand can be transformed into liquid hydrocarbons by mining, crushing, heating,
processing and refining or by in-situ heating and extraction. Gas hydrates are naturally occurring clathrates
in which smaller natural gas molecules are trapped in the molecular structure of water-based solids under
certain thermobaric conditions in deep-sea sediments and below the permafrost of the Polar Regions.
Table 4. Table summarising the required elements of hydrocarbon systems for conventional and various
unconventional oil and gas resources.
Rocks
Resource Type
source

reservoir

seal

overburden

Trap
Formation

Generation

Migration

Accumulation

Preservation

CONVENTIONAL
oil and gas
UNCONVENTIONAL
tight gas
shale oil
shale gas
coal seam gas
oil shale
oil sand
gas hydrates

: required

: not required

: dispensable

Extraction of economic oil and gas resources from the subsurface is a decades-long process. In contrast, the
petroleum system processes are very slow and formation of oil and gas resources typically takes hundreds
of thousands to millions of years in sedimentary basins extending hundreds to thousands of square
kilometers in area. A spatial link is critical between the petroleum system processes and the individual oil
and gas fields, which have to be maintained for at least several million years in order to charge the fields
with producible and economic quantities of oil and gas. Complete replenishment of the produced resources
from a field is not possible in historical time scales (few thousand years) due to very slow charge rates.
Although a field may receive an active charge during its production lifetime, this resource addition is
generally negligible in conventional oil and gas fields. However, some unconventional resources, such as
shale-gas and shale-oil, depend on the production directly from the source rock bypassing the slow
processes of migration and accumulation. In these cases, reserve addition due to active generation may be
worthwhile to consider.

3.2 Petroleum resource evaluation
Oil and gas resources in a sedimentary basin can be classified into three main categories (Figure 18; SPE,
2001):
i.

Reserves: The volume of petroleum that is planned to be commercially recovered from known
accumulations.

ii.

Contingent Resources: The volume of petroleum that is estimated to be potentially recoverable
from known accumulations but is not currently considered as commercial.

iii.

Prospective Resources: The volume of petroleum that is estimated to be potentially recoverable
from undiscovered accumulations.
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This classification is useful to illustrate the basin’s existing potential based on current reserves and
contingent resources and to project its potential into the future based on prospective resources. A workflow based on this classification can be easily applied to geological carbon storage projects to document the
oil and gas potential prior to project implementation (Figure 18B). The workflow starts with the assessment
of low risk/uncertainty commercial reserves and proceeds towards the high risk/uncertainty prospective
resources. The main advantages with this approach are: (i) the estimates are already available in most of
the oil and gas prone basins; (ii) analysis of the high risk/uncertainty petroleum system data and conceptual
models can be avoided; and (iii) the assessment can be carried out quickly with limited specialist input. The
following section provides details and examples on how to complete the various stages of the work-flow
(Figure 18).

Figure 18. (A) Resource classification system depicting the different categories of petroleum resources (SPE, 2001);
and (B) Suggested workflow for oil and gas resource assessment in the context of geological carbon storage
projects.

3.2.1 RESERVES
The existence of commercial reserves is a proof of a completely or partially working petroleum system(s)
that can generate conventional or unconventional resources in a sedimentary basin. Because the current
unconventional petroleum production in Australia is limited, the ‘reserves’ in this section will refer to
conventional reserves that ensure the existence of a complete petroleum system. Therefore, discussion of
the petroleum system elements and processes is unnecessary in the reserves context which focuses on the
nature and distribution of accumulations with trends of reserve exploitation.
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Production and reserve data
In moderate to intensely developed basins, historical production and reserves data can provide critical
insight to the current and future status of the basin as an energy supplier. The Gippsland Basin is
considered here as an example. The basin is one of the leading oil and gas production hubs of Australia and
has been intensely developed during the last 40 years (DPI, 2011). The production of liquid hydrocarbons
(i.e., oil and condensate) has been declining in the basin as seen in the decreasing slope of the cumulative
production curve for the last 25 years (Figure 19A). This is an expected profile due to intensive production
and natural depletion of reservoirs. The gradual approach of the cumulative production curve to the initial
reserves curve also indicates the maturity of petroleum development in the Gippsland Basin. Yet, the
production remains strong in the basin due to infill drilling in developed fields, work-overs to open new
zones and the development of known but previously undeveloped reservoir levels. Accordingly, new oil and
condensate reserves are still being added to the basin’s account. Note that the reserves and production
curves are almost parallel to each other since 2005, indicating that the reserve additions may provide
economical production rates for some decades into the future, particularly at the current level of the oil
price.
The future projection of production is even more optimistic in the case of gas where the gap between the
cumulative initial reserves and production curves is much wider (Figure 19A). In fact, major gas fields in the
basin continue to produce after four decades and the potential for a new discovery or the development of
known reserves is significant. A relatively recent, steep climb of the reserves curve in 2005 is a clear
indication of this potential together with the increasing use of gas in power generation in the state of
Victoria.
Intensity of drilling is another important measure of industry’s activities and has an impact on the resource
potential of any oil and gas-prone basin in general. Drilling activity in any hydrocarbon-prone basin is
strongly controlled by the oil and gas prices and this correlation also exists in the Gippsland Basin (Figure
19B). Decreasing prices generally reduce exploration drilling to minimize related costs but boost production
drilling to maximize the extraction and profit from the reservoirs (e.g., late 90s). Exploration drilling is
generally encouraged by the climbing trends of the prices (e.g., late 80s and mid 00s).
More than 15 wells per year have been drilled in the Gippsland Basin in the last 10 years (Figure 19). This
level of activity is similar to the 1980’s. Therefore, a decrease in either exploration or production activities
cannot be inferred based on these data despite the 40 years of intense oil and gas activities in the basin.
The remaining reserves are still significant and the basin will probably maintain its status as one of the
leading hydrocarbon provinces of Australia for some decades.

Figure 19. (A) Cumulative initial reserves and production data of conventional oil, gas and LPG in the Gippsland
Basin (DPI, 2011). (B) Drilling activities (exploration and production) in the Gippsland Basin for the last 25 years
(DPI, 2011) and variation of oil price per barrel during the same period.
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Distribution of fields and production
Many different types of data are commonly available in producing basins some of which can be collected
easily and are efficient in delineating basic characteristics of the basin and the individual oil and gas fields.
Distribution of the fields and the produced hydrocarbon types are probably the first piece of information
that needs to be reviewed in order to understand the pattern of oil and gas occurrence in any basin.
Despite its relatively small areal extent, the Gippsland Basin, for example, is densely populated with
economic and sub-economic oil and gas fields (Figure 20). Field sizes and in-place reserves vary significantly
across the basin but there are a number of fields which can be classified as ‘giant’ according to global
standards. Most of the resources and almost all of the current production are located in the offshore
Central Deep over the continental shelf with water depth less than 200 m. The only producing field over the
slope of the Central Deep is the Blackback Field in relatively deeper water (Figure 20).

Figure 20. Locations of the oil and gas fields in the Gippsland Basin. The offshore basin has five main geological
compartments: Central Deep, Northern and Southern terraces, and Northern and Southern platforms. The fields
marked by pie charts are currently producing and the charts depict the contribution of different hydrocarbons to
production with size scaled to total production volume. Abbreviations: BOE – barrel oil equivalent, LPG – liquefied
petroleum gas. The data are compiled from Malek and Mehin (1998) and DPI (2011).

Fields are mostly undeveloped and relatively small in number and size over the southern and northern
terraces and towards the shoreline. There is a relatively concentration of gas fields to the north and west of
the basin and oil fields to the southeast of the basin. This is probably related to the natural variation of
source rocks in the basin, with gas prone source rocks existing to the west of the Central Deep, grading into
oil prone source rocks away from the coastline to the southeast (O’Brien et al., 2008).

Field and reservoir database
Abundant field data is typically available in producing basins that are relevant to various aspects of the
existing resource. It is generally beneficial to compile a summary of the field data to better portray the
resource characteristics of a basin. Table 5 exemplifies such a compilation for the Gippsland Basin and
shows that the fields producing oil, gas or both oil and gas have been in production since the 1969. Some of
the fields are at a mature stage and depleted. Information about the reservoirs, top seals, traps and
hydrocarbon contacts provides an integrated overview of the nature of hydrocarbon pools in the
subsurface. These data are critical to understanding the subsurface geometry of the oil and gas
containments, main reservoir-seal pairs and typical depth range of the resource occurrences.
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Table 5. An example of field and reservoir data summary from the Gippsland Basin (from Malek and Mehin, 1998). Abbreviations – HC: hydrocarbon; tvdss: true vertical depth
subsea; GOC: gas-oil contact; OWC: oil-water contact; por: porosity; perm: permeability; SW: residual water saturation; IRP: initial reservoir pressure; T: reservoir temperature;
w: water; o: oil; g: gas; gc: gas cap; struc: structural; comb: combined; LE: Lakes Entrance Fm.; Gur: Gurnard Fm.; Lat: Latrobe Gp.
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LE
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OIL

IRP
(PSIA)

T
(C)

DRIV
E

WAX
(%)

API

CO2
(MOL
%)

TOP SEAL

Lat N1

g

RESERVOIR PROPERTIES
SALLINITY
(KPPM)

NET (M)

1969

Barracouta

DESC.

HC CONTACTS

25

1705

77

w

x

x

0.7

13.6

25

2265

77

w

x

x

2

15

20

2027

73

w

na

na

1.5

3.7

45.4

na

AREA
(KM2)

SECONDARY

HC

TYPE

MAIN

GROSS
(M)

FIELD NAME

TRAP

SINCE

RESERVOIR(S)

TVDS
S (M)

GOC
(M)

OWC
(M)

POR
(%)

PERM
(MD)

SW
(%)

60

1120

1151.5

x

25

>1000

20

110

1340

1556

1564

25

1500+

82

1180

1382

1388

24

1000+

54

1838

1915.5

1929

22

2900

20

35

2770

90

w&
gc

19.
25

2391

x

2397

22

500-5000

16

30-40

3430

104

w

na

44.6

x

44

2402

x

2419.5

20

200-5000

22

30-40

3433

104

w

17

41

x

13

2261

x

2399

22

5000-7000

16

30-40

3430

104

w

26.8

43.3

x

3

1204

x

1224

25

4000

21

20

1804.7

68

w

0.65

45

x

24

2432

24852518

25282534

21

100-3000

23

33

3689

104

w&
gc

12.7

46.7

na

77

2224

x

2306

21

5000-40000

18

30

3318

102

w

23.7

46.9

x

38

2240

x

2314

19

2000

37

40

3318

102

w

24

47

x

46

2298

x

2398

20

5000

22

37

3430

104

w

23

45.6

x

500-3000

24

2435

79

w

29

40

na
x

28

1706

1713

1731

2030

3.1

1093

x

1131

27

3000

15

18

1795

66

w

1.8

41

5.6

1367

x

1427

23

300

14

35

2054

66

w

3.32

53

x

5.3
14.
3

1361

x

1386

23

100-1000

21

22

2008

73

w

na

50.3

x

1890

x

2012.5

18

500-650

37

35

2905

101

w

24.9

40.5

x
na

27

1299

1379

1391

24

800-1000

35

35

2006

73

w

0.7

43.4

3.4

1459

x

1474

24

1800

17

25

2106

102

w

9.58

58.5

x

2.6

2810

x

2834

19

10-5000

18

20-30

4031

90

8.4

46.5

x

32

2100

21002600

varies

5.020

1-1000

15-30

35

3435

104

w
gc &
weak
w

1025

na

15.9
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In addition, the summary of reservoir properties provides insight into the subsurface thermobaric
conditions and also aids in reservoir characterisation.
A summary of field characteristics is not only useful for understanding the oil and gas resources but is also a
valuable input to preliminary assessments of the carbon storage potential in a basin. Depleted oil and gas
reservoirs are prime targets for carbon storage because they possess proven trap integrity, advanced
understanding of the subsurface conditions and generally adequate infrastructure, which may be used for
handling carbon storage operations. Furthermore, carbon storage schemes can be optimised to enhance oil
and gas production in the depleted fields. A data compilation as in Table 5 can be used for first-pass
evaluation of the carbon storage capacity of the oil and gas fields. Storage suitability and volumes can be
estimated field-by-field based on reservoir parameters (porosity, permeability) and pressure and
temperature conditions. Initial reservoir pressures and reservoir drive mechanisms are important aspects
because in open reservoirs with water drive a significant fraction of pore space will be invaded by water
during depletion, which decreases the pore space availability for carbon storage. The loss in storage
capacity was estimated to be in the order of 30-50% if reservoir re-pressurising during storage is kept
limited to initial reservoir pressure (Bachu et al., 2004).
The depth range of oil and gas fields could provide some insight into the extent of suitable reservoir rocks
in a basin for carbon storage. In the Gippsland Basin, the reservoirs are typically located at less than 2500m
depth with the exception of Blackback Field, which is around 2800 m depth (Table 5). In fact, a trend of
decreasing porosity with depth can be noticed, which is typical in clastic-dominated sedimentary basins,
predominantly due to the increase in the burial load (Wong and Bernecker, 2001). The lack of producing
fields beyond a certain depth range suggests a poor resource potential below 3000 m depth. This depth is
also critical for carbon storage efforts as decreased reservoir quality will bring along decreased storage
capacity and injectivity.

3.2.2 CONTINGENT RESOURCES
Producing oil and gas basins may also contain unknown or undeveloped reserves that require additional
capital investment to convert the oil and gas resources into an economical value. The undeveloped fields
may have been discovered during exploration drilling with technically recoverable reserves but have not
been put into production due to various barriers such as reserve size and economic infeasibility, surface
and subsurface technical challenges or inaccessibility through the existing surface facilities. Undeveloped
reserves might be expected to be recovered by drilling additional production wells, by deepening existing
wells to different reservoir levels, or re-completing an existing well, requiring large additional expenditures.
The reduction of the financial, geological and technical barriers may result in conversion of undeveloped
resources into economically feasible reserves and production. This potential is an important factor
influencing the future developments in oil and gas producing basins.
Contingent resources can be reviewed and documented in a similar way to reserves discussed in the
previous section. Reviewing the resource estimate is the initial step in understanding the additional
economic value that these reserves offer. The individual accumulations need to be mapped to review the
basinward distribution of the resource. Thus, the sizes of individual accumulations and their locations with
respect to producing fields and potential carbon storage sites can be assessed. Any field and reservoir data
compiled during this stage can be added to the field and reservoir database (Table 5). A particular focus
may be needed for recent and ongoing developments.
In the Gippsland Basin, for example, undeveloped oil resources account for 10% of the total produced oil to
date and undeveloped gas reserves exceed the total gas produced in the basin (Figure 21A). Accordingly,
the total economic value of the undeveloped reserves is significant. The larger accumulations are generally
located to the north-northeast of the basin close to currently producing major fields (Figure 21B). Some of
these accumulations have strong potential to be developed with relatively small investments using the
existing infrastructure of the basin. In fact, some of the recent and ongoing projects focus on this part of
the basin (Figure 21B and Table 6). In these projects, economic value of the gas developments significantly
outweighs the oil developments. The Gippsland Basin is likely to remain strong in terms of gas production
for at least several more decades, provided that the demand favours new developments.
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Figure 21. (A) Produced, remaining and undeveloped oil and gas reserves in the Gippsland Basin (Mehin, 2007). (B)
Location of the undeveloped oil and gas fields in the Gippsland Basin. Some of the recent developments are labelled
on the map. See Table 6for the details of the recent development projects.

Table 6. Some recent oil and gas developments and their values in the Gippsland Basin. See Figure 21 for the
location of the fields.
Recent developments

Operator

Production starts

Value

(million)
$230

Reserves
Gas

Liquids

(TCF)
0.40

(MMbbl)
5.2

0.35

19.0

Longtom gas

Nexus

2009

Basker-Manta-Gummy gas

Anzon

2011

Kipper gas

Esso

2011

$1400

0.62

30.0

Turrum oil and gas

Exxon Mobil

2015

$1400

1.00

110.0

Basker-Manta oil

Anzon

2006

$330

na

na

3.2.3 PROSPECTIVE RESOURCES
Estimation of prospective resources is based on the understanding of the essential elements and processes
of the petroleum system and their spatial and temporal interactions (Figure 17). This understanding is
typically built over the analysis of geological, geophysical and geochemical data acquired by oil and gas
companies with substantial investments. Yet, the data is always limited for confident definition of a
petroleum system or an exploration model and the knowledge gaps are filled with many assumptions and
conceptual models based on the global experience. Drilling is a key activity to test these assumptions and
models and revises them based on the hard data acquired from the drilling until a successful exploration
model is confirmed with a discovery. Due to a large number of unknowns, the exploration decisions possess
high levels of uncertainty and the success rate may be low. Therefore, it is practically impossible to achieve
a geologically well-constrained account of the prospective resources in any sedimentary basin.
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In known oil and gas provinces, however, it is statistically possible to determine the number of
undiscovered fields and an informed opinion can be established about where these fields might exist and
their possible sizes (e.g. Powell, 2001). These represent the undiscovered oil and gas resources, which have
the potential to be discovered and exploited with current technology. In practice, this is a difficult
prediction but can be achieved with reasonable uncertainty in established oil and gas provinces with the aid
of known historical trend of discovery and field size distribution and substantial geological dataset
capturing the natural variability in the basin. Published studies typically exist for major oil and gas
provinces. Table 7, for example, portrays a recent assessment of the undiscovered oil and gas in the
Gippsland Basin. Note that these resources may not eventuate, but exist only at a stated probability level
based on specified assumption. Nevertheless, the exploration activities are still ongoing in the Gippsland
Basin with 21 current exploration permits granted in the onshore and offshore parts of the basin (DPI,
2011). A total of 25 exploration wells were drilled in the basin from 2005 to 2010 and a well drilled in 2010
intersected a significant oil and gas column which is considered to be a commercial discovery (DPI, 2011).
All the exploration activities and the recent discoveries are clear indications of the undiscovered petroleum
potential in the Gippsland Basin despite its mature status.
Table 7. Undiscovered conventional oil and gas resource predictions for the Gippsland Basin (USGS, 2012).
Abbreviations – MMBO: million barrels of oil; BCFG: billion cubic feet of gas; MMBNGL: million barrels of natural
gas liquids. For gas fields, all liquids are included under the NGL (natural gas liquids) category. F95 represents a 95percent chance of at least the amount tabulated and the other fractiles are defined similarly. Largest expected oil
field size is in MMBO and gas field size is in BCFG.

TYPE

RESOURCE

LARGEST

TOTAL UNDISCOVERED RESOURCES

EXPECTED

OIL (MMBO)

GAS (BCFG)

NGL(MMBNGL)

MEAN FIELD
SIZE

OIL

24

GAS

439

F95

F50

F5

MEAN

F95

F50

F5

MEAN

F95

F50

F5

MEAN

87

133

200

137

133

253

451

267

5

14

37

16

1128

2152

3879

2282

52

99

181

105

In unexplored or underexplored basins, geological circumstances for occurrences of oil and gas resources
may not be clearly known from the existing data. Prospective resource assessments can be adapted to the
low level of knowledge but the uncertainty of the assessment will be high with a low level of reliability. In
these areas, the resource potential should be outlined based on the distribution of the exploration permits
and the oil and gas shows in the drilled wells. Otherwise, the assessment process may turn into an
exploration effort based on assumptions and conceptual model that will not reach any confident conclusion
without verification by drilling or additional surface data acquisition.
The Southern Perth Basin is an example of a region with a poorly justified hydrocarbon system where the
undiscovered resource potential could only be considered speculatively (Figure 22A). Despite the number
of hydrocarbon indications in the area, the small number of deep hydrocarbon exploration wells drilled in
the area failed to discover any commercial resource. Due to data limitations even the basic hydrocarbon
system events chart cannot be established, resulting in a high level of uncertainty for the area (e.g. Figure
17).
A review of the drilled wells (Table 8) suggests that the unsuccessful drilling results in the Southern Perth
Basin were generally related to lack of top or lateral seals that could form intact hydrocarbon traps. Some
of the wells were poorly located on the targeted structures, which also suggest data limitations in the area.
However, all the wells that penetrated the Permian section encountered gas, gas show or gas indication
within the Willespie Formation. This is evidence of the undiscovered hydrocarbon potential in the Southern
Perth Basin. In line with this potential, an exploration permit EP-416R1 has been granted over the area
(Figure 22B). The 2011 annual report of the company holding this permit emphasises two identified
prospects in the permit area, which have multiple Permian objectives with a potential trapping capacity of
230 BCF of gas (Empire, 2011).
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The review of the unsuccessful drilling results in the framework of the hydrocarbon system may reveal the
limitations of the hydrocarbon system and help identifying the reasons for lack of producible oil and gas
accumulations. An underperforming hydrocarbon system often indicates the potential for unconventional
oil and gas resources. In an abstract way, the oil or gas resources can be considered as a pyramid with a
small amount of high quality conventional resource that is easy to develop, and with large amounts of
lower quality unconventional resource that is hard to develop (McCabe, 1998). The conventional part of the
pyramid is well understood because decades of the industry’s activity have focused on this part. However,
the unconventional part is less understood and the amount of resources that can be extracted is highly
speculative. Tapping the unconventional resources may add significant value to the economy but this
requires some major steps to be taken for improvements in relevant geosciences and petroleum and
chemical engineering technologies. In fact, the last decade has seen rapid advances in the science and
technology of oil and gas production. Horizontal wells which intersect the reservoir in more favorable ways
and enhance production recovery have become common. Well stimulation and improved hydraulic
fracturing technologies (e.g., Montgomery and Smith, 2010) which increase the rate of petroleum flow
from a reservoir by injecting hydraulic fluids to fracture the rocks have greatly increased recovery factors
and improved recovery economics for many accumulations, particularly for unconventional hydrocarbons.

Figure 22. (A) A simplified map of the southern Perth Basin showing the wells drilled and encountered oil or gas
shows (Crostella and Backhouse, 2000). (B) A map showing the exploration permits in the Southern Perth Basin
(DMP, 2012).

Currently, the only unconventional resource in production in Australia is coal seam gas, which accounts for
7% of the total annual gas production. Economically demonstrated coal seam gas resources are estimated
to be 15.1 tcf with more than 100 years of reserve life at current rates of production (AERA, 2010). Coal
seam gas is discussed in the next chapter in detail together with the coal resources. No definitive gas
hydrates have been identified in Australian waters and there are no confirmed tight gas, shale oil, shale gas
or oil shale resources in Australia although they are speculated to exist in large quantities (AERA, 2010).
Accordingly, the unconventional oil and gas resources can be classified largely as prospective resources.
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Figure 23. The resource pyramid depicting the small volume of prime resources at the top and large volume of
lower quality resources at the bottom. The resource size, development cost and the technology need increases
downwards.

31 | Basin Resource Management and Carbon Storage – Part I

Table 8. Table illustrating the wells drilled in the Southern Perth Basin, hydrocarbons encountered and main failure reason of the wells (compiled from Crostella and
Backhouse, 2000).
HYDROCARBONS
WELL NAME

TD (M)

OBJECTIVE

REMARKS
TYPE

Araucaria-1

2218

pre break-up UC

Bouvard-1

1148

pre break-up UC

Challenger-1

2250

pre break-up UC

Chapman Hill1

1350

Catamara Fm

Cockburn-1

3054

Catamara Fm

Lake Preston1

4565

Willespie Fm

Parmelia-1

1770

pre break-up UC

Peel-1

3714

pre break-up UC

Pinjarra-1

4572

Preston-1

FAILED DUE TO

FM @ TD
Parmelia
Group
Parmelia
Group
Yarragadee
Fm
Cattamarra
Fm
Cattamarra
Fm
Willespie Fm

oil

oil column of
7.5 m

RESERVOIRED

STRUCTURE

TOP SEAL

LATERAL SEAL

Parmelia Group

RESERVOIR
x

dry

x

migrating
hydrocarbons
ineffective top seal

dry

x

not a valid trap

dry

x

not a valid trap

dry
gas

dry

stratigraphicPermian

Parmelia
Group
Yarragadee
Fm
Lesueur
Sandstone

765

stratigraphic

Eneabba Fm

dry

Rockingham-1

1563

Cattamarra Fm

Cattamarra
Fm

dry

Sabina River-1

4309

Willespie Fm

Willespie Fm

gas

Sugarloaf-1

3660

pre break-up UC

Warnbro-1

3660

pre break-up UC

Yarragadee
Fm
Yarragadee
Fm

PRESENCE

minor C1 & C2

Willespie Fm.

dry

x
x

x

x

well is poorly located
on the flanks
well is poorly located
on the flanks

x

not a valid trap

x

no effective closure

dry

failed to reach
Permian objective

x

stratigraphic well

Indication

Willespie Fm.

dry

x

oil

traces of
residual oil

Parmelia Group

x

x

lacking updip closure
by a fault

x

not a valid trap

x

not a valid trap

x

not a valid trap

Whicher
Range-1
Whicher
Range-2
Whicher
Range-3

4653

Permian

Willespie Fm

gas

gas column

Willespie Fm.

x

tight reservoir

4330

Permian

Willespie Fm

gas

gas column

Willespie Fm.

x

tight reservoir

4495

Permian

Willespie Fm

gas

gas column

Willespie Fm.

x

tight reservoir

Wonnerup-1

4728

Permian

Willespie Fm

gas

fair to good
show

Willespie Fm.

x

inconc. results - no
successful tests
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Tight gas
Tight gas is the term generally used to refer to low permeability reservoirs that produce mainly dry natural
gas. In oil and gas basins, some tight gas reservoirs are found in basin-centered or continuous
accumulations whereas others are found in low permeability reservoirs in conventional traps, usually
referred to as sweet spots (Law, 2002). There are no confirmed reserves of tight gas in Australia although
‘in place’ resources estimates are significant for the Perth, Cooper and Gippsland basins at around 20 tcf
(Campbell, 2009; AERA, 2010). The tight gas in these basins is stored in sandstone reservoirs of a wide
range of geological ages with low permeability due to non-favorable primary lithology and/or diagenesis.
The aforementioned basins are close to infrastructures for conventional gas production and are currently
being considered for commercial production.
The most critical element of a tight gas system is the source rock. Humic gas-prone coal beds containing
high-volatile carbon with vitrinite reflectance values of 0.6% Ro and higher provide the most obvious source
rock (Hunt, 1996). Accordingly, identification of potential source rock intervals and mapping of their
distribution is the preliminary step in delineating the potential for tight gas resources.
An example of an active source rock that could charge a tight gas system may be the coal-bearing Permian
and Early Jurassic strata in the Southern Perth Basin (Crostella and Backhouse, 2000). Thermal gradients in
the region and burial depths of the strata are generally sufficient to achieve maturity levels for the initiation
of thermal gas generation, especially for the Permian strata (Figure 24). In fact, the source rock for the gas
occurrences in the low porosity and permeability sandstones of the Whicher Range wells is considered to
be formed by the coal seams and carbonaceous shales of the Permian section (Crostella and Backhouse,
2000).
The existence of reservoirs with appropriate quality is another important aspect to assess tight gas
resources. Coal bearing strata are generally associated with interbedded, low porosity and low permeability
sandstones deposited in continental coal bearing environments. Diagenetic overprint, proportional to
thermal maturity levels, further reduces the porosity and permeability in these potential reservoirs.
Reservoir overpressuring is typically observed in many tight gas systems (e.g., Law, 2002). In the earlier
stages of burial, the reservoirs may be normally pressured or overpressured due to compaction
disequilibrium where the water is the only fluid phase. However, with the initiation of hydrocarbon
generation, abnormally high pressure develops when gas displaces the majority of the water. Therefore,
identification of overpressure and its mechanisms has high priority in the reconnaissance of tight gas
resources. Parameters such as pore fluid composition in conjunction with porosity (<13%), permeability
(<0.1 mD), thermal maturity (>0.6% Ro) and gas shows may be useful for pressure prediction (Law, 2002).

Shale gas and shale oil
Shale gas and shale oil resources can be considered as a self contained petroleum system in which the
organic-rich shales as a whole constitute the source, reservoir and seal rock. Following the generation of oil
and gas from the organic-rich materials in the shales, very low matrix permeability traps the generated
hydrocarbons and prevents its expulsion and subsequent migration into conventional reservoirs. The shale
sequences can hold the oil and gas in natural fracture systems, in free micro-pore spaces or absorbed onto
the organic material. Shale gas and shale oil exploration is still in its very early stages in Australia. The
organic rich shales in some onshore basins of the Northern Territory have been assessed and their shale gas
potential was noted (Vu et al. 2009). However, a large resource potential for shale gas and shale oil is
generally inferred for Australia (e.g. AERA, 2010); albeit highly speculative due to lack of national data to
confirm the potential for economical recovery from these reservoirs. A recent study of selected Australian
basins by the USEIA (2011) estimates the total ‘risked gas in-place’ and ‘technically recoverable’ shale gas
resources to be 1,381 Tcf and 396 Tcf, respectively, including significant potential in the Kockatea and
Carynginia shales in the Perth Basin (Table 9).
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Figure 24. (A) Tentative maturity map (%Ro) of the top Permian in the Perth Basin; and (B) Tentative maturity map
(%Ro) of the Early Jurassic strata in the Perth Basin. Both maps suggest that the maturity level for gas generation is
met in general across the basin for Permian and Early Jurassic strata. From Crostella and Backhouse, 2000.

Table 9. Shale gas reservoir properties and resources of Australia (USEIA, 2011).
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Two basic assessment methods can be used for shale gas and shale oil resources (Schmoker, 2002). In-place
resource estimates could be a first step in deciding if there is significant potential to consider. This
approach is based on the delineation of distribution, total organic carbon content, thickness and thermal
maturity (as %Ro) of the source rock (Curtis, 2002). Accordingly, gas-window source rock maturity areas
and oil-window source rock maturity areas can be defined. Biogenic components could also be a significant
part of shale gas resources, requiring the mapping of areas of biogenic gas in immature or mature source
rocks. With the knowledge of gas or oil fraction present in the pore space or absorbed by the reservoir rock,
in-place resource volumes per reservoir area can be established. Curtis (2002) lists and compares the key
geological, geochemical and reservoir parameters critical in the characterisation of five producing shale-gas
systems in the USA (Table 10).
Another resource assessment method relies on production characteristics as the foundation for resource
potential (Schmoker, 2002). Past production performance is taken as a point of reference and future
production patterns and reserve additions are modeled. This approach minimises the reliance on direct
estimates of reservoir parameters such as porosity, permeability, water saturation, fracture density etc. but
requires an existing production history for reference which decreases its applicability to prospective
resources.
Table 10. Key geological, geochemical and reservoir parameters of five shale gas systems in the US (from Curtis,
2002).
PARAMETER

ANTRIM

OHIO

NEW ALBANY

BARNETT

LEWIS

Depth (ft)
Gross thickness (ft)
Net thickness (ft)
Bottom hole temperature (°F)
TOC(%)
Vitrinite reflectance (%Ro)
Total porosity (%)
Gas-filled porosity (%)
Water-filled porosity (%)
Permeability thickness [Kh (md-ft)]
Gas content (scf/ton)
Adsorbed gas (%)
Reservoir pressure (psi)
Pressure gradient (psi/ft)
Well costs ($1000)
Completion costs ($1000)
Water production (b/day)
Gas production (mcf/day)
Well spacing (ac)
Recovery factor (%)
Gas in place (bcf/section)
Reserves (mmcf/well)

600-2400
160
70-120
75
0.3-24
0.4-0.6
9
4
4
1-5000
40-100
70
400
0.35
180-250
25-50
5-500
40-500
40-160
20-60
6-15
200-1200

2000-5000
300-1000
30-100
100
0-4.7
0.4-1.3
4.7
2.0
2.3-3.0
0.15-50
60-100
50
500-200
0.15-0.40
200-300
25-50
0
30-500
40-160
10-20
5-10
150-600

600-4900
100-400
50-100
80-105
1-25
0.4-1.0
10-14
5
4-8
NA
40-80
40-60
300-600
0.43
125-150
25
5-500
10-50
80
10-20
7-10
150-600

6500-8500
200-300
50-200
200
4.50
1.0-1.3
4-5
2.5
2.9
0.01-2
300-350
20
3000-4000
0.43-0.44
450-600
100-150
0
100-1000
80-160
8-15
30-40
500-1500

3000-6000
500-1900
200-300
130-170
0.45-2.5
1.6-1.88
3-5.5
1-3.5
1-2
6-400
15-45
60-85
1000-1500
0.20-0.25
250-300
100-300
0
100-200
80-320
5-15
8-50
600-2000

Oil shales
Oil shale is commonly defined as fine grained sedimentary rock, rich in organic matter, which yields
substantial amount of oil and combustible gas upon destructive distillation (Dyni, 2005). Oil shales have
potential for the economic recovery of oil and gas as well as number of byproducts, which can further add
to the economical value of the resource. The potential is generally associated with the oil shale deposits
that are at or near the surface to be developed by open-pit or conventional underground mining or by insitu methods (Dyni, 2005).
Oil shale resources are distinguished according to their grade, which specifies the litres of oil that can be
produced from a ton of shale. Resources that yield 100 to 200 litres per metric ton (L/t) are considered as
commercial grade with early development potential (Dyni, 2005). Deposits with grades below 40 L/t are
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generally not counted as economic resources in the current technological and economic spectrum although
grade limits as low as 25 L/t are still considered as potentially exploitable at in the future.
The oil shale deposits in Australia range from small and non-economic to large enough for commercial
development. These deposits range in age from Cambrian to Tertiary and are diverse in origin. The
demonstrated total resource is 58 billion tons from which 24 billion barrels are recoverable. About 4 million
tons of oil shale were mined in Australia between 1860 and 1952 (Crisp et al., 1987).
The commercial development of oil shale deposits is dependent on multiple factors, which need to be
reviewed when assessing the resource potential. Delineation of the geological setting and the
consequential physical and chemical characteristics of the resource are important priorities. Type, quality
and content of organic matter in the rock determines the grade of oil shale, which is the measure of oil
generative potential. Determining the spatial variation of the organic matter and thickness distribution of
the oil shale is also important in resource estimations. While these efforts may help to quantify resource
volumetrics, the development likelihood also depends on the burial depth of the oil shale deposit as well as
the availability of infrastructure and a skilled workforce in the area (Dyni, 2005). Table 11 summarises some
of the key aspects characterising 10 potentially economic oil shale deposits in Israel.
Table 11. Characteristics of 10 deposits of oil shales in Israel (Dyni, 2005).
OVERBURDEN THICKNESS
(M)

OIL-SHALE THICKNESS
(M)

% ORGANIC MATTER
IN OIL SHALE

OIL-SHALE RESOURCE (X106 TONS)

Nabi Musa

0-30

25-40

14-18

200

Shefela-Hartuv

25-50

150-200

14-15.5

1100

En Bogeg

30-100

40-60

15.0

200

Mishor Rotem

20-150

20-150

11-17

2260

Mishor Yamin

20-170

20-120

10-18.5

5200

Yeroham

70-130

10-50

16.0

200

Oron

0-80

10-60

15-21

700

Nahal Zin

5-50

5-30

12-16

1500

Zenifim

30-50

10-60

8.0

1000

Sde Boker

50-150

15-70

15-18

3000

DEPOSIT

3.3 Summary of oil and gas data, sources and documentation
The resource assessment workflow proposed in Figure 18 can be implemented based on the existing
compilation of data and interpretations available through various sources (Table 12). Under the current
petroleum acts, basic and interpretive data acquired and used by the oil and gas companies have to be
submitted to the Government. After a confidentiality period, these data are generally made available
through State and Territory departments responsible for the upstream oil and gas sector. The departments
commonly have web sites and data portals to distribute this information. A number of national databases
serving relevant data are also available through Geoscience Australia. Regional reviews by State and
Territory departments and publications by scientific community are also useful sources.
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Table 12. Various data types and sources which can help to characterise oil and gas resources in a sedimentary
basin.
DATA TYPE
Resource estimates
•
Reserves and
production data
•
Contingent
resources
•
Prospective
resources

License Maps
•
Production licenses
•
Exploration permits
•
Retention leases
•
Recent
acreage
releases
Field and reservoir data
•
Field and borehole
locations
•
Log data and well
completion reports
•
Seismic surveys
•
Regional data
compilations and
reviews

Petroleum system data
•
Regional reviews

SOURCE

DOCUMENTATION/PRESENTATION

• Geoscience Australia (GA, 2012)
• State and Territory departments’ online data
portals (Table 11)
• Annual statistics released by State and Federal
authorities and oil and gas companies.
• USGS World Petroleum Assessment (USGS,
2000)
• USGS resource assessment updates (e.g.,
USGS, 2012)
• State and Territory departments’ online data
portals (Table 11)

• To be tabulated.
• Standard volume unit to be used.
• Reserves and contingent resources to be
shown spatially in map format detailing the
individual accumulations.
• Standard mapping coordinate system to be
used with scale.

• State and Territory departments’ online data
portals (Table 11).
• Geoscience Australia (GA, 2012)
• Petroleum related publications including
maps, reports and periodicals. These are
commonly available through State and
Territory departments’ web sites.
Scientific papers published by Australian
Petroleum Production and Exploration
Association and the other relevant
international journals.
• Petroleum related publications including
maps, reports and periodicals. These are
commonly available through State and
Territory departments’ web sites.
• Scientific papers published by Australian
Petroleum Production and Exploration
Association and the other relevant
international journals.

• Fields, borehole locations and seismic
surveys to be documented as maps with a
standard coordinate system.
• Reservoir and field data can be documented
as tables and charts.
• Data from well completion reports and
regional compilations to be properly
referenced.
• Data interpretations to be documented by
maps, cross-sections and correlation charts.

• To be documented as maps with a standard
coordinate system.

• Available petroleum system data to be
documented by maps, cross-sections and
correlation charts.
• If possible individual petroleum system
elements to be documented as maps and
charts.
• If possible, petroleum system events to be
tabulated in a geological time framework.
• All the data to be properly referenced.
• Standard mapping coordinate system to be
used with a scale.

3.4 Regulatory controls for oil and gas development
The activities of the upstream oil and gas sector are governed by a large body of legislation and the
regulatory framework is governed by both the Federal and State and Territory Governments (Productivity
Commission, 2009). The Petroleum (Submerged Lands) Act 1967 was the first offshore petroleum law
enacted in Australia and was followed by the Seas and Submerged Lands Acts 1973. However, the overlap
between the Government and States’ powers resulted in some conflict over the legislation of the upstream
petroleum sector. The Offshore Constitutional Settlement 1979 is an agreement between the
Commonwealth, the States and the Northern Territory regarding jurisdiction over the territorial sea and
established the States’ rights over coastal waters and joint regulatory authority over the Commonwealth
waters adjacent to each state and the Northern Territory. The settlement formed the foundation of the
existing regulatory framework (Productivity Commission, 2009): (i) State and Territory petroleum legislation
applies in coastal waters and is administered by State and Territory authorities; and (ii) Commonwealth
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legislation alone applies in Commonwealth waters. However, the Government shares joint regulatory
authority with the relevant State and Territory in the adjacent areas of Commonwealth waters.
Despite the variation in regulatory arrangements between the coastal and Commonwealth waters, it was
agreed that a ‘common mining code’ would be retained as far as practicable. Accordingly, State and
Territory petroleum laws were enacted to mirror the Commonwealth legislation through series of acts
titled the Petroleum (Submerged Lands) Act 1982, Petroleum Offshore Act 1982 (NSW) and Petroleum
(Submerged Lands) Act 1981 (NT). State and Territory departments responsible for upstream petroleum
regulations are given in Table 13.
Table 13. State and Territory departments responsible for upstream petroleum legislation
Jurisdiction

Department

NSW

Department of Primary Industries

Victoria

Department of Primary Industries

Queensland

Department of Mines and Energy

WA

Department of Mines and Petroleum

SA

Primary Industries and Resources South Australia

Tasmania

Department of Infrastructure, Energy and Resources

NT

Department of Regional Development, Primary Industries, Fisheries and Resources

The Offshore Petroleum Act 2006 was declared on 1 July 2008, and replaced the Petroleum Submerged
Lands Act. It was subsequently amended by the Offshore Petroleum Amendment (Greenhouse Gas Storage)
Act 2008 (Cwlth), with the new Offshore Petroleum and Greenhouse Gas Storage Act 2006 (Cwlth) gaining
assent on 21 November 2008. The latter provides the legislative framework for petroleum titles
(exploration, retention, production, infrastructure and pipelines), along with nine sets of subordinate
regulations.
The onshore upstream activities are also regulated by states’ onshore petroleum and pipeline specific
legislations. There is also an extensive body of legislation governing upstream petroleum activities in areas
such as the environment, heritage, development, native title and land rights and occupational health and
safety (Productivity Commission, 2009). Due to this legislative burden, many reviews of regulation affecting
the sector are currently being undertaken. There are also several international treaties that affect upstream
petroleum activities in offshore areas by defining Australia’s maritime boundaries.

3.5 Economic considerations
In 2008-09, the oil and gas industry contributed $30.1 billion to industry value representing 2.5% of the
Australian total (ABARES, 2011). In addition to the important products made available by the industry, it
also makes economic contributions as an employer and purchaser of goods and services. In 2008-09 a total
of 21,000 were employed by oil and gas extraction, gas supply and petroleum and coal product
manufacturing industries (ABARES, 2011). Hundreds of thousands of jobs in other industries are supported
by the industry’s purchases of intermediate inputs and capital goods from other producers. Equipment
suppliers, construction services, management services, food services, and many other types of support
services potentially benefit from the industry.
Oil is the most common transport fuel and the leading energy source accounting for around 35% of the
world’s primary energy consumption in 2007. The rate of liquid hydrocarbon consumption in Australia was
342 MMbbl in 2008 with an absolute deficit with respect to the domestic production of 194 MMbbl
covering only 56% (AERA, 2010). Australia’s oil consumption is estimated to increase over the next two
decades but probably at a rate slower than the past 20 years while the production continues to decline
(AERA, 2010). Australia’s resources of crude oil and condensate are only a small proportion of world
resources and the nation is a net importer of oil and oil products. The future will bring along more
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dependency to imports of liquid hydrocarbons unless major new discoveries or development alternatives
are found.
Natural gas is the third largest energy source globally after oil and coal and accounts for 23% of world
primary energy consumption. The gas resources of Australia are prolific and the current production of 1.6
TCF exceeds the consumption with 44% of the production exported as LNG (2007-2008 data from AERA,
2010). The main domestic markets are the manufacturing, electricity generation, mining and residential
sectors. Because gas is a relatively flexible and clean source of energy, the consumption is estimated to
grow faster than the other fossil fuels over the next few decades. The large gas resources of Australia are
capable of supporting market growths beyond 2030 and have a potential for further growth (AERA, 2010).
Accordingly, gas is becoming increasingly important both as a source of export income and domestic energy
source.
Exploration is a key activity to ensure a decreased dependency on oil imports and a market growth for the
gas. In fact, expenditure on oil and gas exploration accounted for 88% of the total exploration for energy
resources (oil, gas, coal and uranium) reaching up to $3.5 billion in 2009-10 (ABARES, 2011). Contribution of
unconventional resources is minor although a large potential is thought to exist.

39 | Basin Resource Management and Carbon Storage – Part I

4 Coal and coal seam gas resources

Australian black coal resources are located in most states with 42% being situated in NSW and 53% in
Queensland (Figure 25). Brown coal deposits are found in all Australian states, although 96% of identified
brown coal resources are found in Victoria. It is not a coincidence that the abundance of coal reserves along
the eastern seaboard is also where the majority of electricity is generated and consumed. As coal is a
relatively low cost energy source in Australia, most of Australia’s electricity is produced using coal; in 200809, 77% of Australia’s total electricity generation was from coal (ABARES, 2011).

Figure 25. Spatial distribution of Australian coal resources (Geoscience Australia, 2009).

Coal seam gas (CSG) production in Australia has increased significantly since 2002, reaching 140 billion
cubic feet (bcf) in 2009, of which 96% were from Queensland’s Surat and Bowen basins (Figure 26). CSG
accounts for about 80% of Queensland’s domestic gas market. Reserves have also been proven in the
Sydney, Clarence-Moreton, Gunnedah and Gloucester basins of New South Wales and exploration is taking
place or planned in the Galilee and Perth basins. CSG is playing an increasingly important role in the energy
market and is developing further in the liquefied natural gas (LNG) industry in which exports from
Gladstone in Queensland are already planned (Geoscience Australia, 2012).
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Figure 26. Geoscience Australia, 2012, Oil and Gas Resources of Australia 2010 Report
http://www/ga.gov.au/oceans/pgga_OGRA.jsp.

4.1 Coal and coal seam gas concepts
Coal is formed from the accumulation of organic material in a typically shallow, wet, low energy, anoxic
environments such as lagoons, mangroves and swamps that slowly became buried over many millions of
years, to great depth in slowly subsiding basins. As this layering process can occur repeatedly, leading to
multiple coal seams separated by sedimentary layers (Figure 27), coal can exist at multiple depths in deep
sedimentary basins in one geographic location. Over time, the coal and interburden can be folded and
either uplifted and exposed or buried more deeply. These processes lead to the variability of character,
depth, extent, quality and distribution of coal and gas, in turn, affecting the mineability of the resources.
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Figure 27. Cross section model showing typical features of
o coal deposits using an example from the Latrobe Valley:
Valley
dipping coal strata showing multiple layering of coal and interburden, folded, repeated, continuous and
discontinuous and surface exposure. CSG may be present. (Figure
(Figure source: Schaeffer et al., 2009).
2009

As buried, organic material matures to form coal it also produces gas, which can be trapped within the coal
seam and overlying sedimentary rocks (interburden). The gas may escape to the atmosphere, or it may
remain trapped in- or close to- the coal providing another extractive resource in the same geographic
location at various depths. Particularly where coal may be too thin or too deep to be mined, it may be
deemed ‘unmineable’, but may alternatively provide a potential source of energy in the form of coal seam
gas. In a coal seam, methane is typically stored in the pore spaces and cleats, as well as adsorbed to the
coal matrix, held in place by groundwater. Depending on its quality and quantity, CSG may form an
economically viable energy source. CSG
CSG production takes place in Australia from depths of generally more
than 300 m down to 1200 m across a number of basins,, such as Moranbah (~300 m), New South Wales, the
Appin Colliery (>550 m) and Kogan North in the eastern Surat Basin (>600 m), and Peat in
i the Bowen Basin
(to 800m depth) (PESA News, 2009; Qld. Govt. DEEDI, 2012).
An alternative extraction method of CSG,, enhanced by the injection of another gas into the coal, is known
as enhanced coal bed methane (ECBM) production. Although not a different
different resource per se, ECBM
provides a method that allows coal seam gas that is otherwise difficult to extract to become a realistic
resource. ECBM using CO2 is being explored as an option for Australia in the Sydney Basin (to depths of 750
m), whilst also acting as a CO2 storage
torage option (Saghafi, 2010).
Importantly, the basins in which coal might form are also those in which CO2 may successfully be stored.
Coal-rich
rich basins were typically subsiding, sedimentary basins with changing environmental conditions that,
over time, allowed various layers of organic materials, in addition to sand, silt or mud to accumulate. The
continued subsidence
bsidence and possible deformation not only provided the organic matter with conditions to
form coal and gas, but may also provide faulted or folded geological traps in which CO2 can be stored.
Although coal or gas has not formed in all sedimentary basins, it is important to assess its potential for coal
resources, even in under- or undeveloped exploration areas. Economics of coal and gas extraction may
change over time and assessing whether an economic resource exists in a study area will depend on
technologies
gies and market demand. Based on few exploration wells, an area may be deemed to lack
economic coal or gas resources but lateral confirmation across the area should also be sought.
sought Therefore,
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the geometry of the basin and depositional environment should be determined in order to assess the
regional coal resource potential.

4.2 Coal and CSG resource evaluation
Mapping of the location of wells, known coal resources, exploration permits, extraction leases, faults and
other geological hazards will identify the spatial correlation between coal or CSG and the CO2
injection/storage area. Well logs will identify depth and existence of coal at depth (Figure 28). Well
completion reports may identify whether coal seam gas was detected.
To assess whether the resource is of economic interest and assess its value, the coal, gas content or tight
gas extent must be constrained by both volumetric extent and commercial potential; but also extraction
techniques must be considered. For tight gas, the volumetric extent, depth required for extraction and
porosity is critical for calculating the amount of potential gas present and its economic value.
For coal, typically, seams <50 cm thick are not of mineable interest. The calculation becomes more complex
with depth however, as a variety of extraction options are now available, although not widely practiced yet
across Australia. In Queensland, coal deeper than 500 m is presently of little interest to mining while there
remains to be much, good quality shallow coal that is recoverable. Coal in NSW is mined at depths up to
600 m and overseas, 700-800 m is common. Additionally, coal at depths to more than 800 m in Queensland
and over 1 km depth overseas (USA for example) are sources of coal seam gas. Underground coal
gasification has been tested at much greater depths overseas. These alternatives suggest that coal as a
resource may not be completely ruled out at depths of over 1 km. Shale and tight gas may become
economic to depths of over 3 km and large areas of Australia including the Bowen, Canning, Perth and
Cooper basins were reported (WADIR, 2004; Campbell, 2009; Kuuskraa et al., 2011) to have such resources.
These are not yet exploited but may be in future. Therefore, prevailing trends, policy and technology will
identify the position of whether a coal resource is of economic value.
The coal’s economic value can be calculated based on volume and depth, extraction method to be used,
market value and distance, quantity and coal rank and variability within the resource.
Depending on the coal quality, rank, moisture, energy and mineral content for example, coal may have a
variety of uses and can be of economic interest for multiple purposes. For example, high energy, low
moisture, high rank bituminous coal may be useful for either steam (thermal) or coking (steel making),
whereas higher moisture, lower energy, low rank coals may be more useful for power generation or
cement manufacturing. Low rank (immature) brown coal for example in Victoria is abundant and easy to
extract, making it economically valuable to the local region. In contrast, Queensland’s higher rank, thermal
and coking coals are also relatively shallow and economically valuable to both the national and
international markets.
Anthracite (highest rank, hard, >86% carbon, high energy, low moisture) is the most valuable coal and is
relatively rare but is sold as a smokeless fuel and for domestic or industrial use. Low quality coals can be
processed or blended to suit specific needs. For example, a low value, high sulphur coal can be reduced in
sulphur by liberating and extracting pyrite content, or by blending the high sulphur coal with one of very
low sulphur content to produce a more acceptable and more valuable product. Blending is common
practice in the coal industry and allows lower quality coals to have a broader market and greater economic
value. In the Surat Basin for example coal of coking, thermal and PCI (pulverised coal) grade is widely
mined.
The coal thickness and quality within a seam and throughout a mine can vary laterally and in depth
depending on the depositional environment of the coal. Therefore, the quality, thickness and type of coal
along a seam cannot be assumed from just a few samples and exploration for coal entails drilling of,
sometimes, hundreds of holes, in order to characterise the resource. Typically these data remain
unpublished, retained only by private companies. Nevertheless, some data will be in the public domain and
all available data should be reviewed to ascertain whether a coal or CSG resource exists. Well logs may
consist of stratigraphy or down-hole geophysics with or without interpretation (Figure 28).
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Figure 28. Wire line log (downhole geophysics) example showing how physical data can be used to identify coal and
inter-burden units.

In the Surat Basin, private and government exploration holes have been drilled for over 50 years. Although
privately owned drillhole data may not be available, government data is, and the Geological Survey of
Queensland (GSQ) may also be able to provide well completion reports from private companies who have
submitted such information. Unlike the Surat Basin, the Perth Basin in Western Australia has far fewer
exploration and development bores and wells, but those that exist can be used to assess the location of
potential resources. An estimate and model for the location of a resource can be derived using core data
and wireline logs from wells.
In the Southern Perth Basin in Western Australia, for example, five boreholes were used to identify the
location and approximate extent of stratigraphic horizons, including the Cattamarra Coal Measures (Figure
29). Using signatures within the geophysical data for each borehole, various units were identified and
correlated from north to south. The sedimentary units are folded and cause the Cattamarra Coal Measures
to be deep in the north, outcrop and become eroded towards the centre and are deep again in the south of
the transect.
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Figure 29. North-south cross-section
section of the southern Perth basin showing how the lateral extent of the Cattamarra
Coal Measures are identified using geophysical signatures from bore holes (Varma et al.,
al 2007).

In the Surat Basin where
here far more borehole data can be combined with geophysical data such as seismic
sections, gravity surveys and aeromagnetic surveys, a 3-dimensional
3 dimensional model of the subsurface can be
extrapolated to better determine the areal extent of stratigraphic units. The
The image shown in Figure 30 is an
example of modelling that can be achieved where numerous, closely spaced boreholes (undisclosed by
modeller) are available in the Surat
at Basin, Queensland (USQ, 2011).

Figure 30. Three-dimensional
dimensional model that can be achieved with sufficient boreholes
borehole data - this shows (in green) coal
seam distribution throughout the Walloon Coal Measures, Surat Basin, Queensland (USQ, 2011).
2011)

Economic coal seam gas is the methane from coal that is feasible to be extracted
ed under current technoeconomic conditions. Where sufficient dewatering cannot be achieved to liberate the methane for
unaltered reservoir conditions, hydraulic
hy
fracturingg can be performed (fracturing of the coal seam to
increase permeability). In the Peat and Scotia CSG extraction sites, east of Wandoan in the Surat Basin, for
example, CSG is extracted from coal up to 800 m depth, where the permeability is
i enhanced by the
45 | Basin Resource Management and Carbon Storage – Part I

structure of the Burunga Anticline. However, below 900 m, seams are considered to be uneconomic as the
permeability is too low (Queensland Government, 2012).
To determine where coal seam gas forms a resource, coal must be encountered and gas content must be
identified during drilling and testing. Suitable coal seams for CSG depend on depth and rank of coal seams,
pressure and temperature condition, maceral composition of the coal, adsorption and desorption capacity
of the coal. Accordingly, field sampling, lab testing and two- and three-dimensional geological modelling are
required to assess coal seam suitability. In the Surat Basin, a number of CSG wells are in production. For
example, east of Wandoan, the Peat and Scotia sites source gas from the Baralaba Coal Measures at the
Burunga Anticline where gas has been trapped structurally at over 700 metres depth (Queensland
Government DEEDI, 2012).

4.2.1 COAL AND COAL SEAM GAS QUALITY
Having estimated the geographical extent and coal seam thickness, the quantity of coal (or tight gas) can be
estimated. The quality and quantity may vary laterally which may also need to be considered in modelling.
Coal grade is determined by the size and shape, form and type, and the degree and intergrowth of minerals
and organic matrix. These parameters allow an assessment of the potential for pollution, hardness and
abrasiveness of the coal in addition to the potential for liberating unwanted minerals. The rank of a coal (its
maturity) is determined by the level of coalification that has been achieved through temperature and
pressure over time through burial of accumulated peat (Stach et al., 1982). Coal quality is derived from a
range of laboratory based analyses and tests and is based on a number of parameters:
• Proximate analysis determines the percentage of inherent moisture, ash content, volatiles and fixed
carbon as per Australian Standards 1038, part 3, 1979.
• Inherent moisture is measured as high water that can reduce the heating value and make the coal
difficult to ignite.
• Ash value identifies the percentage of the coal that does not burn (low ash coal is more valuable) and can
impact on the temperatures to which the coal may burn and reduce the value of available coal.
• Volatile matter has a bearing on ignition and combustion properties and may affect the performance of
the coal. High volatiles are desired but if it is too high it will cause high fuel consumption.
• Fixed carbon is the amount of carbon that remains after volatiles have been released and continues to
burn. High fixed carbon leads to lower fuel consumption.
• Ultimate analysis identifies the chemical components of the coal; importantly it identifies the sulphur
types and content present that can impact on value as it may cause corrosion and can dictate what the
coal may be used for.
• Specific energy is an important commercial parameter as it describes the amount of heat available per
unit weight of coal.
Depending on the laboratory used, other analyses may also be performed including those that assess
behaviour and performance including abrasiveness, hardness, specific energy and ignition for gasification,
coking properties and liquid conversion characteristics and vitrinite reflectance and petrographic analysis.
Trace element and silica abundance is also of interest. A Hardgrove grindability index analysis will assess
the rate at which fine coal can be produced from mechanical milling (le Blanc Smith, 1993).
Table 14. Examples of coal analysis variability in Australia: TM=total moisture, Ash= Ash value, VM=volatile matter,
TS=total sulphur, SE=specific energy.
AREA
Victoria Gippsland Basin,
Yallourn
Queensland Bowen Basin,
Blair Athol

TM (%)

ASH (%)

VM (%)

TS (%)

SE (MJ/kg)

65.5

1.7

5.1

0.3

25.9

16

8

27.2

0.3

Not measured

To determine whether coal seam gas is of sufficient quality and quantity to be an economic resource, gas
content must be identified during drilling and sampling and testing of the coal. Typically, methane is
produced in the coal in the later coalification stages. Adsorption of gas to the coal can depend on the
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amount of inorganic matter present, pores, cleats and fracture density, rank and maturity. Generally,
adsorption capacity increases with increasing pressure but reduces with increasing temperature. Therefore,
coal of higher rank and maturity with a strongly developed cleat and fracture system at suitable depth may
contain economically significant thermogenic methane volumes.
Sample collection at the well site requires coal samples to be selected and packaged sufficiently to be sent
for lab testing. Desorption data is required to predict total gas content. After desorption of gas has taken
place (and been measured), the coal sample must be crushed to identify the level of remaining or residual
gas. Gas composition is measured. Coal seam gas is typically more than 95% methane with some small
amounts of CO2, H2O and N2.

4.3 Summary of coal and coal seam gas data, sources and documentation
The coal location, type and quality, extent, and depth in addition to coal seam gas potential will need to be
determined and characterised to assess its economic value as a resource. Mapping and modelling of coal
extent is possible from coal well-completion reports in addition to the use of seismic sections to better
constrain the resource. Pre-existing reports, maps and datasets can be obtained from government
departments for mapping and assessing extent and quality of resources. Table 15 outlines the type of data,
possible sources and presentation of documentation that may be required for giving evidence of a coal or
coal seam gas resource in the project area.

Table 15. Summary table of data requirements and sources.
DATA TYPE
• Physical system (geology,
structure, land use)
• Geological model
• Coal type and quality
• Coal extent and projected
quantity
• Gas presence and quantity
• Drillhole data and locations
• Seismic data for additional
modeling- 3D and crosssections
• Permits, exploration and
extraction
• Water and gas flow
(permeability and porosity)

DATA SOURCES
• Maps federal and state government)
• digital GIS files (government, public
domain)
• digital models and cross-sections (public
domain)
• reports of previous work (private
companies
• federal and state governments),
• well completion reports and related
data (state government)
• down hole geophysics for logging and
cross-section development
• Data from coal mines may be presented
to regulating body (state government)
after some delay following exploration
• State and federal data on expected coal
and CSG use growth, new mines and
exploration permits
• Some water or gas flow properties may
be available in some core
samples/reports that will assist
assessing gas flow properties for CSG
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DOCUMENTATION/PRESENTATION
• Standard mapping coordinate systems to
be used in location map with scale
• Surrounding geology, working mines and
known mapped structures also to be
clearly shown with standard key
• Coal units and inter- and over-burden to
be identified in cross-sections and 3D
models
• Depth (in km) to be identified in figures
• Isopach or depth-structure maps are
useful to show extend and varying depth
(top of coal unit)
• Correlation of logs for cross-section
construction showing coal units and
interburden in addition to known faulting
• Data from well-completion reports to be
referenced
• Wells in cross-sections to be identified by
well name/number
• Coal quality data to be tabulated and if
possible also shown spatially in map or
model-format

4.4 Regulatory controls for coal and coal seam gas development
As with all minerals in Australia, coal and coal seam gas are the property of The Crown and are heavily
regulated by a number of acts and various legislation instruments.

4.4.1 COAL LEGISLATION
Coal regulation in Australia is largely controlled by the States although mining in general must comply with
a range of different legislation. For example, in Queensland, the Coal Mining Act, 1925 (reinforced 1997,
does not include gas) that states how each mine must be registered, classified and controlled in addition to
responsibilities and requirements at the mine, should be read in conjunction with the Mineral Resources
Act 1989 as well as environmental and planning acts at both state and federal levels. Different parts of the
process are controlled by different acts. For example, in Western Australia, the Mining Act 1978 controls
the process of obtaining exploration and mining titles, the Environmental Protection Act 1986 relates to
development approvals, the Land Administration Act 1997 is required to obtain the release of Crown Land,
the Rights in Water and Irrigation Act 1014 regulates the extraction of water for mining and the Native
Title Act 1993 is needed to obtain necessary approvals and further approval may also be required from the
Department of Conservation and Land Management (Australian Government, 2011).

4.4.2 COAL SEAM GAS LEGISLATION
Coal seam gas extraction in Australia is primarily licensed and regulated under state or territory legislation
although the federal government will become involved if the activity impacts on a nationally protected
species or area. Strict environmental conditions are usually attached to minimise impacts, including
cumulative impacts and regular monitoring and reporting in addition to auditing will be required. As with
coal legislation, a number of acts apply to exploration and extraction of coal seam gas depending on the
state and the stage of exploration or extraction: in New South Wales, for example, coal seam gas falls under
the NSW Petroleum (Onshore) Act 1991 and in Queensland it is regulated by the mineral Resources Act
1989 in addition to the Petroleum and Gas (Safety) Act 2004. In Victoria, coal seam gas exploration and
mining is regulated under the Mineral Resources (sustainable Development) Act 1990 but also requires
compliance under other acts such as the Environment Effects Act 1978, the Water Act 1989 and the
Environment Protection Act 1970 (VIC DPI, 2012).

4.5 Economic considerations
Australia is the world’s fourth largest coal producer and the largest exporter of coal, supplying
approximately 27% of world coal trade. Black coal is Australia’s largest single export commodity. More than
70 per cent of Australia’s metallurgical coal exports and more than 94 per cent of thermal coal exports
(used in power generation) were exported to Asia in 2008. Australia’s economic coal reserves are expected
to sustain current black coal production rates for nearly 100 years and brown coal economic reserves are
estimated to be able to sustain current brown coal production for over 400 years (RET, 2012). More than
three-quarters of Australia’s black coal are exported. Metallurgical coal exports are mainly to Asia and
Europe for steel manufacturing and thermal coal exports are mainly to Japan, the Republic of Korea,
Chinese Taipei and China (RET, 2012).
As Australia’s largest commodity export, coal earned around $36 billion in 2009–10, based on reliable and
competitive supplies of high quality metallurgical and thermal coal. In the global market, around threequarters of Australian coal output is sourced from relatively shallow (<350m) open cut mines. As at
November 2010, 12 new committed coal mining projects were planned in Australia. As a result of additional
investment in both new mining and export capacity, Australia’s coal production is likely to continue to
increase significantly over the medium term (ABARES, 2011).
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5 Geothermal resources

As of 2011, energy derived from geothermal projects represents a negligible fraction of Australia’s Energy
En
consumption (ABARES, 2011). Australia’s current geothermal energy production
on is limited to an 80kw
power plant that has been operating at Birdsville, Queensland since 1992 and a minimum of 7 MWt for
direct use applications (Beardsmore and Hill, 2010).
2010) However, it should be noted that several larger
projects are being planned. Examples of progress in geothermal basin characterisation and geothermal
resource management with an emphasis on the Perth and Gippsland basins can
can be found in Varma et al.
(2012).
Sedimentary basins span a large portion of Australia. The location of Australia’s onshore and offshore
sedimentary basins along with the major hard rock provinces are presented as Figure 31. Clearly, Australia
has a large number and types of sedimentary basins. Many basins exist below or proximal to densely
populated urban centres. It is the location of major urban centres, like Perth, Sydney, and Geelong in
relation
ion to Australia’s sedimentary basins that is likely to have considerable influence over the economic
viability of many potential geothermal resources developments given current technologies.

Figure 31. Images indicating the location of Australia’s sedimentary basins and hard rock provinces. Of particular
note are the large sedimentary basins that exist close to or below major cities (e.g. Perth and Sydney). Images are
adapted from Geoscience Australia database of Australian basins and are displayed within the Google Earth
software.

Figure 32 shows estimated
stimated temperatures at 5 km depth below ground level throughout Australia. When
Figure 31 is compared with Figure 32,, it can be seen that temperatures at 5 km depth proximal to many
major cities like Perth are relatively modest. Some caution should be adopted when considering the
temperature estimates at 5 km shown in Figure 32.. For example, below cities like Perth there are few if any
drill holes to depths of 5 km; hence estimated temperatures are projected or modelled rather than directly
measured.
sured. The reason for displaying temperatures at depths of 5 km depth is to provide a global
impression of locations where temperatures may be suitable for power generation that can be accessed by
drilling. That is, current power generating technology tends
tends to require temperatures of greater than
tha
approximately 150°C (Varma et al., 2012).
2012). Note there is considerable research into power generation from
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temperatures below 150°C (e.g. “the Kalina Cycle”); however results have so far been mixed (see Cichon,
2012). Similar maps of temperatures at 5 km depth have been produced for Europe. Antics and Sanner
(2007) discuss such maps and the range of geothermal energy uses (i.e. power generation and heat pumps)
from a European perspective. Similarly the national atlas of the United States (i.e. http://nationalatlas.gov)
provides temperature distribution at 6 km depth.

Figure 32. Image showing estimated temperature distribution at 5km depth based mostly on bottom hole
temperatures throughout Australia. Notice the relatively modest temperatures in the Perth Basin along the south
western coastal margin south of Perth. The image is taken from the Australian Energy Resource Assessment Report
– Chapter 7 (original source data Source: Data from Earth Energy Pty Ltd; AUSTHERM database; Geoscience
Australia).

5.1 Geothermal resource concepts
Resources by definition have value; however, the meaning of value and how that value may be realised is
not consistent across all resources. Basin resources like crude oil, coal and many minerals are routinely
traded in global market and generally have a well known ‘market’ value at any point in time. However, at
this stage this is not the case for geothermal resources. Geothermal projects tend to be opportunistic and
highly dependent on local supply and demand. Examples are direct use geothermal for heating swimming
pools or direct use for cooling (e.g. supercomputing facilities). If geothermal technologies evolve to the
point where groundwater with elevated temperatures can be readily and routinely converted to energy
which can be stored and transmitted then the resources in the ground can be valued and compared.
Geothermal resources can be separated into hot rock systems and hot sedimentary aquifer systems. Figure
33 is intended to provide a schematic representation of the two main large scale sources of geothermal
energy that can be developed for power generation or direct use (e.g. heat exchange). While “hot rock”
systems have considerable potential as a geothermal resource they are not relevant in the context of basin
resource management for carbon storage.
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Figure 33. Schematic indicating the difference between a hot sedimentary aquifer (HSA) geothermal project and a
hot rock geothermal resource. The image is adapted from Ayling et. al. 2007.

5.2 Geothermal resource evaluation
Geothermal resources need to be considered at range of scales if a sensible assessment of possible conflicts
and/or synergies with other basin resources is to be achieved. Geothermal resources can be characterised
at the following three scales:
1. Basin scale: This includes a very large scale basin framework and gross parameter distributions that
may be relevant for geothermal resources.
2. Project scale: The project scale is where a much larger array of parameters needs to be resolved. This is
the scale modelling may be necessary to establish the viability of geothermal projects.
3. Well scale: The wells scale relates long term operability and efficiency of wells and include issues such
as clogging.
Analysis at all scales is important. For example; if water cannot be abstracted or injected efficiently over
time because of well clogging then an apparently “good” geothermal resource will not be developed
regardless of how attractive temperature gradients and or any other relevant subsurface parameters may
appear (i.e. until a solution to clogging problems is identified).
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5.2.1 BASIN SCALE CHARACTERISATION
Basin scale analysis of geothermal resources is required to understand the regional geothermal resource
potential and typical parameters that would be desired fall under the following categories:
1) Basin depths and geometry.
2) Reservoir thickness.
3) Distribution of hydraulic properties.
4) Distribution of temperatures and temperature gradients.
5) Basin hydrodynamics (including solute concentration distribution)
6) Heat conduction maps.
7) Large-scale advection and/or convection.
These items are important to characterise the geothermal resource potential of an area. Examples of basin
scale characterization are the suite of documents produced by Hot Dry Rock for the Western Australian
Geological Survey (Hot Dry Rocks Pty. Ltd., 2008, 2010a, 2010b, 2010c, 2010d). While the above
parameters provide a general perspective of the geothermal resource they are not necessarily an indicator
of the most economic location for geothermal resource development.
Temperature at 5 km below ground level is a simple and useful basin- (and larger) scale representation of
geothermal resource potential. An alternative perspective is to consider the depth at which temperature
reaches at certain temperature. An example of this type of representation is provided in Figure 34 for
Western Australian basins (Ghori, 2011). Clearly these are projected depths based on projected
temperatures from 1D modelling at well sites (i.e. basin, project and well scales need to be considered).

o

Figure 34. Calculated depth (m) to 200 C in wells of Western Australian Basins (after Ghori, 2011).
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5.2.2 PROJECT SCALE CHARACTERISATION
At the project scale, a much higher level of rigor is required to assess the geothermal resource and the
economic viability of a potential geothermal project, including the development of a geothermal model.
This may start with a simple conceptual model, however in later stages of project development all key
hydrothermal system parameters would need to be incorporated in a numerical model that can be used as
a predictive tool.
With the availability of a numerical model, a number of potential resource developments and scenarios
could be simulated. There are a large number of parameters that need to be defined to produce a robust
numerical model. Failure to do so would lead to considerable uncertainty in a model. Typical parameters
that may be required to build a hydrothermal model are categorised below:
1. Model type and domain: Numerical techniques have been developed that have the potential to simulate
various types and scales of basin resource use. These can range from modelling the impact of fracturing
around a well to modelling the impacts of pumping from a well field where cumulative impacts could
span hundreds or thousands of square kilometres (e.g. the Great Artesian Basin).
2. Initial conditions: For assessing a geothermal project the basic set of initial conditions would likely
include ‘initial’ distributions of temperature, solute concentration and pressure within the model
domain.
3. Boundary conditions: Necessary boundary conditions would likely include fluxes of fluid, gas, solute and
or heat into and out of the model domain (e.g. pumping wells, rainfall recharge, etc.).
4. Material properties: This includes the distribution of properties listed in Table 16 within the model
domain.
An abbreviated set of parameters that may be required to build a hydrothermal model is compiled in Table
16. More generally, a hydrothermal model may include multiphase flow and reactive transport in which
case many additional chemical and physical parameters would need to be defined within the model
domain. Also parameters, such as hydraulic conductivity and heat conductivity, would likely be anisotropic
and would need to be defined by a tensor. For example, hydraulic conductivity, which is a measure of the
ease with which water flows through a porous media, may be different (i.e. elements of the tensor will be
different) for water flowing vertically compared to water flowing horizontally in the same volume of earth.
Characterisation of initial conditions, boundary conditions and material parameters can be done by direct
(e.g. measurements in a well) or indirect methods (geophysical methods). Both are usually required.

Direct methods for resource characterisation
Drill holes and wells provide the only means by which many of the material parameters in Table 16 can be
directly measured. Typical methods for estimating these parameters are laboratory analysis on core
samples, geophysical logging, and dynamic testing in the well (e.g. pumping tests and tracer tests).
Laboratory measurements on core samples are routinely used to determine parameters such as
permeability, porosity and heat capacity. One basic question that should always be asked when considering
any measurement on core is whether these measurements reflect in situ pressure, temperature and
chemical conditions. For example, measurements (e.g. thermal property measurements) made on dry core
at atmospheric pressure and temperatures are in general difficult to translate to in situ conditions (e.g.
pressures over 10 MPa). Modern wire-line logging such as nuclear magnetic resonance can provide indirect
measurements for key parameters like porosity and permeability. These methods typically require
calibration to measurement on core or from dynamic testing.
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Table 16. Summary list of parameters that may be required for hydrothermal modelling. This basic set of
parameters would need to be distributed in reasonable way throughout the hydrothermal model domain.
PARAMETER

UNITS

SYMBOL

COMMENT

m2 (or
m/d)

K

1/m

S

fraction

φ

mg/L

TDS

Important for examining near well impacts
of a hydrothermal development

Vol. Heat Capacity

J/m3/K

Cv

Important for examining near well impacts
of a hydrothermal development

Heat Conductivity

J/m/s/K

Important for examining near well impacts
of a hydrothermal development

Longitudinal/Transverse
dispersivity
(Heat)

m

Longitudinal/Transverse
dispersivity
(TDS)

m

Second order parameters. May be difficult
to define and or measure. Parameter is
needed for examining near well impacts of
a hydrothermal development.
Second order parameters. May be difficult
to define and or measure. Parameter is
needed for examining near well physical
and chemical impacts of a hydrothermal
development.

Permeability (or hydraulic
conductivity)
Compressibility

Porosity
Water Chemistry (e.g. TDS)

High priority parameters that must be
reasonably distributed through the full
model domain.
Moderate priority parameter that would
need to be reasonably distributed through
full model domain
Important for examining near well impacts
of a hydrothermal development

The dynamic testing of a well is likely to provide the most robust parameter estimates. For example,
hydraulic testing (e.g. constant rate pumping test) in combination with flow logging over a full aquifer
interval should provide a complete profile of hydraulic conductivity proximal to the drill hole. A more
refined method for recovering vertical parameter distributions is to combine time lapse wire-line logging
with probes that provide continuous measurements in a suitably designed and equipped monitoring well.
The most valuable information that can be used to constrain a hydrothermal model would likely be derived
from observation wells in the proximity of operating well fields that are equipped with suitable monitoring
systems. The hydraulic response of an aquifer to long term abstraction and or injection for a well field
provides a high quality constrain for hydrothermal model calibration.
An excellent example of data acquisition that would be required to constrain a hydrothermal model is the
monitoring program related to the Beenyup groundwater replenishment trial in Perth, WA (Water
Corporation, 2011). In the Beenyup trial, some 26 wells monitor temperature, pressure and chemistry over
the life of the high volume injection project. The monitoring program also includes time lapse temperature
and induction wire-line logging for detailed characterisation of temperature and chemistry changes with
time.

Indirect methods for geothermal resource characterisation
Typical survey types capable of recovering ‘indirect’ parameters are provided in Table 17. Of the surface
techniques it is seismic reflection and magneto-telluric methods that are most commonly used for
geothermal exploration although controlled source EM (CSEM) and gravity methods may also have value.
The framework required for a large hydrothermal model is rarely based on well data alone. In most cases
geophysical data, like seismic reflection and electromagnetic techniques, would be required to support
construction of a large robust hydrothermal model. Small scale projects may not require this level of detail
(e.g. geothermal for swimming pools).
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Table 17. Geophysical methods that may be relevant for geothermal resource characterisation
SURFACE

WIRE-LOGGING

3D seismic reflection

Temperature (Time lapse)

2D seismic reflection
Magneto-Telluric methods (MT)
Controlled source EM
Gravity (regional)
Magnetics
NMR (Shallow)
Resistivity (Shallow)
Satellite imagery
Passive seismic

Sonic
Spectral Gamma
Induction (Time lapse)
Active source gamma
FMI
Caliper
NMR
Resistivity

IN HOLE
CROSS WELL
Vertical seismic profiling (not in
isolation)
Cross well seismic
Cross well EM (Time lapse)
Virtual source seismic
Cross well resistivity
In hole gravity

Modern hydrothermal modelling requires that many initial conditions, boundary conditions and material
parameters are defined throughout the full four-dimensional model domains (i.e. time and space).
Geophysical methods such as seismic reflection are usually a necessary addition to the drill-hole data.
Geophysical methods will not directly recover the parameters needed to fill out the four dimensional model
domain of a hydrothermal model. However, the in-direct relationship between geophysical parameters
(e.g. velocity, density and electrical conductivity) and the parameters required for direct entry to a
hydrothermal model (e.g. temperature, porosity and permeability) are often sufficient to build the large
scale framework of a model. Data from wells and in particular wire-line logs are generally needed for
calibration of surface geophysical data.
Formation structural surfaces interpreted from seismic reflection and electromagnetic (EM) methods,
including magneto-telluric (MT), provide the framework for a hydraulic flow model. Both seismic and EM
methods are usually important for attributing the model with thermal properties. The seismic method
provides the physical framework (e.g. distribution of aquifers and seals) of the basin, while the EM methods
can provide a constraint on both solute distribution and geology. The stratigraphic framework and the basic
water chemistry distribution (e.g. total dissolved salts) are key inputs to a hydrothermal model. The seismic
and EM data can also aid overall interpretation of the distribution of thermal properties. Most of the
geological information required for the development of a hydrothermal model would also be required as
part of the site characterisation for CO2 storage.

5.2.3 WELL SCALE CHARACTERISATION
The success of a geothermal well depends largely on its ability to produce and inject water at a sufficient
rate, which requires adequate permeability and reservoir thickness. Careful consideration of potential well
clogging problems should, in general, be an integral part of any characterisation of a geothermal resource.
Severe clogging problems could terminate any project that relies on wells. There are a limited number of
controls available that may be used to minimize the risk of well clogging. Perhaps the simplest and most
direct control is to decrease entrance and exit velocities by increasing the area open to the formations over
the injection interval. For example, using longer or large diameter well screens will decrease exit velocity
and may reduce risk of clogging. Chemical, physical and biological processes in the near well setting need to
be assessed with reference to well clogging and well efficiency. Where possible, samples of the aquifer
material (i.e. core) should be analysed with a series of laboratory tests designed to systematically assess
potential for clogging and for maximizing well efficiency under the physical chemical and biological
conditions that are expected during operation of the well field. For example, the potential for chemical and
or physical dispersion of clays within the formation would need to be analysed.
Modern ‘self cleaning’ wells, water filters, water compatibility analysis, and choice of casing material, well
design, and abstraction/injection rates may all influence the long-term ‘health’ of a well (i.e. well efficiency
with time) and the viability of a geothermal resource for any particular basin setting.
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As noted above there are a number of subjects that require attention for a basin’s geothermal resource to
be characterized. Many of these would be required by various government bodies before a licence to
operate a geothermal project could be granted. Table 18 presents a possible list of subjects mostly of a
technical nature that may need to be assessed during any evaluation/characterisation of a basin’s
geothermal resource. Items that are included are those that may influence the value of a geothermal
resource. Although not exhaustive, Table 18 may form the basis of a checklist for assessing geothermal
resources in a basin.
Table 18. Range of topics that may need to be addressed to characterise a geothermal resource.
AQUIFER MANAGEMENT

Licensing and compliance
Project risk and security
Integration potential with other
basin resource uses
Impact on other users (e.g. public
water supply)
Impact of groundwater dependent
ecosystems (GDE’s)
Water chemistry changes

WELL DESIGN AND MAINTENANCE

ENGINEERING
CONSIDERATIONS AND WELL
FIELD DESIGN

Pressure changes in the aquifer
Pressure changes related to well
efficiency
Clogging (see below)

Well field longevity
Wells depths

Well entrance / exit velocities

Formation temperature
changes
Wells field planning in time

Permeability stimulations
Well screen/
design/placement

Aquifer risk analysis
Co-location of projects

Screen diameter
Drill hole diameter

Resource conflicts
Hydrothermal model design
(all activities)

Pump and well design
Backwashing frequency

Well interference

Economics including demand
and supply plus projected
capital and operating costs.
Pump station design
Engineering the heat exchange
and or power generation
system
Maintenance
Transmission pipe diameter and
costs

Each item has the potential to change the cost structure and viability of a potential geothermal project
within a sedimentary basin and consequently will impact on the potential value and management of any
geothermal resource. Implicit in discussions to this point is that the value and viability of any geothermal
resource may change rapidly with time (e.g. due to development of complementary infrastructure,
introduction of a carbon tax, tax concessions on green energy, or new technology).
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5.3 Summary of geothermal data, sources and documentation
Varma et al. 2012 provides a general literature review for Basin Resource Management for Carbon Storage,
which includes a section on geothermal resources. Many other helpful documents and presentations are
provided on the websites of geothermal companies that give examples of geothermal modelling,
geothermal maps for Australia, and temperature distribution visualizations.
A recent document that assesses geothermal energy and water use was commissioned by the “Australian
Government National Water Commission” (RPS Aquaterra and Hot Dry Rocks, 2012), which identified a
range of proposed Australian Geothermal projects and made reference to the international status of
geothermal energy development. Greenrock Energy Ltd provide examples and analysis of geothermal
energy in hot sedimentary basins with reference to the proposed Geelong HSA geothermal Energy
Demonstration plant. CSIRO have produced several documents that assess the potential of geothermal
resources. For example a report by Huddlestone-Homes and Hayward (2011) provides an overview of
geothermal technologies in Australia. In a feature article for the ASEG Preview, Ghori (2011) details the
major programs for delineating geothermal resources of Western Australia. The Australian Geothermal
Reporting Code Committee (2010) has provided industry driven guidelines for reporting of geothermal
resources.
Analysis of geothermal resource potential may require full characterization of thermal and hydraulic
properties from surface to more than 5 km depth. There will naturally be considerable overlap between
data sources and documentation required for geothermal resource characterization and most other basin
resources. Table 19 provides a general summary of data required, the various sources of data and examples
of presentation of data.
Table 19. Summary table of data requirements for geothermal resource.
DATA TYPE
• Temperature
• Cores samples
• Drilling interpretation
(descriptive logs)
• Physical system (geology,
structure, land use)
• Geological model
• Thermal properties of rocks
• Drillhole data and locations
• Seismic data for additional
modeling- 3D and crosssections
• Permits, exploration and
extraction
• Basin hydrodynamics
• Hydro-geological
information (water tables,
hydraulic testing results)
• Water chemistry (TDS)
• Any information or data
related to well efficiency
and or clogging (e.g.
hydraulic testing or
laboratory dispersion test
etc).
• Thin sections from samples

DATA SOURCES
• Geothermal reports (government and
public access company report)
• Maps federal and state government)
• digital GIS files (government, public
domain)
• digital models and cross-sections (public
domain)
• reports of previous work (private
companies
• federal and state governments),
• well completion reports and related
data (state government)
• down hole geophysics for logging and
cross-section development
• State and federal data bases on
Geothermal resources.
• Published Journal papers and expanded
abstracts on geothermal resources.
• Some water or gas flow properties may
be available in some core
samples/reports that will assist
assessing gas flow properties for CSG
• Hydrocarbon, mineral, water and
geothermal exploration reports (e.g.
statutory reports lodged with the state
or federal government)
• Environmental reports
• Geophysical data bases (Government
and Private).
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DOCUMENTATION/PRESENTATION
• Temperature maps (slices with depth with
coordinates, or 3D Temperature mapping)
• Maps sections and volume rendered
images showing potential field data
interpretations (e.g. output from inversion
or forward modeling)
• Maps sections and volumes expressing
interpretations of electromagnetic data
(i.e. CSEM and MT)
• Standard mapping coordinate systems to
be used in location map with scale
• Surrounding geology, working mines and
known mapped structures also to be
clearly shown with standard key
• Depth (in km) to be identified in figures
• Seismic reflection interpretation including
velocities and well ties.
• Wells in cross-sections to be identified by
well name/number.
• Stratigraphic sections and maps (this may
include 3D stratigraphic representations of
the subsurface).
• Structural geology maps and sections
• Tables of core sample analysis with
location and depth
• Tables of water sample analysis.
• Images and photos of core samples, thin
sections and CT scans.
• Maps, sections and volume images of
regional hydrodynamics.

5.4 Regulatory controls for geothermal energy development
The Australian Geothermal Reporting Code Committee (AGRCC) (2010) has been prepared by the Australian
geothermal energy group and the Australian geothermal energy association. Although there are currently
no large-scale geothermal projects in Australia’s major basins, each state government has started to
develop regulations, guidelines and laws for tenure, exploration and development. In Western Australia
and South Australia for example, geothermal energy is addressed under the respective current petroleum
legislation, which is the Petroleum and Geothermal Energy Act 1967 in WA and the Petroleum Act 2000 in
SA. In both cases, the right to recover geothermal energy does not entitle proponents to petroleum
discoveries and vice versa. In New South Wales, geothermal energy is legislated under the Mining Act 1992.
On the other hand, Victoria and Queensland adopted a geothermal-specific legislative regime in the form of
the Geothermal Energy Resources Act 2005 and Regulations and the Geothermal Energy Act 2010,
respectively. In Victoria, the Act only applies to exploration and extraction (excluding energy production) of
geothermal resources higher than 70oC or larger than 1000m depth, whereas lower temperature
operations fall under existing state environmental, water and planning laws. In Queensland, on the other
hand, the Act in conjunction with the Geothermal Energy Regulation 2012 commenced in March 2012 and
provides for granting geothermal exploration licences as well as geothermal production leases. The
Geothermal Energy Act 2010 also recognises existing resource tenures (under the Mineral Resources Act
1989, Petroleum Act 1923, the Petroleum and Gas (Production and Safety) Act 2004 and the Greenhouse
Gas and Storage Act 2009) and provides a mechanism to ensure efficient use of Queensland’s resources by
allowing overlapping authorities for exploration and/or production.

5.5 Economic considerations
The value of geothermal resources in the ground is not simple to quantify, particularly in the Australian
context where geothermal energy production is negligible. While there is a global market for commodities
like coal, oil, and most economic minerals, there is presently no parallel or comparable market for a
‘geothermal resource’. That is, at present water at a given temperature (or sub-surface heat) cannot be
bought and sold or valued as a commodity in the same way that minerals and or hydrocarbon resources
can. If the market for subsurface heat and or water at a given temperature expands the mechanism for
valuing geothermal resources may also become clear.
In assessing geothermal resources in sedimentary basins it must be recognised that water of any
temperature can form the basis for a geothermal project. Perhaps the only requirement is that sufficient
water can be extracted via wells, although entirely sub-surface heat exchange geothermal systems cannot
be ruled out.
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6 Evaluation of containment risks

6.1 Introduction to containment risks of CO2 storage
In Australia, the typical geological systems for CO2 geological storage consist of clastic reservoir formations
(i.e. sandstones) with good permeability and porosity and with a low-permeability shale-rich top seal
and/or faults to trap the CO2. The classic targets for carbon storage are depleted oil and natural gas fields
or deep saline formations. The main containment risks are illustrated in Figure 35 and listed below:
• insufficient fault sealing potential leading to across fault flow, which can lead to CO2 lateral migration to
adjacent compartments;
• insufficient fault sealing potential leading to up-fault flow and top seal bypass; this can lead to CO2
leakage and migration to the overburden or to the ground surface;
• low top seal capacity due to insufficient threshold capillary entry pressure of the shale-rich caprock
unable to overcome the pressure build-up in the CO2 column due to injection; this can lead to CO2
leakage and migration to the overburden;
• hydraulic fractures that can develop once the pore pressure exceeds the minimum horizontal stress plus
the tensile strength of the rock; that can be responsible for leakage of CO2 from over pressured reservoirs
and migration to the overburden;
• overpressure due to injection may reduce the effective stress and re-activate faults;
• vertical flow along old wells that can be responsible for leakage of CO2 from reservoirs and migration to
the overburden or the atmosphere.

Figure 35. CO2 injection (A) and main CO2 containment risks in Australian basins: B) Along fault CO2 leakage, C) CO2
vertical leakage due to low top seal capacity, D) CO2 leakage along abandoned well, E) CO2 vertical leakage due to
natural hydraulic fractures in the top seal, and F) Across fault CO2 leakage.
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6.2 Across fault leakage
The risk associated with across fault leakage is the lateral migration of CO2 into aquifers
aquifer or hydrocarbon
reservoirs due to pressure build-up
up at a storage site. The concept of across fault flow essentially involves a
scenario where highly permeable reservoirs are self-juxtaposed
self juxtaposed or juxtaposed against other permeable
units by faulting, but
ut flow between the reservoirs is restricted by the low permeability nature of the fault.
Analysis generally involves assessment of some sort of description of the permeability properties of the
fault-gouge.
gouge. This concept is directly derived from applied hydrocarbon
hy
field studies.
The juxtaposition pattern of the lithology is the predominant influence on fault seal in clastic sequences. In
many traps, juxtaposition seal of sand reservoir against shale governs trap geometry. The study of over 400
faults from petroleum reservoirs in the North Sea showed that juxtaposition of reservoir against nonnon
reservoir (e.g. shale)) is the most important type of fault sealing mechanism (Knott, 1993).
1993) But fault seal is
not restricted to sand against shale juxtaposition;
juxtaposition areas of sand-against-sand
sand juxtaposition can also
contribute to the trap because of the presence of gouge, which impedes fluid flow. Gouge was originally
defined as a pulverised rock, generally clay-like
clay like when moist, that occurs between the walls of a fault (Reid
et al., 1913). Sibson (1977) included gouge as part of his systemisation of fault rocks as an incohesive fault
rock with a random fabric in which fragments comprise
comprise < 30% of the rock mass. Mechanically derived fault
rocks in siliclastic sediments can be categorised into a system,
system which includes clay smears, phyllosilicatephyllosilicate
framework fault rocks, and cataclastic fault rocks (Fisher and Knipe, 1998) (Figure
(
36
36).

Figure 36. Diagram showing the types of fault rocks developed in the North Sea and their relationship to the
composition of the host sedimentt and the extent of grain-size
grain
reduction and post-deformation lithification
experienced (Fisher and Knipe 1998).

The first-order control on fault-rock
rock development is identified as the composition of the faulted lithologies
and the amount of displacement on
n the fault. Both of these parameters are generated routinely from well
logs and structure maps. The generation of gouge is intimately linked to the sliding of different lithologies
past one another (Yielding et al., 1997). The capillary entry pressure of the fault-zone
zone material is the critical
parameter in determining whether a fault can successfully seal an accumulation when sands are
juxtaposed. Leakage of hydrocarbons through the fault zone takes place when the difference in pressure
between the water and
nd hydrocarbon phases (buoyancy pressure) exceeds the pressure required for
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hydrocarbons to enter and pass through the largest interconnected pore throat in the seal (displacement or
capillary entry pressure) (Bretan et al., 2003).
The across fault seal capacity mainly controls the lateral migration of CO2 before residual trapping occurs.
This migration can impact nearby connected aquifers and hydrocarbon reservoirs. Rapid pressure increase
in fault-bounded compartments following the injection of CO2 can also lead to pressure build up, which
may cause hydrofracturing of the top seal and leakage of CO2 in the overburden (Tueckmantel et al., 2012).

6.2.1 ASSESSMENT METHODS
A stepwise method used for the assessment of the across fault sealing potential is outlined below:
•

Define juxtaposition pattern using an Allan diagram

•

Compute and analysis the Clay Smear Potential, and/or

•

Compute and analysis the Shale Smear Factor, and/or

•

Compute and analysis the Shale Gouge Ratio,

•

Predict the fault zone capillary entry pressure and,

•

Estimate the maximum CO2 column height that can be supported by the fault seal.

Traditionally the initial assessment of fault seal is based on the construction of fault plane maps or Allan
diagrams (Allan, 1989) and juxtaposition diagrams (Figure 37, Knipe, 1997). These methods use information
on the fault offset distributions and stratigraphy to identify areas along a fault where sand is likely to be
juxtaposed against shale (i.e. assumed to represent a high likelihood of sealing) and where sand is
juxtaposed against sand (i.e. assumed to represent a high likelihood of being non-sealing). To predict the
sealing capacity of sand on sand faulted juxtapositions, in mixed clastic sequences and areas of low
differential stress, there are a number of different deterministic fault seal algorithms. The smearing of shale
units along fault planes is recognised as an important fault sealing mechanism (e.g. Bouvier et al., 1989;
Bentley and Barry, 1991). The Clay Smear Potential algorithm (CSP, Bouvier et al., 1989) and the Shale
Smear Factor algorithm (SSF, Lindsay et al., 1993) attempt to model the development of clay or shale
smears from shale beds within a faulted sequence based on the shale distribution within the subsurface
and the fault displacement (Figure 38).
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Figure 37. Basis of the juxtaposition diagram (Knipe, 19977). Diagram (A) illustrates a three-dimensional
dimensional fault with varying displacement along its length. The juxtaposition
diagram is based on extracting the fault plane (lmno) and its intersections with the strat
stratigraphy
igraphy shown. The juxtaposition diagram (B) can be considered a “see-through”
“see
fault.
Footwall stratigraphic units (e.g., unit C) intersect with the fault (the footwall cutoffs) from behind the diagram plane, an
and
d the hanging-wall
hanging
cutoffs intersect in front of the
diagram plane. Faults can be shown as fault traces (e.g. FF¢). Juxtapositions can be assessed by reading from a selected poin
pointt on the fault trace (e.g. dot on fault FF¢), looking
first horizontally and left, back to the footwall stratigraphy (i.e. the upper unit, D, forms the footwall at this point), and then looking down and right to the hanging-wall
hanging
stratigraphy (top unit A is juxtaposed in the hanging wall). Each of the triangle areas (e.g. uvw) and trapezoidal areas (e.g
(e.g.. vwxy) on the diagram represent
re
areas on the fault
plane with different juxtapositions. For example the triangle uvw represents the area where unit A in the hanging wall is jux
juxtaposed
taposed against unit A in the footwall. Trapezoid
vwxy represents the area where juxtaposition of unit A in the hanging wall is against unit B in the footwall.
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Figure 38. Smear assessment methods. A) Clay Smear Potential (Bouvier et al., 1989) provides a measure of clay
smear (non-lithified ductile shear-type smears) from shale beds in the fault zone and its variation with source bed
thickness and fault throw. B) Shale Smear Factor (Lindsay et al., 1993) provides a measure of shale smear (lithified
abrasion-type smears) from shale beds in the fault zone and its variation with source bed thickness and fault throw.

The SSF and CSP are calibrated using empirical relationship to discriminate between continuous and
discontinuous smears (e.g. Lindsay et al., 1993) or relationship between smear continuity and in-situ across
fault pressure information (e.g. Bentley and Barry, 1991). Like clay and shale smears, phyllosilicateframework fault rocks and cataclastic fault rocks could also provide important barriers to fluid flow (e.g.
Knipe, 1997; Fisher and Knipe, 1998; 2001).
The sealing potential of these fault rocks is related to shale fraction distribution along the fault and
therefore is not predicted by the CSP and SSF algorithms, which only provide information on the continuity
of clay smears. The Shale Gouge Ratio algorithm (SGR) (Fristad et al., 1997; Yielding et al., 1997; Freeman et
al., 1998) attempt to predict the proportion of shale incorporated into such fault zones. At each point on
the fault, the algorithm calculates the net content of shale / clay in the volume of rock that has slipped past
that point on the fault (Figure 39). The implicit assumption in this algorithm is that material is incorporated
into the fault gouge in the same proportions as it occurs in the wall rocks in the slipped interval. If this
assumption is true, then SGR can provide a direct estimate of the upscaled composition of the fault zone as
a result of the mechanical processes of faulting. Classification of fault rocks is based on composition (Fisher
and Knipe, 1998), hence SGR can be a proxy for fault-rock types in simple fault zones.
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Figure 39. Shale Gouge Ratio estimates the likelihood of clay entrainment in the fault gouge zone. The SGR reflects
the proportion of the sealing lithology in the rock interval that has slipped past a given point on the fault. A)
Calculation for explicit shale/clay beds in an otherwise shale-free
shale free sequence; Δz is the thickness of each
ea shale bed. B)
Calculation for a sequence of reservoir zones; Δz is the thickness of each reservoir zone and Vcl is the clay volume
fraction (i.e. volume of shale) in the zone (Yielding 1997).

Using empirical relationship(s) between measured permeabilityy and measured shale fraction for a wide
variety of gouges (from
from cataclastic deformation bands and slip planes in clean sandstones, to clay smears in
mixed clastic sequences), SGR distribution on a subsurface fault can be used as the starting point to map
risks (Figure 40)) of across fault flow (fault-zone
(fault
permeability e.g. Antonellini and Aydin 1994; Crawford
1998; Faulkner and Rutter 1998; Fisher and Knipe,
Knipe 1998; Gibson, 1998; Ottesen Ellevset et al.,
al. 1998;
Manzocchi et al., 1999; Sperrevik et al.,
al. 2002). Using the empirical relationship between calculated SGR and
across fault pressure difference (AFPD
AFPD, i.e. difference in pressure between hydrocarbons in the upthrown
side and water in the downthrown side measured at the same depth on the fault
fault surface (Bretan et al.,
al
2003), the fault zone capillary entry pressure can be predicted (equation 4) and,
d, hence the maximum CO2
column height (H) can be estimated (equation 2) with
= 10

⁄

1

where AFPD is the maximum across fault pressure difference (i.e., fault zone capillary entry pressure), SGR
is the Shale Gouge Ratio and C is a burial factor (C
( is 0.5. att burial depths less than 3.0 km;
km C is 0.25 for
burial depths between 3.0 and 3.5 km; C is 0 when burial depth exceeds 3.5 km).
=

⁄

!

"
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where H is the maximum CO2 column height supported by the fault, AFPD is the maximum across fault
pressure difference (i.e., fault zone capillary entry pressure) calculated
ed from equation (4),
(4) ρw is the porewater density (kg/m3), ρCO2 is the CO2 density (kg/m3), and g is the acceleration
ation caused by gravity (9.81
m/s2).
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Figure 40. Example of SGR calculation in the Gippsland Basin (from Ciftci et al., 2012). (A) A 3D view of the
geocellular model illustrating the input parameters of fault displacement and Vsh into the SGR equation. The gray
coloured base of the model is the Otway unconformity and the uppermost layer on the fence sections is the Lakes
Entrance Formation. The horizontal dimensions of the grid cells are 500x500 m and there are (x2) vertical
exaggeration in the view; and (B) Shale gouger ratio (SGR) of the faults across the Lakes Entrance Formation. (i)
marks the same point on each figure as a reference.

The assessment of the across fault sealing potential initially relies on the definition of the threedimensional structural and stratigraphic architectures. This is generally achieved by interpreting seismic
reflection data. The stratigraphic mapping is tied using top formation markers and initial host rock
lithologies are defined from available well. The accuracy of the model and the following fault seal
assessment are dependent on the type (2D, 3D) and the quality of the seismic data and the density of
available wells.
A key input for the construction of Allan and juxtaposition diagrams and the SGR algorithm is the shale
volume (Vsh) of the intervals adjacent to the fault. Gamma-ray log is one of the best tools used for
identifying and determining the Vsh, this is due to its sensitive response for the radioactive materials, which
normally concentrated in the shale-rich formations (Larionov, 1969; Steiber, 1970, Clavier et al., 1971).
Figure 41 shows an example of a Vsh map derived from gamma-ray log at well locations and seismic
inversion.
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Figure 41. Average Vsh distribution of the Lake Entrance formation in the Gippsland Basin based on gamma ray logs
from wells and seismic inversion from number of 2d seismic lines (black) (modified from Ciftci et al., 2012).

6.2.2 DATA REQUIREMENTS
Table 20 summarises the data required to perform the assessments of across fault seal potential.
Table 20. Data required for assessment of across fault seal potential.
DATA REQUIERED TO ASSESS ACROSS FAULT CIRCULATION OF CO2

Seismic reflection data for the structural and stratigraphic model
Formation tops from wells for stratigraphic model
The definition of the host rock lithologies from well data for the stratigraphic model
Gamma-ray or neutron-density or resistivity data from well logs for volume of shale model
Core description for volume of shale model calibration

6.3 Along fault leakage
Along fault leakage risks involve vertical migration of CO2 to overlying aquifers, hydrocarbon systems and
the ground surface. The along fault seal assessment is aimed at identifying the potential for a top seal to
have been breached, either by large-scale faulting, during fault reactivation or by fracture permeability
associated with large-scale faulting. The concept involved is that of two highly permeable reservoirs with an
intervening very low permeability seal, and both the two reservoir are hydraulically connected through a
conductive fault plane acting as pathway. Whether leakage occurs due to critical stressing of faults or fault
zone fractures (Barton et al., 1995), slip-induced dilation (Wilkins and Naruk, 2007) or is intimately linked to
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the build-up and release of geopressured fluids (e.g. Sibson, 1992, 1996; Sleep and Blanpied, 1992) is
uncertain, but documentation of up-dip, fault-related fluid flow in seismically active terrains demonstrate a
clear link between active faulting and vertical fluid flow. Therefore, active, newly formed or reactivated
faults intersecting the cap rock are often cited as conduits whereas inactive or non-critically stressed faults
are thought to act as barriers (e.g. Sibson, 1987; Muir-Wood and King, 1993; Anderson et al., 1994; Barton
et al., 1995; O'Brien et al., 1999; Sanderson and Zhang, 1999; Wiprut and Zoback, 2000; Revil and Cathles,
2002; Chanchani et al., 2003; Ligtenberg, 2005; Wilkins and Naruk, 2007). In order for a fault to allow
leakage from a reservoir the stress and pore-pressure conditions need to be conducive for failure to occur.
The process of assessing along-fault leakage generally relies on utilising geomechanical techniques to
determine the stress state of a fault plane. The along fault seal potential can control partly the vertical
migration of CO2 from reservoirs.

6.3.1 ASSESSMENT METHODS
The methods used for the assessment of the up-fault sealing potential are outlined below.
• Mapping of faults through the top seal, and
• Geomechanical assessment of the likelihood of fault failure to occur in the top seal.
For volumetrically significant leakage of oil via faults to occur, the trap-bounding fault must connect across
the top-seal layer through to a discharge site either at a shallower reservoir or the sea floor. Shales are one
of the most common lithologies that act as cap rock to petroleum reservoirs. Extensively faulted shale-rich
sequences can seal petroleum over geological time scales (>10 Ma), therefore, it is more likely that leakage
through the top seal may occur along larger faults resolvable on classic reflection seismic data (>10-20m
offset). The main potential migration pathways can be defined by thorough seismic mapping of faults
through the top seal (Figure 42). It is common to map throw onto fault planes in order to provide insight
into the growth and evolution of faults and assess the linkage process and connectivity of individual planes
(Ciftci and Langhi, 2012, Figure 43).
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Figure 42. Example of fault mapping through Lake Entrance top seal in the Gippsland Basin (A) Map showing fault
segments affecting the Lakes Entrance formation, historical earthquake records and the location of the leakage and
seepage indicators; (B) Representative seismic profile illustrating the style of faulting and displacement of key
horizons along the southern flank; and (C) Representative seismic profile illustrating the evidence of inversion and
reverse offsets in the Lakes Entrance Formation.
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Figure 43. Example of fault throw mapping in the Timor Sea for the Corallina (A), Laminaria (B) and Vidalia (C)
structures (from Ciftci and Langhi, 2012). Throw profiles were extracted 1 km apart along each structures and
depicts vertical distribution of cumulative throw on north-dipping (solid line) and south-dipping (dashed line) faults.
This data highlight two phase of fault growth despite the fault planes being continuous.

Several geomechanical techniques can be used to assess the likelihood of shear failure occurring in the top
seal and the triggering of along-fault leakage. The slip tendency (TS) (Morris et al., 1996) (Figure 44A) is the
ratio of shear to effective normal stress acting on a fault plane and provides a way of assessing, which
cohesionless faults are near the ideal orientation for slip to occur and are therefore the most likely to be
associated with enhanced permeability (i.e., the greater the estimated slip tendency of a fault the more
likely the fault is to leak).
The dilation tendency (TD) (Figure 44B) (Ferrill et al., 1999) attempts to assess whether fault movement will
result in dilation and be able to transmit fluids by determining how close σ’1 is to being normal to the fault.
The dilation tendency is a ratio ranging from 0 to 1, the higher the value the more likely the fault will dilate
(extensional fractures) and the greater its ability to transmit fluids or gas.
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Figure 44. Example of slip and dilation tendency map at the top Latrobe unconformity in the Gippsland Basin. (A)
Slip tendency of the faults at the top Latrobe unconformity. Map shows the distribution along the faults and
stereogram depicts the entire variation as a function of the attitude of the fault pole. Mohr circle illustrates the
stress conditions at 1350m, which is the average depth of Latrobe unconformity in the study area. Re-shear
envelope for the fault is based on the cohesionless fault and friction coefficient of 0.6. (B) Dilation tendency of the
faults at the top Latrobe unconformity. Map shows the distribution along the faults and stereogram depicts the
entire variation as a function of the attitude of the fault pole. Mohr circle illustrates the stress conditions at 1350m,
which is the average depth of Latrobe unconformity in the study area. Re-shear envelope for the fault is based on
the 0.5 MPa fault cohesion and friction coefficient of 0.6.
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The fracture stability (SF) is the increase in pore pressure required to force a fault into shear or extensional
extensio
failure under conditions of Coulomb failure (Figure
(
45). The factors that affect the magnitude of increase in
pore pressure needed to reach the failure envelope,
envelope are the differential stress (maximum compressive
stress - minimum principal stress), the orientation of the fault plane within the stress field, the tensile
strength, cohesive strength and the coefficient of friction. The lower the calculated fracture stability
stab
(i.e.
the lower the increase in pore pressure required to induce failure), the higher the risk of fault plane
reactivation and hence the higher the potential for fluid leakage across the fault.

Figure 45. The fracture stability
bility is the increase in pore pressure required to force a fault into shear or extensional
failure under conditions of Coulomb failure (after Sibson, 1996).

The slip stability (SS) is a special case of fracture stability where the fault-rock
fault rock is believed to
t have zero
cohesive strength. Therefore, only shear failure is possible. So slip stability is a measure of the increase in
pore pressure required to enable slip on a fault in a particular orientation. The lower the slip stability, the
higher the risk of the
he fault plane failing due to slip reactivation, hence the higher the potential of fluid
migration along the fault.

6.3.2 DATA REQUIREMENTS
Table 21 summarises the data required to perform the assessments of up-fault
up fault seal potential.
Table 21.. Data required for assessment of up-fault
up
seal potential.
DATA REQUIERED TO ASSESS UP FAULT CIRCULATION
RCULATION OF CO2

Seismic reflection data for the structural interpretation, or a top reservoir and top top seal structure maps for the initial
definition of potential leakage pathways
The measurement or evaluation of the in-situ
in
stress condition (principal stresses magnitude and orientation) for
geomechanical assessment of fault failure
The measurement or evaluation of the pore pressure condition for geomechanical assessment of fault failure
The measurement or evaluation of the coefficient of internal friction and the cohesive strength or tensile strength for the
fault rocks and intact rocks for geomechanical assessment of fault failure
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The assessment of the risks for along fault leakage to occur through the top seal requires the definition of a
three-dimensional structural geomodel usually built from mapping of seismic reflection data (2D or 3D).
Alternatively, structure maps of the top reservoir and top seal can be used to assess the likelihood of major
faults intersecting the top seal. The assessment of the growth and evolution of faults relies on the
definition of throw variations onto fault planes, which requires a stratigraphic model to be built in the
vicinity of the fault planes. The computation of the slip and dilation tendency (TS and TD) requires a threedimensional structural geomodel and the definition of the in-situ stress field (principal stresses magnitude
and orientation) and pore pressure data (Figure 46). The computation of the fracture and slip stability (FS
and SS) requires a three-dimensional structural geomodel, the definition of the in-situ stress field (principal
stresses magnitude and orientation), pore pressure data and the coefficient of internal friction and the
cohesive strength for the fault rocks from published data (e.g. Dewhurst and Jones, 2002, 2003; Dewhurst
and Hennig, 2003) or lab-derived rock strengths. In general, the cohesive strength (C) can be estimated
from lab-derived tensile strength (T) quoted in the literature using the approximation C= ca. 2T. Cohesive
rock strengths range between 4-14 MPa for lithified gouges and cataclasties in general. Where lab-derived
rock strengths are not available, sensitivity studies using a range of strengths are recommended.

Figure 46. Example of in-situ stress data and pore pressure data used in the geomechanical fault seal prediction in
the offshore northern Perth Basin (from Langhi et al., 2012). The horizontal guidelines represent the stress state for
the Cliff Head reservoir for different erosion scenarios (see Langhi et al., 2012 for details).
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6.4 Top seal leakage
There is a risk of CO2 leakage through the top seal as a result of exceeding capillary threshold pressures. A
non-wetting phase such as CO2 cannot pass through a porous material unless its phase pressure exceeds
that of the wetting phase by an amount known as the capillary threshold pressure. If CO2 buoyancy
pressure exceeds the capillary entry pressure of the top seal, it will act as a conduit in the sense of allowing
for Darcy type flow (Rutqvist, 2012). This can lead to CO2 vertical leakage into overlying aquifers. Note that
even if the top seal membrane seal capacity is exceeded and CO2 were to start leaking or migrating across
the seal, the migration rate may be so low and the seal may have sufficient thickness for still providing
adequate containment of the stored CO2 for thousands of years.

6.4.1 ASSESSMENT METHOD
The methods used to assess risks of top seal leakage are outlined below.
•

Evaluation of top seal mercury injection capillary pressure (MICP).

•

Evaluation of hydrocarbon columns distribution in depleted hydrocarbon fields at and around the
injection site.

The threshold capillary pressure of shales is usually measured using Hg-injection porosimetry. The current
oil and gas industry practice is generally to use the micrometrics Hg-injection porosimeter, which means
that the samples are tested under hydrostatic conditions and electrical resistivity is not measured. The
threshold pressure is then generally taken as the inflection point on a plot of Hg-pressure vs. Hg saturation.
This technique indicates that shales generally have Hg-threshold pressures of 1000 to 21000 psi (6.89-144.8
MPa) (Almon et al., 2005; Dawson et al., 2003; Fisher et al., 2011). The density contrast between
hydrocarbon and water has a large influence on the buoyancy force within the petroleum column and
hence the capillary between the oil or gas and water at the interface of the reservoir and seal. The density
of brine varies between around 1000 kg/m3 for low salinity brines up until 1200 kg/m3 for halite saturated
brines. The density of hydrocarbon shows far larger variations, from less than 200 kg/m3 of a dry gas to
more than 900 kg/m3 for heavy oil. If this were the case, shales with Hg-threshold pressures of 1000 to
21,000 psi (6.89-144.8 MPa) could seal a gas column (assumed density of 200 kg/m3) of between 70 m and
1.4 km and an oil column (assumed density of 700 kg/m3) of 165 m to 3.6 km (Fisher et al., 2011). CO2 in
supercritical state at a depth of 1200 m and a temperature of 70°C has a density of approximately 700
kg/m3. Therefore, a CO2 plume thickness of 165 m to 3.6 km can be theoretically expected for an
unfractured shale top seal (Figure 47).
In depleted hydrocarbon fields, assessment of seal capacity can be made using data from observation of
initial hydrocarbon column height and converting these to CO2 physical properties to calibrate the
minimum threshold capillary pressure (IEAGHG, 2012).
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Figure 47. Example of CO2 column height calculated from MICP data in the Gippsland Basin (from Goldie Divko et
al., 2010).

6.4.2 DATA REQUIREMENTS
Table 22 summarises the data required to define the capillary threshold pressure by micrometrics Hginjection porosimeter and evaluate the hydrocarbon columns distribution in depleted hydrocarbon fields.
Table 22. Data required to define the capillary threshold pressure by MICP.
DATA REQUIERED TO ASSESS TOP SEAL LEAKAGE OF CO2

Top seal samples (clean and dried core plug or cut samples) for MICP analysis
Measurement or evaluation of the in-situ stress conditions for MICP analysis
Distribution of hydrocarbon columns in fields for the area of interest for the regional calibration of the minimum threshold
capillary pressure

6.5 Top seal structural integrity
The subseismic natural hydraulic fractures in top seal may offer pathways for CO2 to leak into aquifers or
hydrocarbon reservoirs. Natural hydraulic fractures are believed to be responsible for leakage of petroleum
from overpressured reservoirs (e.g. Hubbert, 1953; Hubbert and Rubey, 1959; Hubbert and Willis, 1957;
Secor, 1965, 1969). They are thought to form once the pore pressure (Pp) exceeds the minimum horizontal
stress (Shmin) plus the tensile strength of the rock (T). T might be ignored as it is small in comparison to
Shmin. Therefore, a pore pressure increase is believed to move the rock towards the Mohr-Coulomb and/or
the composite Griffith-Coulomb failure envelops. Shear fractures or hybrid shear-tensile fractures are likely
to develop (Figure 48). Natural hydraulic fractures developing in the top seal partly control the vertical
migration of CO2 from reservoirs into the overlying strata.
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Figure 48. The effective normal (σ'n)) and shear (τ) stresses leading to shear and tensile fracturing assuming a
cohesionless Coulomb failure envelope (τ = μs σ'n) for shear reactivation of a pre-existing
pre existing fracture and a composite
Griffith (τ2 - 4T σ’n - 4T2 = 0) – Coulomb (τ = C + = μiσ'n) failure
failure envelope for intact rock. The upper diagrams are
schematic illustrations of the orientations of tensile and shear fractures in a rock sample. Shear fracturing occurs
where differential stress (σ’1 – σ’3, the diameter of Mohr circle) is relatively large
large compared to the tensile or
cohesive strengths and tensile fracturing at relatively lower differential stress. The symbol μs is the coefficient of
internal friction along an existing plane of weakness; and μ i is the coefficient of internal friction for intact rock
(from Mildren et al., 2005).

6.5.1 ASSESSMENT METHOD
Construction of a Mohr Diagram is commonly used as the
the method to assess the top seal structural integrity.
integrity
The Mohr diagram includes a Mohr's
Mohr circle and the rocks’ failure envelopes.
s. The Mohr's
Mohr circles (Figure 49)
are graphical representations of the state of stress at a material point. The x-axis and y-axis of each point
on the circles are the normal stress and
and shear stress components, respectively, acting on a particular plane.
In other words, the circumference of the circles
circle is the locus of points that represent state of stress on
individual planes at all their orientations.
The stresses on any plane at any rotation, when plotted in a three-dimensional
dimensional Mohr's circle diagram will
be represented by a point either on one of the 3 circles, or within the area between the largest and 2
smaller. The diameter of the largest circle (sigma 11 sigma 3) is termed differential stress. Differential
Differe
stress
controls the mode of failure (Figure
Figure 48). The Mohr-Coulomb failure criterion states that slip will occur on a
given plane when
n the shear stress acting on the plane exceeds both the frictional resistance to slip and the
cohesion of the plane (Fisher et al., 2011). Since the frictional resistance to slip is proportional to the
normal stress on the plane, the Mohr-Coulomb
Mohr
failure criteria can be expressed as:
$ = %&'( ) *

3

where τ is the shear stress, μ is the coefficient of internal friction, σ’n is the effective normal stress and C is
the cohesive strength (Figure 49).
). The composite parabolic Griffith-Coulomb
Coulomb failure criteria include the
prediction of tensile failure for the area where the effective normal stress σ’n is negative.
$ ! 4-&'( ! 4- = 0
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where τ is the shear stress, T is the tensile strength and , σ’n is the effective normal stress (Figure 48). In
general, the cohesive strength (C)) can be estimated from lab-derived
derived tensile strengths (T)
( quoted in the
literature using the approximation C=ca. 2T.. Cohesive rock strengths range between 4-14
4
MPa for lithified
gouges and cataclastics in general. Where lab-derived
lab derived rock strengths are not available, sensitivity studies
using a range of strengths are recommended.
The Mohr-Coulomb
Coulomb failure criterion, with a cohesive strength of 0, is used to predict the shear reactivation
of cohesionless fault
ault planes. The composite Griffith-Coulomb
Griffith Coulomb failure criterion is used to predict reactivation
of cohesive fault planes and the development of new and natural hydraulic fractures.
fractures Measurements of the
stress evolution in depleting oil fields (e.g. Salz, 1977;
1977; Whitehead et al., 1987; Teufel et al., 1991; Hettema
et al., 2000) and the Shmin in overpressured sediments (e.g. Yassir and Bell, 1994) have been interpreted as
showing that increasing pore pressure also increases the horizontal stress (i.e. horizontal stress-pore
pressure coupling,, Hillis, 2001; Fisher et al., 2011).
Consequently, the Mohr’s circle reduces in size as pore pressure increases (Figure
(
49 which increases the
49),
chance that tensile fractures could form. Nevertheless, it is still argued that the formation of purely tensile
natural hydraulic fractures is likely to be rare (e.g. Finkbeiner et al, 2001; Hillis and Nelson, 2005) as pure
tensile fractures can only
nly form when the Mohr’s
Mohr circle intersects the failure envelope when shear stress is
zero; this can only occur if the differential stress (maximum compressive stress - minimum principal stress)
is less than four times the tensile
le strength (Secor, 1965).
Lastly
stly it should be noted that this approach can be used to estimate the amount of formation pressure
increase that can be tolerated prior to fracturing the reservoir or before inducing failure of the top seal
mechanically (usually regulators require bottom hole injection pressure 90% of the fracture threshold
pressure to limit the pressure of CO2 injection wells). The risk of top seal mechanical failure can be
managed through controls on the injection volumes in the individual injections wells.

Figure 49. Griffith-Coulomb
Coulomb failure diagrams for reservoirs undergoing a pore pressure increase. Poroelastic effects
can decrease the size of the Mohr circle as pore pressure rises,
rises which increases the chance of natural hydraulic
fracture development (from Fisher et al., 2011).

6.5.2 DATA REQUIREMENTS
Table 23 summarises the data required to assess the development of natural hydraulic fractures in top seal.
seal
Table 23. Data required to assess the development of natural hydraulic fractures in top seal
DATA REQUIERED TO ASSESS
SESS TOP SEAL LEAKAGE
LEAKAG OF CO2

Measurement or evaluation of the in-situ
situ stress (principal stresses magnitude) for the construction of the Mohr’s circle
Measurement or evaluation of the pore pressure condition for the construction of the Mohr’s circle
Measurement or evaluation of the coefficient of internal friction, the cohesive strength and the tensile strength for the top
seal for the construction of the failure envelope
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The coefficient of internal friction and the cohesive strength for the fault rocks can be obtained from
published data (e.g. Dewhurst and Jones, 2002; Dewhurst and Jones, 2003; Dewhurst and Hennig, 2003) or
lab-derived rock strengths. In general, the cohesive strength (C) can be estimated from lab-derived tensile
strength (T) quoted in the literature using the approximation C= ca. 2T. Cohesive rock strengths range
between 4-14 MPa for lithified gouges and cataclastics in general. Where lab-derived rock strengths are not
available, sensitivity studies using a range of strengths are recommended.

6.6 Wellbore integrity
Wells injecting CO2 must have effective technical barriers that prevent hydraulic communication between
various hydrostratigraphic units (particularly across the primary seal), between the well annuli, and
between the surface casing and the external environment. These barriers are formed by the various well
tubulars (casing, tubing, liner) and the well cement. Figure 50 shows the downhole assembly and
specifications of a typical injection well. To prevent corrosion, the injected CO2 should be sufficiently
dehydrated and in a supercritical state. Corrosion resistant materials could be used in areas of potentially
high water content and if injection rates result in exceeding the erosional velocity (Cooper, 2009).

Figure 50. Possible well design for CO2 injection (from Cooper, 2009).

Cements are used for isolation and well integrity and are supposed to prevent vertical leakage along the
borehole. According to Cooper (2009), accurate cement placement and tight interfaces between borehole
and casing are the primary requirements for achieving good isolation. Special CO2 resistant cements (i.e.,
high-alumina cement system) can be used to further protect against cement degradation (Barlet-Gouedard
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et al., 2006; Benge and Dew, 2005). Recent results on geochemical interactions between well cements and
CO2 were published by Carey et al. (2007), Jacquemet et al. (2007), and Kutchko et al. (2007). When
abandoning wells, cement plugs in combination with other material are used to form a vertical flow barrier
in the borehole after injection has ceased (Figure 51).

Figure 51. Typical Plug and Abandonment, showing from bottom-up: plugged injection zone, plug in cap-rock
interval which includes drilled casing; plug above caprock, plugs at top of casing and steel plate at surface (Cooper,
2009).

There is a potential risk of CO2 leakage along pre-existing and abandoned wells into shallower aquifers,
hydrocarbon systems or surface. The well design of a CO2 injection well typically involves at least two
strings of casing, including surface casing cemented to the land surface to isolate the well from the
shallower aquifers of drinking water (Tsang et al., 2008) and cement resistant to corrosion caused by CO2
(Rutqvist, 2012). However, old abandoned wells have been identified as critical potential leakage path and
are considered to represent a major risk for vertical migration of CO2 (Figure 52; Nordbotten et al., 2009).
The most likely leakage pathways include circulation along the rock-cement and casing-cement interfaces
(Gasda et al, 2004; Nordbotten et al., 2005, 2009). Circulation through fractures in cement, through the
plug casing, between the cement and plug casing and through the plugging cement pore spaces also
represent risk of CO2 leakage along old wells (Nordbotten et al., 2005, 2009; Rutqvist, 2012). When
investigating the risk of leakage through a well, the following issues have to be considered (Orlic, 2009): (i)
the mechanical impact of production and CO2 injection on the integrity of cement, casing and host rock
surrounding well construction materials (cement and steel); (ii) the long-term impact of CO2 on cement and
steel casing because of the corrosion in cement caused by carbonic acid.
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Figure 52. Diagrammatic representation of possible leakage pathways through an abandoned well. a) Between
casing and cement; b) between cement plug and casing; c) through the cement
cement pore space as a result of cement
degradation; d) through casing as a result of corrosion; e) through fractures in cement; and f) between cement and
rock (Gasda et al., 2004).

6.6.1 ASSESSMENT METHOD
The evaluation of the wellbore integrity mainly comprises of the following:
•
•
•
•
•
•

Spatial analysis of wells,
s, to quantify the distribution of wells that penetrate the top seal.
seal
Logging information on well bore integrity (e.g. cement bond log, temperature log)
Assessment of the potential compaction strains and shear strains around wellbores.
Analysis of well geomechanics.
Quantification
uantification of hydraulic characteristics associated with each well.
well
A multiphase flow simulation to thoroughly analyse the potential of CO2 leakage along wells.

An initial risk evaluation can rely on the quantification of the spatial distribution of wells that penetrate the
top seal (Figure 53). The statistical
tatistical analysis of the well distribution, density, and clust
lustering can be used to
minimise the risk of CO2 leakage along abandoned wells (Gasda et al., 2004). The regional assessment of
the potential compaction strains and shear strains in the geological layers and their interfaces;
interfaces hence the
evaluation of their potential
ential impact on the well assembly, also represents another type of initial risk
evaluation.
The regional strain evaluation can then feed a thorough assessment of borehole integrity that requires the
analysis of well geomechanics. This relies on a quantification of hydraulic characteristics associated with the
mechanical components of the well assembly,
assembly linked to reservoir-scale
scale modelling of reservoir pressure,
temperature, and stress evolution (Rutqvist,
Rutqvist, 2012).
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Figure 53. Diagrammatic representation of an injection well and of wells that penetrate a formation in the
sedimentary succession (Gasda et al., 2004).

6.6.2 DATA REQUIREMENTS
Table 24 summarises the data required to evaluate the risk of CO2 circulation along old wells.
well
Table 24. Data required to evaluate the risk of CO2 circulation along old wells.
DATA REQUIERED TO ASSESS
SESS WELLBORE INTERGITY
INTERG
Spatial location of the wells for the spatial analysis
Measurement or evaluation of the in-situ
situ stress data
Measurement or evaluation the pore pressure condition
Formation properties (porosity, permeability, elastic moduli and strength properties)
Well dimensions for the well geomechanical modelling
Cement bond logs
Well components proprieties (porosity, permeability, elastic moduli and strength properties) for the well geomechanical
modelling
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7 Summary

Australian sedimentary basins contain significant natural resources such as petroleum, coal and
groundwater. Hot sedimentary aquifers are also becoming increasingly investigated as a source of
geothermal energy. With increasing exploitation of these resources, conflicts may emerge in basins where a
range of industries operates side by side. The competition for the pore space is likely to become more
intense if the basins were also to be used for geological storage of CO2.
This section of the report has highlighted the various resources in the Australian context that may be colocated within a basin where carbon storage is planned, and described how each of these may be
characterised. In doing so, examples have been taken from three Australian basins i.e. Perth, Gippsland and
Surat, where CO2 storage feasibility is currently being assessed.
In characterising each of the resources, consideration needs to be given to the various means of defining
the quality and the quantity of the resource. These are typically maps (e.g. isopachs, porosity-permeability,
hydraulic heads, salinity, depths, temperature), graphs (production history) and tables (reserve estimates).
Table 25 summarise the various data requirements for evaluation of each of the basin resources considered
here. As can be seen from the Table, several parameters are common across the different resources
including the general investigations for CO2 storage.
Also considered in this part of the report is the description of the various parameters that are needed to
define the quality and the quality of a resource. In some cases, there may be more uncertainty regarding
the quantity e.g. oil and gas, where a probability classification needs to applied when defining the resource.
In many basins, there may yet be some undiscovered resources, the potential of which would need to be
assessed. Finally the economic value of the resource together with its social and environmental benefits
need to be considered so as to understand the full-scale impact of any conflicting activity on that resource.
More detailed information for each resource is summarised in the following sections.
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Table 25. Summary of data requirements for characterisation of various basin resources. Parameters marked as green are essential, those in yellow are desirable and red
indicates that parameter is not required for a particular resource.

DATA

Groundwater

Geothermal

Conventional
Petroleum

Unconventional
Petroleum/ CSG

Coal

CO2 storage

Land use maps (vegetation/infrastructure/irrigation)
Topography and drainage maps
Climate data - rainfall, temperature, evaporation
Depth, structure, extent maps of aquifers and aquitards (reservoirs/ seals)
Isopach maps of aquifers and aquitards (reservoirs, seals and coal seams)
Aquifer and aquitard lithology
Porosity/ Specific yield/ Specific storage
Rock elastic properties (compressibility and specific storage)
Permeability/Vertical and horizontal hydraulic conductivity and anisotropy
Water chemistry (e.g. TDS, pH, major ions)
Formation pressure/ hydraulic heads/ water levels
Groundwater recharge and discharge rates
Hydrocarbon reserves
Vitrinite reflectance
TOC
Field locations
Coal type and quality
Temperature and temperature gradient
Thermal properties of rocks
Location of existing and planned monitoring/production and injection wells
Production data (all resource types)
Exploration licences and permits
Production licences and permits
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7.1 Groundwater Resources
Groundwater is an integral part of the hydrologic cycle and, although it is can be replenished to a certain
extent, the quantity and quality of groundwater require careful management to ensure its sustainable use
for social and environmental needs. Management is also needed in sedimentary basins that have multiple
resource requirements that place stresses on aquifers and groundwater, such as from agriculture, mining,
petroleum production and CO2 geosequestration, to mitigate potential conflicts and achieve mutual
benefits. Knowledge of the groundwater jurisdictions and existing policies is also needed for planning and
management of resource interactions. Depending on the jurisdiction, salinity constrains the type of possible
groundwater usage, i.e. potable water (1000 mg/l), irrigation/domestic washing purposes (2,000 mg/l),
stock watering (< 7000 mg/l) and >10,000 mg/l generally considered only for recovery of some of its
mineral content (i.e. potash).
A basin-scale characterisation of the groundwater resource and the regional setting (e.g. climate,
geomorphology, drainage, and landuse) are needed as a starting point. As described in this report, the main
features and characteristics to assess groundwater resources are: (1) the distribution and hydraulic
properties of aquifers and aquitards, (2) groundwater levels and flows within aquifers under natural
conditions and historical changes arising from climate, pumping and landuse, (3) baseline groundwater
quality parameters and groundwater-dependent ecosystem requirements, (4) the locations of any
structural features affecting flow paths as well as the locations and rates of recharge, cross-formational
flow and discharge, and (5) the volume of groundwater in storage. These data will aid in preparing a
comprehensive water balance to account for all inflows and outflows to groundwater storage. The
components of the water balance should provide a complete understanding of any interactions between
groundwater and surrounding water bodies (e.g. ocean, rivers, lakes, streams, wetlands). In the case of
offshore geosequestration of CO2, a baseline characterisation of the freshwater-seawater mixing zone is
needed for aquifers that extend offshore.

7.2 Petroleum Resources
Hydrocarbon producing rock formations are prime injection targets for geological CO2 storage due to
suitable reservoir properties, proven containment security and abundance of relevant subsurface data sets.
However, CO2 in the subsurface and injection induced pressure, stress and strain changes could interact
with the hydrocarbon resources in various ways. The possibility of interaction is not only governed by
storage site characteristics and injection volumes but also scales with the hydrocarbon resource potential
of the basin.
The hydrocarbon resources in sedimentary basins are traditionally classified as reserves, contingent
resources and prospective resources. This classification scheme provides a useful framework for geological
carbon storage projects to review the hydrocarbon potential of a basin during site screening and selection
process. The advantage of this scheme is that the estimates are already available in most of the
hydrocarbon-prone basins and the need for analysis of high risk/uncertainty petroleum data and
exploration models is minimized. The scheme initially focuses on the low risk/uncertainty reserves and
contingent resources that capture the proven commercial potential of the basin. It then captures the high
risk/uncertainty prospective resources reflecting the undiscovered future potential of the basin. It is not
uncommon, however, that a new play emerges in a mature hydrocarbon basin after decades of production
and changes the assessment of hydrocarbon potential in an unpredictable way. Advancing technology also
enables economic production of additional resources previously considered infeasible, as shown by the
emergence of unconventional resources such as shale gas, tight gas or oil/tar sands. Therefore,
consideration of the emerging resources is also critical for carbon storage projects in the assessment of
potential impacts on the hydrocarbon resources of a basin.
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7.3 Coal and Coal Seam Gas Resources
Coal is Australia’s largest export commodity and fuels most of Australia’s electricity generation. With CSG
now accounting for about 80% of Queensland’s domestic gas market, both resources are expected to be
significant extraction industries for the foreseeable future. To identify whether an economic resource of
coal or CSG exists close to a planned CO2 storage project, coal and gas quality and quantity may be
determined from drill-hole, logging, laboratory assay and modelling data. Data density tends to bias the
historically successful resource development regions; however future resource potential should also be
considered. In Australia coal is currently extracted from open cut mines to about 300m and from
underground mines to depths of almost 1000 m and CSG gas may be extracted with current technology
from depths up to 1200 m. Therefore, both of these resources may overlap with areas that are deeper than
800 m and suitable CO2 storage sites.

7.4 Geothermal Resources
The potential for large scale geothermal project developments is significant according to calculation of the
energy reserves contained in most of Australia’s basins. However at present no large geothermal projects
exist in Australia. In this case there are three main short term considerations for impacts of geothermal
resources on CCS projects: (i) competition for tenure based on future potential for geothermal resources,
(ii) potential conflict between CCS and small scale heat exchange projects, and (iii) potential advantages of
co-location/joint development of geothermal and CCS projects.
In the longer term it will require new technology and or large scale investment in infrastructure for
development geothermal projects in sedimentary basins, at a scale, that could present genuine risk and or
competition to CCS projects. There are an increasing number of examples from around the world where the
possibility of such risks are being identified (i.e. the Paris Basin). Also there is considerable desire by many
nations to increase the geothermal resource component of their “energy supply mix” despite geothermal
energy being uneconomic. Even if the present risk in Australia is low, the possibility for large scale
development of geothermal resources must be considered and documented in the planning stage of any
CCS projects and then reviewed periodically throughout the life of each CCS project.

7.5 Containment risk assessment
The identification of containment risks relies on an initial geological evaluation of the selected CO2 storage
site and the surrounding area in order to define and rank the potential leakage processes. For each of these
threats (Table 26) the data to support further detailed investigation have to be collected from: (i) local data
analysis (e.g. seismic reflection data interpretation for building of static model, well data interpretation for
building of facies model, measurement of in-situ stress conditions for mechanical modelling) or (ii)
literature review (e.g. estimation of regional in-situ stress conditions for mechanical modelling, estimation
of rock mechanical properties from analogues for mechanical modelling, definition of pore pressure
conditions from available database for mechanical modelling).
The risks are then evaluated based on the assessment methods presented above and integrated to define a
containment risk pattern. The Sherman Kent scale may be used for quantifying confidence judgements and
comparisons of known sealing or leaking storage sites or hydrocarbon traps and their fault-seal and top seal
risk profile may aid identification and quantification of key containment issues.
Even if different resources are developed in the same geographic area, the risk of a conflict between these
resources may be relatively low, as long as there is a hydraulic barrier in form of a competent aquitard
between the different resource intervals. Adding the delineation and assessment of features that may
jeopardize containment provides the basis for estimating the risk of resource conflicts risk between, for
example, a carbon storage project and other basin resources.
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Table 26. Summary of containment risks and assessment methods.
CONTAINMENT RISKS

ASSESSMENT METHODS

Across fault leakage

Juxtaposition diagram
Computation and analysis of the of the Shale Gouge Ratio
Computation and analysis of the Clay Smear Potential, and/or Shale Smear Factor
Prediction of the fault zone capillary entry pressure
Estimation of the maximum CO2 column height

Along fault leakage

Mapping of faults through the top seal
Geomechanical assessment of the likelihood of shear failure to occur in the top seal
based on the computation of the slip and dilation tendency and/or the assessment of
the increase in pore pressure required to force a fault into failure

Top seal leakage

Evaluation of top seal capacity by mercury injection capillary pressure (MICP)
Evaluation of hydrocarbon columns distribution in depleted hydrocarbon fields at and
around the injection site

Top seal structural integrity

The construction of a Mohr diagram

Wellbore integrity

Spatial analysis of wells to quantify the spatial distribution of wells that penetrate the
top seal
Assessment of the potential compaction strains and shear strains around wellbores
Analysis of well geomechanics
Quantification of hydraulic characteristics associated with each wells
Multiphase flow simulation to thoroughly analyse the potential of CO2 leakage along
wells

7.6 Basin-scale assessment and of potential interactions between CO2
geological storage and other resources
The first steps in the assessment of potential impacts from CO2 injection are the delineation of the extent of
suitable areas for CO2 geological storage and the identification and mapping of areas with present or future
resource developments. By overlapping the storage suitability map with resource distribution maps in the
next workflow step, areas of low, intermediate and high potential for resource interaction may be
identified. Alternatively, these areas could be characterised as having low, intermediate or high
vulnerability to the impacts of CO2 injection. Examples for generalised, high-level constraints on critical
parameters are listed in Table 27 for identifying areas suitable for CO2 geological storage and areas of other
resource development potential at the basin-scale. These should be adjusted depending on the degree of
data availability and regulatory requirements in a specific basin. For each of these areas, a different level of
detailed site characterisation, modelling and monitoring requirements could then be defined for planning a
CO2 storage operation.
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Table 27. Parameters for the high-level delineation of earth resources and areas suitable for CO2 storage at the
basin-scale. For example an area with less than 5 g/l salinity has relatively high resource potential for groundwater
and therefore has potentially ‘high’ vulnerability with respect to CO2 storage.

Resource

Resource/storage potential
High

Additional constraints

Intermediate

Low

5 – 10 g/l

> 10 g/l

Current usage, depth,
sustainable yield

Petroleum

Producing fields
(proved
reserves)

Contingent &
prospective
reserves

Non-prospective

Petroleum system
analysis

Coal & CSG

Depth < 1000m

Depth: 1000 2000m

Depth > 2000m

Coal thickness, vitrinite
reflectance, coal
permeability

Geothermal

> 100oC

40 - 100oC

< 40oC

Geothermal gradient,
producibility/injectivity

Groundwater

< 5 g/l

Depth > 800m
CO2 geological storage

Seal thickness >
100 m

Seal thickness
50 - 100 m

Seal thickness <
50 m

P, T, injectivity, seal
capacity
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Glossary

Abstraction

The withdrawal of water from any water resource

AHD

Australian Height Datum; equivalent to: Mean Sea Level (MSL) + 0.026 m; Low
Water Mark Fremantle (LWMF) + 0.756 m

Allocation Limit

The volume of water set aside for annual licensed use

Alluvium

Unconsolidated sediments transported by streams and rivers and deposited

AMG

Australian Map Grid

Anticline

Sedimentary strata folded in the usually of inverted U-shape

Anoxic

An environment that is depleted of dissolved oxygen

Aquifer

A geological formation or group of formations able to receive, store and transmit
significant quantities of water

Unconfined

A permeable bed only partially filled with water and overlying a relatively
impermeable layer. Its upper boundary is formed by a free watertable or phreatic
level under atmospheric pressure

Confined

A permeable bed saturated with water and lying between an upper and a lower
confining layer of low permeability, the hydraulic head being higher than the upper
surface of the aquifer

Semi-confined

A semi-confined or a leaky aquifer that is saturated and bounded above by a semipermeable layer and below by a layer that is either impermeable or semi-permeable

Semi-unconfined

Intermediate between semi-confined and unconfined, when the upper semipermeable layer easily transmits water

Archaean

Period containing the oldest rocks of the Earth’s crust – older than 2.4 billion years

Baseflow

Portion of river and stream flow coming from groundwater discharge

Basement

Competent rock formations beneath which sedimentary rocks are not found

Bore

A narrow, normally vertical hole drilled into a geological formation to monitor or
withdraw groundwater from an aquifer. see Well

Cleat

Main cleavage planes in a coal seam

Coalification

The process that buried organic matter undergoes to form coal: the gradual heating
and compression through burial over time

Colluvium

Material transported by gravity downhill of slopes

Confining bed

Sedimentary bed of very low hydraulic conductivity

Conformably

Sediments deposited in a continuous sequence without a break

Cretaceous

Final period of Mesozoic era; 65-144 million years ago
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Dewatering

Short-term abstraction of groundwater to lower the watertable and permit the
excavation of 'dry' sediment

Ecologically
sustainable yield

The amount of water that can be abstracted over time from a water resource while
maintaining the ecological values (including assets, functions and processes)

Ecological water
requirement

The water regime needed to maintain the ecological values (including assets,
functions and processes) of water dependent ecosystems at a low level of risk.

Environmental water
provision

The water regimes that are provided as a result of the water allocation decisionmaking process taking into account ecological, social, cultural and economic
impacts. They may meet in part or in full the ecological water requirements

Evapotranspiration

A collective term for evaporation and transpiration. It includes water evaporated
from the soil surface and water transpired by plants

Fault

A fracture in rocks or sediments along which there has been an observable
displacement

Flux

Flow

Formation

A group of rocks or sediments which have certain characteristics in common, were
deposited about the same geological period, and which constitute a convenient unit
for description

Groundwater
dependent
ecosystem

An ecosystem that is dependent on groundwater for its existence and health

Hydraulic

Pertaining to water motion

Conductivity

The flow through a unit cross-sectional area of an aquifer under a unit hydraulic
gradient

Gradient

The rate of change of total head per unit distance of flow at a given point and in a
given direction

Head

The height of the free surface of a body of water above a given subsurface point

Interburden

Material that lies between two or more bedded zone such as coal seams

Lacustrine

Pertaining to, produced by, or formed in a lake

Leach

Remove soluble matter by percolation of water

Permian

An era of geological time; 225–280 years ago

Petrographic

An analysis, description and classification of rocks such as by means of a microscope

Porosity

The ratio of the volume of void spaces, to the total volume of a rock matrix

Potentiometric
surface

An imaginary surface representing the total head of groundwater and defined by the
level to which water will rise in a bore

Quaternary

Relating to the most recent period in the Cainozoic era, from 2 million years to
present

Salinity

A measure of the concentration of total dissolved solids in water
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0–500 mg/L, fresh
500–1500 mg/L, fresh to marginal
1500–3000 mg/L, brackish
>3000 mg/L, saline
Scarp

A line of cliffs (steep slopes) produced by faulting or by erosion

Specific yield

The volume of water that an unconfined aquifer releases from storage per unit
surface area of the aquifer per unit decline in the watertable

Storage coefficient

The volume of water that a confined aquifer releases from storage, per unit surface
area of the aquifer, per unit decline in the component of hydraulic head normal to
that surface

Sustainable yield

The level of water extraction from a particular system that, if exceeded, would
compromise key environmental assets, or ecosystem functions and the productive
base of resource

Syncline

A U-shaped fold in sedimentary strata

Tectonic

Pertaining to forces that produce structures or features in rocks

Tertiary

The first period of the Cainozoic era; 2–65 million years ago

Thermogenic

Production or generation of heat through a physiological process

Tight gas

Natural gas trapped within very low permeability rock such as sandstone or
carbonate rock; defined as an unconventional gas. Rock typically requires fracturing
to produce the well

Transmissivity

The rate at which water is transmitted through a unit width of an aquifer under a
unit hydraulic gradient

Transpiration

The loss of water vapour from a plant, mainly through the leaves

Vitrinite

A primary organic component or ‘maceral’ in coal, rich in oxygen and composed of
humic material derived from cell-wall or woody plant tissue; has a shiny glass-like
appearance

Watertable

The surface of a body of unconfined groundwater at which the pressure is equal to
that of the atmosphere

Well

An opening in the ground made or used to obtain access to underground water. This
includes soaks, wells, bores and excavations
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