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[bookmark: _Toc159245014]Overview
[bookmark: _Toc159245015]The role of the IESC
The Independent Expert Scientific Committee on Unconventional Gas Development and Large Coal Mining Development (IESC) is a statutory body under the Environment Protection and Biodiversity Conservation Act 1999 (Cth) (EPBC Act). The IESC’s key legislative functions are to:
provide scientific advice to the Commonwealth Environment Minister and relevant state ministers on unconventional gas and large coal mining (LCM) development proposals that are likely to have a significant impact on water resources
provide scientific advice to the Commonwealth Environment Minister on bioregional assessments (Commonwealth of Australia (CoA) 2018) of areas of coal seam gas (CSG) and LCM development
provide scientific advice to the Commonwealth Environment Minister on research priorities and projects
collect, analyse, interpret and publish scientific information about the impacts of unconventional gas and LCM activities on water resources
publish information relating to the development of standards for protecting water resources from the impacts of CSG and LCM development
provide scientific advice on other matters in response to a request from the Commonwealth or relevant state ministers.
On 15 December 2023, the Nature Repair (Consequential Amendments) Act 2023 amended the EPBC Act to expand the IESC’s remit to all unconventional gas developments. This publication was developed prior to these amendments of the EPBC Act commencing.
Further information on the IESC’s role is on the IESC website.
[bookmark: _Toc159245016]The purpose of the Explanatory Notes
One of the IESC’s key legislative functions is to provide scientific advice to the Commonwealth Environment Minister and relevant state ministers in relation to unconventional gas and LCM development proposals that are likely to have a significant impact on water resources.
The IESC outlines its specific information requirements in the IESC Information Guidelines for proponents preparing coal seam gas and large coal mining development proposals (IESC 2024) (the Information Guidelines). This information is requested to enable the IESC to formulate robust scientific advice for regulators on the potential water-related impacts of CSG and LCM developments.
For some topics, Explanatory Notes (ENs) have been written to supplement the IESC Information Guidelines, giving more detailed guidance to help the CSG and LCM industries prepare environmental impact assessments. These topics are chosen based on the IESC’s experience of providing advice on over 150 development proposals.
ENs are intended to assist proponents in preparing environmental impact assessments. They provide tailored guidance and describe up-to-date, robust scientific methodologies and tools for specific components of environmental impact assessments of CSG and LCM developments. Case studies and practical examples of how to present certain information are also discussed. ENs provide guidance rather than mandatory requirements. Proponents are encouraged to refer to issues of relevance to their particular project.
The aim of this EN is to present tailored guidance and robust scientific methodologies and tools for assessing the potential for and subsequent monitoring of subsidence associated with CSG production, and the EN is designed to be utilised across a range of regulatory regimes. Proponents are also encouraged to refer to specialised literature and engage with their relevant state regulators.
The IESC recognises that approaches, methods, tools and software will continue to develop. The Information Guidelines and ENs will be reviewed and updated as necessary to reflect these advances.
[bookmark: _Toc159245017]Legislative context
The EPBC Act states that water resources in relation to unconventional gas and LCM developments are a matter of national environmental significance.
A water resource is defined by the Water Act 2007 (Cth) as:
(a)	surface water or ground water; or
(b)	a water course, lake, wetland or aquifer (whether or not it currently has water in it);
and includes all aspects of the water resource (including water, organisms and other components and ecosystems that contribute to the physical state and environmental value of the resource).
Australian and state regulators who are signatories to the National Partnership Agreement seek the IESC’s advice under the EPBC Act at appropriate stages of the approvals process for a unconventional gas or LCM development that is likely to have a significant impact on water resources. The regulator determines what is considered to be a significant impact based on the Significant Impact Guidelines 1.3 (CoA 2022).
[bookmark: _Toc159245018]Executive summary
Coal seam gas (CSG) production is currently taking place in Queensland and New South Wales, Australia, and it is possible that CSG production will occur in Australia for the next half a century. For both current and future production, the potential impacts of subsidence on adjacent industries, particularly agriculture, must be managed. This Explanatory Note outlines the analysis and monitoring tools that can be used to manage ongoing CSG activities and assess new projects in the context of subsidence.
Since publication of the last IESC report on CSG-induced subsidence in 2014, a number of independent sources have confirmed that CSG production does induce subsidence, but the magnitudes of surface elevation and slope change are relatively low. Satellite-borne interferometric synthetic aperture radar (InSAR) measurements indicate that most CSG-producing areas in the Surat and Bowen basins, and the smaller Camden Gas Project in New South Wales, have subsided less than 100 mm. In some areas the CSG-induced subsidence is of a similar order of magnitude as natural fluctuations, such as the shrinking and swelling of expansive clays, and so any impact of CSG operations needs to be considered in this context. Given that the magnitude of CSG-induced subsidence and differential settlement are both small and similar to natural fluctuations, the risk of impacts on infrastructure is low. Greatest attention must be given to locations that are sensitive to small changes in slope, such as flood-irrigated paddocks. However, there currently exists no evidence that CSG-induced subsidence has, or has the potential to, significantly alter surface drainage behaviour.
CSG-induced subsidence is driven by poromechanical compaction of coal and non-coal (i.e., rock) sedimentary layers in the subsurface, as well as desorption-induced shrinkage of the coal. Both mechanisms should be accounted for in future forecasts, noting that the degree to which shrinkage occurs in situ is an area of ongoing research. The quality of subsidence predictions is, consequently, dependent on the quality of predictions of water-gas transport and subsurface depressurisation. This is complicated by the stratigraphic complexity of, for example, the Walloon Coal Measures in the Surat Basin, where dozens of thin and laterally discontinuous coal seams are interleaved with layers of clastic rocks that can be significantly less permeable than the coal. Well-justified assumptions must be used to simplify such complex stratigraphy in analysis. Analytical and numerical approaches both have their place in the prediction of CSG-induced subsidence. The former can capture much broader length and time scales, while the latter can better accommodate stratigraphic heterogeneity and geological features, such as faults, and include more detailed material properties, leaving them well suited to hypothesis testing and benchmarking of analytical solutions.
InSAR has been demonstrated to be effective at monitoring basin-scale surface movement, of which CSG-induced subsidence is one part of the total signal. InSAR is not (yet) effective in areas prone to decorrelation (e.g., over areas of intensive cropping), where it is currently needed most. The deployment of light detection and ranging (LiDAR) or other levelling methods is recommended to complement InSAR in these areas, as they (LiDAR in particular) are well suited to capturing relative, as opposed to absolute, movement, which can be used to accurately determine changes in surface gradient.
The integrated use of monitoring and modelling for subsidence analysis and forecasting continues to advance around the world. The opportunity therefore exists to adopt some of these techniques for application related to CSG production. These include stochastic analysis, uncertainty quantification, inverse modelling, history matching, and geospatial data analysis. Finally, it should be recognised that there is uncertainty surrounding many of the drivers (e.g., stratigraphy, transport properties, mechanical properties) of CSG-induced subsidence. Some of this uncertainty is irreducible. In the past, uncertainty has been addressed by making conservative assumptions during the process of predicting potential future subsidence. This is not in the best interest of most, if not all, stakeholders, and so it is important that continued research and development (see Section 9) is leveraged to narrow the various windows of uncertainty.
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[bookmark: _Toc159245019][bookmark: _Toc527111098][bookmark: S1]Introduction
The production of coal seam gas (CSG) requires the extraction of associated water from the target formation to liberate methane that is adsorbed to the coal. Depressurisation of the subsurface leads to the compaction of geological units, a proportion of which can propagate to the surface, resulting in subsidence. An understanding of the magnitude and any risks of impacts associated with subsidence is of value to stakeholders including landholders, operators, local communities, and government regulators.
The Office of Water Science provides assistance to the Independent Expert Scientific Committee on Unconventional Gas Development and Large Coal Mining Development (IESC) in developing the IESC Information Guidelines. The guidelines outline to proponents and consultants the information requirements considered necessary to enable the IESC to provide robust scientific advice to government regulators on the water-related impacts of CSG and large coal mining development proposals. The IESC committed to the production of Explanatory Notes (ENs), which give more detailed background information on selected aspects of the guidelines. This EN addresses subsidence related to CSG production, while a companion document (Hebblewhite 2023) addresses underground coal mining.
The aim of this EN is to present tailored guidance and robust scientific methodologies and tools for assessing the potential for and subsequent monitoring of subsidence associated with CSG production. It has been prepared for a target audience of technical professionals commissioned to prepare environmental impact statements. Topics covered include:
the production of CSG and the physical processes associated with compaction and subsidence
national and international perspectives on subsidence, including the potential impacts of subsidence
the prediction of subsidence, including parameter and model selection and the interpretation of results
techniques for large-scale monitoring of subsidence in near real time
Australian experience in the estimation and monitoring of subsidence related to CSG production.
At the time of writing (2023), complementary work on the potential for subsidence-induced impacts on farmland was being undertaken by the GasFields Commission Queensland (GasFields Commission Queensland 2023) and the Queensland Government’s Office of Groundwater Impact Assessment (OGIA). Consequently, this EN does not cover topics related to:
drainage rates of irrigated cropping land as a function of surface gradient
impacts on crop productivity as a consequence of changes in drainage behaviour
overland flow regimes and the dependence of dryland farming on them
impacts on biodiversity and groundwater-dependent ecosystems
the requirements for and preparation of environmental impact statements associated with CSG projects.
The production of CSG in Australia accelerated with the commencement of liquefied natural gas (LNG) export in 2014. There are no other comparable projects internationally that extract CSG at the same scale. In comparison to conventional oil and gas production, the Australian CSG industry is young and thus the scientific literature and technical documentation focused on CSG-induced subsidence is limited. However, the volume of monitoring data (acquired from satellite and aircraft) continues to grow in terms of frequency and spatial extent. In addition to these data, this EN has been prepared using information available in the public domain, including journal articles, conference proceedings, scientific textbooks, government department reports, and industry and consulting reports.
The structure of this EN is, in summary, as follows:
Section 2 provides background information on the production of CSG, including how a well is constructed, the physical processes relevant to CSG production, and the driving mechanisms of CSG-induced subsidence.
Section 3 briefly discusses international and domestic examples of anthropogenic subsidence, with a focus on oil and gas production.
Section 4 then presents information on sources and impacts of subsidence, with a focus on those most relevant to areas of CSG production in Australia.
Section 5 presents subsidence monitoring techniques such as interferometric synthetic aperture radar (InSAR), along with examples of their use.
Section 6 outlines approaches to subsidence assessment, including simple consolidation modelling and poromechanical analysis.
Section 7 provides guidance on selection of relevant modelling parameters.
Section 8 presents past analyses and a subsidence case study.
Section 9 concludes the EN with a discussion of ongoing monitoring and assessment activity and future research requirements.
[bookmark: S2][bookmark: _2._Mechanics_of][bookmark: _Toc159245020]Mechanics of coal seam gas production
Coal seam gas (CSG), more commonly referred to as coalbed methane (CBM) outside of Australia, is natural gas extracted from coal seams. It is composed primarily of methane (CH4) and can be utilised for electricity generation, for industrial and residential heating, and as feedstock in manufacturing (e.g., fertiliser). It is the same as other conventional sources of gas and can be distributed similarly, either in gaseous form or after cooling to liquefied natural gas (LNG).
Commercial production of CSG commenced in Australia in the 1990s. To the end of 2019, approximately 8 trillion cubic feet (tcf) of CSG had been extracted, with a further 30 tcf of reserves and 24 tcf of resources (Geoscience Australia 2021) in place throughout Queensland and New South Wales. In 2014 the export of CSG as liquefied natural gas (LNG) commenced at Curtis Island in Queensland, resulting in a rapid increase in the number of wells drilled and the annual rate of production. In combination with gas production from conventional reservoirs, the CSG-LNG industry has positioned Australia as one of the two largest LNG exporters in the world.
1. [bookmark: _Toc158906767][bookmark: _Toc158980436][bookmark: _Toc158988980][bookmark: _Toc158989864][bookmark: _Toc159236791][bookmark: _Toc159243915][bookmark: _Toc159245021]
2. [bookmark: _Toc158906768][bookmark: _Toc158980437][bookmark: _Toc158988981][bookmark: _Toc158989865][bookmark: _Toc159236792][bookmark: _Toc159243916][bookmark: _Toc159245022]
[bookmark: _2.1_What_is][bookmark: S2_1][bookmark: _Toc159245023]What is coal seam gas?
The exploitation of conventional oil and gas reserves typically involves the extraction of liquid and/or gaseous hydrocarbons from porous, permeable formations remote from the original source rock. The classical example of this is an anticlinal trap, in which a sandstone reservoir holds hydrocarbons that have migrated from deeper source rocks due to buoyancy and been trapped by an impermeable caprock above. The production of CSG is classified as unconventional because the target hydrocarbons exist within and are extracted directly from the source coal seams. Additionally, the target formations may exhibit low permeability, requiring artificial stimulation (e.g., hydraulic fracturing) to promote economic rates of production. The (usually) lower permeability of unconventional reservoirs may also manifest in greater well densities and associated surface infrastructure than in conventional operations.
The methane in coal is generated via biogenic or thermogenic processes, or a combination of the two. Biogenic methane is a result of the breakdown of organic coal matter by methanogenic micro-organisms at moderate to low temperature (i.e., less than 56ºC) and, therefore, depth. Conversely, thermogenic methane is generated at greater depth, where temperatures exceed 100ºC, due to chemical degradation and thermal cracking of coal (Moore 2012). The elevated temperature at greater depth also means that methanogenic activity of microbes is improbable at those locations. Consequently, biogenic methane is more likely to be found in lower-rank coals, while thermogenic methane is more likely in mid- to high-rank coals subject to greater burial depth and temperature, as shown schematically in Figure 1(a). Assuming the methane does not escape, this also means that methane content increases for a given depth and coal grade (Aminian 2020), as seen in Figure 1(b). Noting that other hydrocarbons will exist, the proportion of methane in CSG relative to those gases is referred to as gas quality.
CSG manifests in three different states: free gas within coal pores and cleats, molecules adsorbed to coal surfaces, or adsorbed within the molecular structure of the coal (Moore 2012). The majority (between 90% and 98% of all gas), however, is adsorbed to the coal surface within macropores, mesopores and micropores, representing the greatest proportion of gas that is extracted during CSG production. Due to the hydrostatic pressure of pore water (or associated water), this adsorbed gas exists in a state of compression. The relationship between gas storage capacity and pressure is described by a sorption isotherm, represented by the data series in Figure 1(b) for coals of different maturity. In addition to the rank and pressure, these isotherms depend on the temperature, moisture content and mineral matter content of the coal.
Coal seams are typically interbedded between low-permeability geological units (e.g., siltstone) and are of varying thickness relative to overlying and underlying strata. Seams may exhibit thicknesses of multiple metres with good lateral continuity or, conversely, with thickness in the order of centimetres which pinch out (i.e., terminate) or bifurcate laterally, as shown schematically in Figure 2. In a macroscopic sense, coal seams usually possess cleats, which are discontinuities formed during coalification (i.e., desiccation), and may also possess natural fractures, which are formed by tectonic deformation. The cleats usually occur in two sets, called face cleats and butt cleats, that are perpendicular to one another and perpendicular to bedding. The face cleats form in one direction first and exhibit a high level of continuity. The butt cleats form in the other direction, are discontinuous and are frequently truncated by face cleats. The permeability of a coal seam is dominated by the cleat network (Laubach et al. 1998) and, in the Australian context, the natural fractures. The greater continuity of face cleats typically results in greater permeability than in butt cleats. However, both provide enhanced permeability with respect to that of the intact coal matrix.
	-
	-
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[bookmark: F1]Figure 1. Relationship between coal rank/depth and gas type/content, showing (a) biogenic and thermogenic methane generation as a function of rank (reproduced from Moore 2012), and (b) gas content as a function of depth (reproduced from Aminian 2020)
 [image: Schematic showing characteristics described earlier in this section]
[bookmark: F2]Figure 2. Schematic representation of CSG production, highlighting the existence of several adjacent seams that are initially saturated with water, as well as being potentially discontinuous and interleaved with other sedimentary layers
CSG production is typically undertaken in mid-rank coals (i.e., low- to high-volatile bituminous coals). This is because the desorption and diffusive transport of methane from high-rank coals such as anthracite is very slow (Levine 1993; Rice 1993) and the residual gas content is low. The liberation of adsorbed methane is driven by the reduction of pore pressure, which in practice is achieved by the reduction of pressure head by pumping associated water from the coal seam. This is central to the issues of compaction and subsidence and is discussed in more detail in Section 2.3.
More detailed discussion of the processes of deposition, coalification, and the genesis of methane, can be found in the comprehensive text edited by Thakur (2020) or the more concise review by Moore (2012).
[bookmark: _2.2_Coal_seam][bookmark: S2_2][bookmark: _Toc159245024]Coal seam gas production in Australia
Onshore gas was first discovered and produced in Australia by accident during the drilling of a water bore outside Roma, Queensland, in 1900 (Roberts 1992). Numerous other instances of nuisance or unexpected gas discovery during the drilling of water wells and mineral exploration holes have been documented (Walker and Mallants 2014). However, it was not until the 1960s that conventional gas accumulations were commercially exploited.
Dedicated exploration for CSG as a target resource commenced in Australia in the 1970s. In the 1980s, methane was first extracted directly from Australian coal during the drainage of seams prior to underground longwall mining (Black and Aziz 2009). This was, and still is, necessary to reduce the risk of explosion during mining operations. Historically, the produced gas was typically flared off, but it is now captured and utilised on site. By 1990, approximately 30 CSG-specific wells had been drilled in the Bowen Basin. Approximately 160 wells had been drilled by 1995, mostly in the Bowen Basin. In 1996, commercial production commenced from the Baralaba Coal Measures at Dawson River, near Moura, to service the domestic market in south-east Queensland (Towler et al. 2016). Commercial CSG production from lower-rank, sub-bituminous Walloon coal seams in the Surat Basin began in 2006 via the Tipton West, Kogan and Berwyndale fields located in the areas west of and between Dalby and Chinchilla. In 2007, CSG production exceeded conventional gas production in Queensland, and by 30 June 2008 certified reserves in the Surat Basin had surpassed those in the Bowen Basin. In 2011 the Surat Basin overtook the Bowen Basin as the chief producer of natural gas in general but of CSG in particular (Geological Survey of Queensland 2012). The construction of three distinct compression facilities at Curtis Island, near Gladstone in Queensland, facilitated the production of LNG from CSG and connection to global markets. In preparation for the first shipment of LNG in 2014, the rate of CSG well drilling increased in 2012. In 2022 the total CSG well count in Queensland was approximately 10,000, and this is projected to increase to approximately 22,000 by 2035 (OGIA 2021).
Contemporary CSG production in Australia is still dominated by plays in the Surat and Bowen basins in Queensland, whose locations are shown in Figure 3. In the Surat Basin, gas is primarily produced from thin, high-permeability coals in the Jurassic-age Walloon Coal Measures, while in the Bowen Basin production is sourced from several relatively thick Permian-age coal seams, of which the Baralaba Coal Measures and the Bandanna Formation are the most important (Towler et al. 2016). In New South Wales, exploration and approvals for the Narrabri gas project in the Gunnedah Basin (see Figure 4.) are, at the time of writing (2023), ongoing. Other past and proposed developments are located in the Sydney, Galilee, Clarence-Moreton, Gloucester, Otway, Gippsland and Cooper basins located across Queensland, New South Wales, Victoria and South Australia (Best et al. 2014).
The hydrogeological settings in CSG-producing basins typically comprise surficial alluvial aquifer systems (such as in sands or clays), underlain by consolidated sedimentary geological units (such as sandstone, siltstone and mudstone), with coal seams interbedded within the sedimentary units. The coal seams targeted for gas production are usually located at depths of 100 m or greater. Coal measures are the geological sedimentary units in which potentially multiple coal seams are interbedded within a sedimentary profile. As previously mentioned, the coal seam thickness can vary widely, along with their lateral continuity. For example, the Gloucester Coal Measures in the Gloucester Basin contain a number of relatively thick and continuous seams (as do the Baralaba Coal Measures of the Bowen Basin), while the Walloon Coal Measures of the Surat Basin comprise many discontinuous and relatively thin seams (Best et al. 2014). As indicated across Figure 3. and Figure 4., the Permo-Triassic age Bowen Basin forms the northern part of the Bowen-Gunnedah-Sydney Basin System of eastern Australia. The stratigraphic sequencing of the Bowen and Surat basins is shown schematically in Figure 5., highlighting the relative locations of the Moolayember Formation, the Baralaba Coal Measures, the Moranbah Coal Measures, the Burunga Formation, the Bandanna Formation, the Flat Top to Buffel formation, and the Walloon Coal Measures.
[image: Map showing Emerald, Injune, Taroom, Roma, Surat, Miles, Dalby, St George, Toowoomba (within Surat CMA) and Rockhampton, Bundaberg, Charleville, Brisbane, Goondiwindi (outside Surat CMA). Features shown are producing CSG leases, CSG wells, Surat Basin, Clarence-Moreton Basin and Bowen Basin.]
[bookmark: F3]Figure 3. Map of the sedimentary basins, petroleum leases and wells relevant to the CSG industry in Queensland (outline of the Surat Cumulative Management Area included for reference)
The geological and petroleum-generating history of the Surat and Bowen basins is long and complex. These petroliferous basins contain multiple-source rock horizons, which include extensive coal deposits. Thermogenesis has generated both liquid and gaseous hydrocarbons that are stored in conventional and unconventional reservoirs. Extensive biogenic gas generation has also occurred (Al-Arouri et al. 1998; Golding et al. 2013; Hamilton et al. 2014), which continues today. Of Australia’s 30 tcf of remaining proved and probable (2P) reserves (as at the end of 2019), 24 tcf is located in the Surat Basin and the balance is located in the Bowen Basin. Together, the Bowen and Surat basins hold 19 tcf of contingent resources (2C), with an additional 2.3 tcf in the Galilee Basin, 1.8 tcf in the Gunnedah Basin, and 0.6 tcf in the Clarence-Moreton Basin (Geoscience Australia 2021). Generally speaking, a resource is gas in place that cannot be commercially produced, while a reserve is gas in place that can be commercially produced.
 [image: Maps showing (NSW) Moree, Inverell, Narrabri, Gunnedah, Tamworth, Dubbo, Mudgee, Singleton, Bathurst, Camden, Sydney; (Qld) Injune, Taroom, Surat, Dalby. Features shown are petroleum leases, continuous GNSS stations, CSG wells, Qld corner reflector arrays, and geological basins (Surat, Clarence-Moreton, Gunnedah, Bowen, Sydney).]
[bookmark: F4]Figure 4. Map of (L) the sedimentary basins, petroleum leases and wells in New South Wales, and (R) the location of corner reflectors and permanent survey markers in southern Queensland (see Section 5.4)
The CSG activities of different operators in Queensland, as delineated by petroleum leases, are often located directly adjacent to one another. Although these activities are located in areas of low population density, they are commonly co-located with or near other economic activity such as intensive cropping (e.g., flood-irrigated arable farming), low-density grazing of livestock, high-density feedlots, or coal mining. Environmental, social and governance (ESG) challenges can arise when this combines with the large areas over which CSG production occurs, as compared to more conventional oil and gas production. One prominent example of the ESG challenge is the effect of coal seam dewatering on agricultural and domestic water wells completed in the coal measures, particularly in water-stressed areas. Another example of ESG challenges is the perceived possibility of localised changes in ground surface gradient caused by subsidence. If gradient change exceeds a threshold magnitude, this has the potential to alter the surface run-off characteristics of natural waterways, drainage networks, and irrigated paddocks. The last is of direct relevance to this document.
 [image: Stratigraphic sequencing of the Bowen and Surat basins shown schematically, highlighting the relative locations of the Moolayember Formation, the Baralaba Coal Measures, the Moranbah Coal Measures, the Burunga Formation, the Bandanna Formation, the Flat Top to Buffel formation, and the Walloon Coal Measures.]
[bookmark: F5]Figure 5. Stratigraphic diagram of the Bowen and Surat basins (original by Cook 2013, further modified by Santos and Origin Energy); formations of interest include the Walloon and Baralaba Coal Measures and the Bandanna Formation
[bookmark: _2.3_Physical_processes][bookmark: S2_3][bookmark: _Toc159245025]Physical processes relevant to CSG production
As with conventional oil and gas production, the optimal choice of drilling, completion, stimulation and production techniques for CSG requires a comprehensive understanding of the subsurface, including geology, stratigraphy, geomechanics, and transport properties of the coal and adjacent rocks. However, the development and operation of a CSG field differs from that of conventional fields in a number of ways. Releasing adsorbed methane from the target coal requires pressure reductions which are induced by dewatering. Limits on the drainage area per well mean comparatively high well densities are required. CSG wells are typically shallower than shale or conventional wells, which reduces the engineering requirements of completion design, but the greater number of wells per unit area means field development must be optimised.
One challenge to CSG production is the degree of inherent heterogeneity of lithology, continuity, connectivity and stresses within and between coal seams, in addition to the variable interconnectivity between the coals and in the overlying and underlying aquifers and aquitards (Towler et al. 2016). Improved description of stratigraphy and structural geology in the CSG-producing basins in Queensland is an area of active and ongoing research (de Andrade Vieira Filh et al. 2021; Schultz et al. 2021; Sobczak et al. 2021).
[bookmark: _Toc159245026]Drilling and completion
Each CSG production tenement is composed of multiple wells, collectively known as a well field. The spacing of wells in a field is dictated by local conditions (e.g., permeability) and constraints. The average well density in Queensland is approximately 1.5 wells/km2 (linear spacing of 800 m based on a square pattern). However, this varies in the Surat Basin from 1.2 to 1.7 wells/km2 (900 to 750 m linear spacing), and in the Bowen Basin from 0.8 to 1.5 wells/km2 (1,100 to 800 m linear spacing) (OGIA 2021). Deviations from these averages and their regular layout are common, however, after well locations have been negotiated with landholders.
A number of different CSG well trajectories have been installed or proposed in Queensland, including vertical, horizontal, multilateral, deviated, surface-to-inseam (SIS), and high-angle-sump-horizontal (HASH) (Lin et al. 2018). Verticals, which produce from a large number of distinct seams (see Figure 6.(a)), make up approximately 90% of wells drilled to date in the Bowen and Surat basins (OGIA 2021). Recently Arrow Energy has installed deviated wells in the Surat Basin as a means to reduce surface footprint while maintaining necessary contact with the reservoir (Rajora et al. 2019). A single pad can accommodate eight or more wells, which can in turn increase well head spacing to up to 2,400 m, reduce gathering network and land access requirements, and provide increased flexibility on pad location (e.g., paddock corners or boundaries). A larger number of well types are employed in the Bowen Basin, depending on coal permeability and depth. This includes vertical, horizontal, SIS, hydraulically fractured wells, and cavitation completions. According to Towler et al. (2016), historically the most common completion type in the higher-permeability fields of the Bowen Basin (e.g. Spring Gully, Fairview) was cavitation.
In addition to constraints related to land access, the trajectory of non-vertical wells is often a compromise between productivity and well stability. Drilling orthogonal to the dominant cleat or fracture set maximises effective permeability but can degrade wellbore stability, which is a function of effective stress magnitude and orientation, and the geomechanical properties of the reservoir. This is exacerbated when drilling in depleted reservoirs as part of, for example, an infill drilling campaign (Zare Reisabadi et al. 2020; Zhong et al. 2022).
A range of well completion strategies, which are designed to connect the coal seam(s) to the well but isolate them from the rest of the subsurface, have been deployed in Queensland. As shown in Figure 6.(a), a fully cemented casing is installed from the surface to the shallowest coal target to prevent migration of gas or brine to shallower aquifers or the surface. The integrity of the annular cement seal is pressure-tested after installation and can be inspected throughout the life of a well using, for example, a cement bond log (Jung and Frigaard 2022). Where a cavitation completion is employed, the target formations are drilled and then reamed to create a large cavity (i.e., increased surface area via a diameter of up to 3 m) and remove any formation damage that occurred during drilling. The well is either left open or completed with an uncemented, slotted liner (Mastalerz and Drobniak 2020). It is also possible to case and cement the well throughout the reservoir and use perforations to make contact with the target coal seams. Similarly, wells that require hydraulic fracturing are cemented along their length and then perforated in stages, each of which serves as the initiation point for a hydraulic fracture in the target coal seam.
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[bookmark: F6]Figure 6. Schematic representation (not to scale) of CSG well trajectories: (a) a vertical completed to access multiple seams in the Walloon Coal Measures, (b) a horizontal well drilled to intercept a vertical in a surface-to-inseam (SIS) configuration, and (c) a deviated well
Note: (b) and (c) show interception of coals in the Bowen Basin.
[bookmark: _Toc159245027]Hydraulic fracturing
Hydraulic fracturing is a reservoir stimulation technique used to increase the contact area between the well and the target coal seam(s). It is used to attain economic rates of production in low-permeability formations. Hydraulic fracturing does not cause subsidence. When deployed, however, it increases the spatial extent and degree of depressurisation that can be achieved from a well with naturally low deliverability, which in turn contributes to subsidence in a similar manner to that which occurs in higher-permeability, non-stimulated wells.
The widespread deployment of hydraulic fracturing was primarily responsible for the advent of the shale gas industry in the USA (MIT Energy Initiative 2011). Most CSG reservoirs exhibit sufficient permeability to negate the need for hydraulic fracturing, and thus only approximately 10% of Queensland CSG wells have been hydraulically fractured. This rate is anticipated to increase to up to 40% as operators target more challenging formations. However, in the 2020 financial year only 12% of Queensland CSG wells were hydraulically fractured (GasFields Commission Queensland 2021).
During hydraulic fracturing, a suspension of granular material, called proppant, is pumped into the reservoir, creating fractures that increase the volume of reservoir that is exposed to the well. This reduces the resistance to water and gas flow from the reservoir to the well and increases the rate of production. The role of the fluid is to induce stresses in the reservoir which are high enough to create a fracture and also to transport proppant. When the injected fluid is removed, the proppant remains in place to keep the fractures open. Additives are used to alter the rheology of the base fluid, which increases its ability to suspend and transport particles and changes the rate of fracture growth.
Hydraulic fracturing in CSG wells is commonly deployed in multiple stages on either vertical or horizontal wells, as shown schematically in Figure 7. Vertical wells can include in the order of five to 10 stages, each targeting different coal seams at different depths, while horizontal wells can include in the order of 20 stages (or more) with the intention of increasing the stimulated reservoir volume (SRV). Indicative fluid volumes pumped per well, both vertical and horizontal, are in the order of 2 ML (Johnson et al. 2021; Pandey et al. 2017). This is in contrast to shale gas wells in Texas, which pump between 10 and 20 ML (Nicot and Scanlon 2012).
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[bookmark: F7]Figure 7. Schematic diagrams of multistage hydraulic fracturing in (a) a vertical CSG well and (b) a horizontal CSG well
The direction of hydraulic fracture growth is governed by the subsurface stress regime, which comprises of the vertical, , maximum horizontal, , and minimum horizontal, , principal stress components. In normal faulting, , and strike-slip regimes, , fractures grow vertically in the plane perpendicular to the minimum horizontal stress, , direction. In the reverse faulting regime, , which is common at shallow depths in Queensland, the minimum principal stress direction is vertical and so fractures tend to grow horizontally (Busetti and Flottmann 2018; Leonardi et al. 2019). This helps prevent propagation of fractures into aquifers above the fracturing stage. Horizontal fractures can also propagate when vertical fractures terminate at and then lubricate, for example, the interface between coal and non-coal layers. Both types of horizontal fractures can result in small, temporary uplift of the ground surface, which can be measured using tiltmeter surveys of each of the well stages (Pandey et al. 2017).
[bookmark: _Toc159245028]Downhole pressure management
As shown in Figure 1(b), the volume of methane adsorbed to coal increases with pressure and so commercial CSG production typically requires a reduction of reservoir pressure to liberate gas. This is achieved by deploying a downhole pump to dewater the target coal formation(s). A progressing cavity pump (PCP) is installed on the tubing string close to, but not at, the bottom of the well, where it drives produced water up the central tubing of the well. This facilitates downhole separation of water from most of the gas, which flows to the surface via the annular gap between the well casing and the tubing. During this process, the groundwater level above the coal seam may remain largely unchanged, depending on the degree of hydraulic isolation, but the reduction in water pressure associated with groundwater abstraction from the seam promotes methane desorption (i.e., detachment from coal surfaces).
The rate of CSG-associated water extraction from Surat and Bowen basin wells in the Surat Cumulative Management Area (CMA) is summarised in Figure 8. This clearly shows the step-change in dewatering associated with the onset of CSG-LNG export. These data are collated and reported, along with future projections, by the Queensland Government’s OGIA in its series of Underground Water Impact Reports (OGIA 2021). It has been observed that actual volumes of produced water are consistently lower than earlier industry predictions(Underschultz et al. 2018). Reasons for this include conservatism in research, regulation, and operation estimates; the use of basin-scale models that do not account for the effect of two-phase flow on near-wellbore saturation and permeability; decay of water extraction from wells with time; and installation of wells in infill locations where partial depressurisation (and potentially gas production) has already occurred (Underschultz et al. 2018).
[bookmark: F8][image: Graph showing changes in volumes over time as described in previous paragraph]Figure 8. Annual rates of CSG-related water extraction from Surat Basin and Bowen Basin wells in the Surat CMA (reproduced from OGIA 2021); dashed lines represent future projections
The amount of water produced from an individual well is dependent on a number of factors, including the saturation and permeability of the coal, its internal connectivity and continuity, the nature of non-coal layers within the coal measures, and the regional state of water and gas depletion. Water rates are highest at the onset of production and then typically decay with time. The characteristics of methane desorption mean that the corresponding rate of gas production is initially low while initial depressurisation is occurring, and then increases to a peak a number of years after production commences (see Figure 9.(a)). Some Bowen Basin coals have been found to produce significantly less water than those of the Surat Basin (Towler et al. 2016), but this is possibly due to field (not basin) differences. Given the variability and uncertainty associated with the parameters that drive water production, and the spatial and temporal interaction of wells, it is almost impossible to precisely predict water production on an individual well basis.
The relationship between (pore) pressure and methane desorption from coals is not linear. This relationship is characterised using an adsorption isotherm test, which measures the maximum gas-holding capacity of a coal sample at any particular pressure at a stable temperature. These data can then be fitted to the Langmuir equation (Langmuir 1916),
[bookmark: _Hlk158900580][bookmark: E1],	(1)
where V is the maximum gas adsorption capacity at any particular pressure, p, and VL and PL are the Langmuir volume and pressure, respectively, which are both model parameters. Figure 9.(b) presents examples of adsorption isotherm curves for coals from the Bowen and Surat basins (Connell et al. 2016). These curves can be used to estimate the total gas content (and saturation) of a reservoir at a certain depth (and therefore pressure and stress (Liu et al. 2017)), as well as the degree of depressurisation required for economic gas production. It is worthwhile noting that at low pressures, more gas is desorbed per unit pressure change. In addition, the repeatability of adsorption tests is problematic, especially in the absence of a universal standard procedure, and it is generally accepted that their uncertainty ranges from 7% to 20% (Crosdale et al. 2008; Mavor et al. 2004). Given the relationship between desorption, coal shrinkage and compaction (see Section 2.4), these are important observations.
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[bookmark: F9]Figure 9. Relationship between water production and gas desorption and extraction, showing (a) a schematic graph of the relationship between water and gas production rates, and (b) the Langmuir isotherm of select Queensland coals (reproduced from Connell et al.)
The abstraction of associated water is the primary driver of subsidence in areas where CSG is produced, as discussed in Section 2.4. The historical and significant extraction of water for agriculture and other non-CSG purposes therefore presents a challenge to identifying baselines for surface elevation and rate of movement and identifying the impact of CSG production in isolation.
As mentioned in Section 2.2, CSG operations are often located beneath or adjacent to agricultural activity, which can result in real or perceived impacts on groundwater resources (OGIA 2021). This is more acute in the Surat Basin, where intensive irrigated cropping occurs and the Walloon Coal Measures, which are the Queensland CSG industry’s biggest producer, lie within the Great Artesian Basin (GAB). The GAB comprises a number of hydrogeological basins that cover an area of 1.7 million km2. It is composed of a series of aquifers, which exhibit a high degree of spatial variability and vertical connectivity. In the GAB, aquifers are used to supply water to regional communities and agriculture, and its importance to regional communities is emphasised by their location in low-rainfall and drought-prone areas (Towler et al. 2016). Aquifers in the GAB supply water to many regional towns (more than 30 in Queensland), with tens of thousands of bores supplying water for farming, domestic and industrial use. They also provide irrigation water for major crops, such as cotton and grains, and horticulture. There is a long history of declining aquifer pressures through over-extraction (Smerdon and Ransley 2012) with respect to the productive yield of the system, which has resulted in significant lowering of aquifer pressures.
[bookmark: _2.4_Driving_mechanisms][bookmark: S2_4][bookmark: _Toc159245029]Driving mechanisms of CSG-induced subsidence
In the context of gas production and the extraction of associated water from coal seams, the subsidence observed at the surface is driven by the depressurisation of the fluid-bearing formation(s) beneath. Reducing the pore pressure increases the effective stress, which causes poromechanical compaction of each depressurised layer. It also promotes desorption of methane, which results in desorption-induced shrinkage, which manifests as a reduction in the coal’s bulk volume. These two phenomena are additive within a coal seam, resulting in a net change of height that can be summed over each depressurised layer. The fraction of this total compaction that propagates to the surface as subsidence is a function of the competence and thickness of the overlying and underlying strata. Similarly, groundwater abstraction for municipal or agricultural use can also contribute to the total subsidence observed at a location. Therefore, the ability to predict future or interpret historical subsidence requires an understanding of two-phase flow in the reservoir; the porosity, permeability and relative permeability of coal; changes in effective stress and poromechanical compaction of geological units; and coal shrinkage. These facets of the problem are described in this section, while their interdependencies are shown schematically in Figure 10. It is important to note, however, that they are all active areas of research.
[image: Schematic showing interdependencies between factors described in the previous paragraph]
[bookmark: F10]Figure 10. Schematic representation of the relationship between permeability, fluid flow, coal shrinkage, rock/coal compaction, and subsidence
Note: Both formation depressurisation and coal shrinkage (dashed lines highlight that this is a more recent concept, subject to ongoing research) provide feedback in the system via permeability change.
[bookmark: _Toc159245030]Two-phase flow in a coal seam
The production of gas and water from a CSG well is described by three distinct stages (McKee and Bumb 1987), as indicated in Figure 9.(a).
At the onset of production, associated water is pumped from the coal seam to reduce pressure. In this stage the flow is laminar and predominantly water in a saturated single-phase regime, even though some free and dissolved gas may exist within the cleats and macropores of the coal.
After sufficient depressurisation, gas begins to desorb from the coal surface and diffuse through the matrix to the cleats, where it begins to form bubbles. The wetting characteristics of the gas-water-coal system keep these isolated bubbles trapped in the cleats, where they partially impede the flow of water towards the well. Consequently, this stage is characterised by unsaturated single-phase flow of water, but not gas.
Methane desorption increases with further depressurisation, resulting in the coalescence of bubbles creating a continuous pathway for gas flow within the cleats towards the well. In this stage, both water and gas are transported, which is characterised by two-phase flow in the coal seam. As production continues, the volume fraction of water and gas in the two-phase flow regime changes as the water rate decays, peak gas production is reached, and then the gas rate decays.
These stages of flow are sequenced in both time and space around a well (McKee and Bumb 1987). Considering just the near-wellbore region, it transitions from saturated single-phase water flow to unsaturated single-phase water flow and then two-phase flow as time progresses. However, at any instant in time the degree of seam depressurisation decreases with distance from the well, meaning that when two-phase flow occurs near the well, unsaturated single-phase water flow occurs at some distance from the well, and saturated single-phase water flow occurs at greater distance from the well.
The saturated single-phase water flow in the seam is uncomplicated, in that it is laminar and can be modelled using Darcy’s law. However, to accurately predict all regimes of gas and water flow in the seam, multiphase modelling with variable saturation is necessary. This is an important consideration, as the gas and water flow directly influence the spatial prediction of reservoir depletion, which is the key driver of subsidence. The evolution of mass and momentum balance for multiple, coexistent fluid phases in a reservoir can be modelled using a range of software packages (e.g., CMG-GEM, INTERSECT, MOD-FLOW). The Richards equation (Richards 1931) can also be used to approximate liquid flow in a variably saturated porous medium, in conjunction with the van Genuchten equation for saturation as a function of pressure (van Genuchten 1980). It is important to note that this approach does not capture the diffusion of gas through the coal matrix, or the transport of the gas phase. Rather, it is assumed that desorption occurs instantaneously, making gas immediately available within cleats and macropores. More information on modelling gas-liquid systems with Richards’ equation can be found in the literature (Taigbenu 1999), including the basis for the approach taken by OGIA (Herckenrath et al. 2015).
[bookmark: _Toc159245031]Porosity and permeability of coal
As described in Section 2.1, coal is a naturally fractured medium that, in the context of a natural gas reservoir, is commonly described as a dual-porosity system (Clarkson and Bustin 1999). This system is composed of porous matrix blocks, with side lengths ranging from millimetres to centimetres, separated by face and butt cleats, which exhibit apertures ranging from micrometres to millimetres (Laubach et al. 1998). This is shown schematically in Figure 11. One of the properties that make coal such a unique material is its porosity, particularly the high specific surface area per unit volume. A single cubic centimetre of coal can contain pores with a total internal surface area of 3 m2 (Mares et al. 2009; Radlinski et al. 2004). It has been reported (Yao et al. 2008) that the matrix pore network follows a fractal distribution, with individual pores classified by size as either micropores, mesopores or macropores (Şenel et al. 2001). A discussion of how these vary with coal rank can be found in Moore (2012). According to Gan et al. (1972), micropores have a diameter less than 2 nm, mesopores have a diameter between 2 and 50 nm, and macropores are larger than 50 nm. However, the usage of these terms is not universally consistent in the literature.
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[bookmark: F11]Figure 11. Schematic representation of cleats and matrix blocks in coal, showing (a) the relative orientation and termination of face and butt cleats with respect to bedding planes, resulting in anisotropic permeability, and (b) the simplification of the cleats and bedding planes as a cubic geometry (Robertson and Christiansen 2008) resulting in isotropic permeability
Typically the permeability of the pore network in the matrix will be orders of magnitudes lower than that of the cleat network in the same coal. However, in the micropores and smaller mesopores (as per the above size classification), the Knudsen number of methane (which in this context is a function of reservoir pressure and temperature) would suggest that a continuum description of transport is not valid and therefore phenomenological concepts such as permeability do not apply. Consequently, it is generally assumed that gas flow through cleats is laminar and can be described by Darcy’s law, whereas gas transport in the coal matrix is controlled by a diffusive process that can be described (if it is to be included explicitly) by Fick’s law. This diffusion links desorption of gas molecules from the coal to their subsequent viscous flow in cleats towards the well (Chen 2011; Masoudian et al. 2016; Webb 2006).
In the context of oil and gas production, coal seams are considered low-permeability reservoirs. The permeability of the cleat and natural fracture networks dominates flow behaviour (Laubach et al. 1998), as observed in the Walloon Coal Measures. In general, the properties of coal are anisotropic due to its depositional origin and the influence of the cleat network. This also applies to the permeability tensor because the horizontal permeability in the direction of face cleats, , is typically 5 to 10 times higher than the horizontal permeability in the direction of butt cleats, , (Best et al. 2014) and the vertical permeability perpendicular to the bedding plane, , is typically lower than either horizontal permeability (Massarotto et al. 2003). Therefore, rigorous prediction of gas and water transport in coal seams requires incorporation of the three principal components of the permeability tensor, which is facilitated by most commercial reservoir simulators and some groundwater modelling packages.
It has been well documented that coal permeability decreases with increasing depth, most likely because the associated increase in geomechanical stress acts to close the cleats (Enever et al. 1999; OGIA 2016a; Somerton et al. 1975). For example, some coals can exhibit permeability in the order of hundreds of millidarcies (mD) at a depth of 100 m, which reduces to approximately 1 mD at a depth of 1,000 m. This relationship was demonstrated by Esterle et al. (2006) for coals from the central Bowen Basin and Hunter Valley, although it was noted that significant permeability variation (e.g. two orders of magnitude) can exist at any particular depth. In addition, Bustin (1997) found that vitrain banding in some Australian coal seams had a significant effect on permeability, which was sometimes greater than that of the effective stress.
The horizontal stress regime in a basin or sub-basin affects a number of facets of CSG production. In the context of fluid flow, the stress, , in a basin has been shown to affect permeability (Bell 2006; Sparks et al. 1995). The effective stress is defined as
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where  is the total stress,  is the pore pressure, and  is the Biot coefficient. The horizontal components of the net effective stress are a measure of the mechanical load on the cleats, which acts to close them. Interpreted differently, the effective stress is the difference between the reservoir pore pressure and the cleat opening pressure measured in the borehole or well (Esterle et al. 2006). As the least principal stress (i.e., the minimum effective stress) in the basin increases, permeability can decrease from nearly 10 mD at 1 MPa to less than 1 mD at 8 MPa (Sparks et al. 1995).
As a consequence of this characteristic behaviour, a number of pressure-dependent permeability models have been defined for coal (see Pan and Connell (2012) for a review). These include the works of Palmer and Mansoori (1998), Shi and Durucan (2005), and Cui and Bustin (2005), all of which assume uniaxial strain conditions (i.e., constant total vertical stress and zero lateral strain). Using the matchstick model of the relationship between permeability and porosity (Seidle et al. 1992),
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the Cui-Bustin permeability model can be written as
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where  is the pore modulus;  is the initial in situ intrinsic permeability of the coal seam;  and  are the Young’s modulus and Poisson’s ratio of coal, respectively;  is the incremental change in the effective stress; and  is the change in desorption-induced volumetric strain (i.e., shrinkage). The change in effective stress, , is equal to the negative of change in pore pressure, , assuming a constant total stress given . Note that the constant total vertical stress assumption has implications for the interpretation of saturation (i.e., water content) above the coal seam. The desorption-induced shrinkage, , is calculated as (Masoudian et al. 2019a)
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where  is the Langmuir constant,  is a constant representing the maximum volumetric swelling strain of coal, and  is the pressure corresponding to a reference permeability (e.g., the critical desorption pressure ).
The permeability–pressure relationship for the Palmer-Mansoori, Shi-Durucan and Cui-Bustin models is compared in Figure 12.(a). The difference between these models has in the past been (incorrectly) attributed to Palmer and Mansoori (1998) adopting a strain formulation, as opposed to the stress formulation adopted by Shi and Durucan (2004) and Cui and Bustin (2005) (Gu and Chalaturnyk 2006; Li et al. 2017; Palmer 2009). Zimmerman (2017) subsequently showed that the Palmer-Mansoori model is invalid when porosity is greater than zero or the Biot coefficient is less than one. Mathias et al. (2019) also analysed these three models by using them to derive associated expressions for the storage coefficient, the equation for which is well established for a reservoir under uniaxial strain. This found that only the Cui-Bustin model was able to reproduce the correct storage coefficient, and that issues with the Shi-Durucan model are due to inconsistencies in the theoretical derivations of both Seidle et al. (1992) and Shi and Durucan (2004). It was noted, however, that the Shi-Durucan model is often found (Shi et al. 2014; Zeng and Wang 2017) to better fit experimental data, but this was attributed to the availability of two fitting parameters, as opposed to one in the Cui-Bustin model (Mathias et al. 2019).
In the case where both water and gas flow through a cleat or pore, the relative permeability is the primary parameter used to describe the flow regime. This parameter is strongly influenced by the wetting characteristics of each fluid (i.e., the preference for a fluid to coat a solid material), which are in turn a function of the nature of fluids, local coal chemistry, minerals, surface morphology, and local pressure conditions (Zhang et al. 2015). However, the subsurface is a complex system and the wetting state varies spatially. The best way to quantify the influence of this variability is an area of active research (Armstrong et al. 2021). High-fidelity computational modelling of two-phase fracture flows has recently been used (McClure et al. 2021) to study the influence of surface roughness, chemical heterogeneity, and dynamic events (e.g., Haines jumps). The quest to link these data to continuum-scale wettability indices continues (Sun et al. 2020a; Sun et al. 2020b).
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[bookmark: F12]Figure 12. Graphs of coal permeability, showing (a) a comparison of the stress-dependent permeability models of Palmer and Mansoori (1998), Shi and Durucan (2004) and Cui and Bustin (2005); and (b) the relative permeability curves of gas, , and water, , as a function of saturation (reproduced from Gash 1991)
Several methods exist to measure relative permeability in the laboratory, including unsteady-state, steady-state, capillary pressure, and numerical inversion methods. A survey of the contemporary literature reveals ongoing investigation of relative permeability related to coal rank and lithotype (Mahoney et al. 2015), dynamic behaviour (Shaw et al. 2019), history matching (Zhang et al. 2021), and more. The resulting data are used to inform curves like those shown in Figure 12.(b), which describe the relative permeability of each phase as a function of saturation. It is important to note that the precision of these experimental approaches depends on the interpretation of the measured data (Zhang et al. 2015). Further, it has been observed that upscaling laboratory data to real reservoir conditions is subject to a great level of uncertainty (Müller 2011), which propagates to predictions of gas and water production. Nevertheless, given the non-unique nature of gas-water relative permeability in coal and the complexity associated with measuring and upscaling it to that necessary for a field-scale simulator, it is common practice to choose a standard relative permeability curve and treat it as a model parameter subject to sensitivity analysis.
[bookmark: _Toc159245032]Poromechanical compaction
Poroelasticity defines the behaviour of a porous medium under internal and external forces. It relates the changes in internal pore pressures and external stresses to the deformation of the porous continuum and the solid frame. Reducing the pore pressure in a poroelastic subsurface material results in poromechanical compaction, which manifests as subsidence when propagated to the surface. Groundwater abstraction, oil and gas production, and the dewatering of shallow sediments can all cause compaction and subsidence but, depending on the degree of consolidation of the geological unit(s), these can differ by orders of magnitude per unit drop in pressure.
The withdrawal of water from a porous geological unit results in a commensurate decline in the water level or hydraulic head. The largest decline in the formation exists at the point of extraction and decreases with increasing distance from the well. As the pore pressure in the formation decreases, the effective stress increases proportionally. In unconsolidated sediments this can result in the rearrangement of grains, reduction of porosity, and ultimately subsidence. In some areas where the formation is shallow and unconsolidated and groundwater extraction is extensive, this effect can become acute. For example, there are reports of up to 9 m of subsidence in Mexico City over regions of groundwater extraction from interbedded sand and clay layers (Ortiz-Zamora and Ortega-Guerrero 2010). However, subsidence of this magnitude is not typical for oil and gas extraction, particularly CSG, because the depressurised geological units are consolidated and less susceptible to grain-scale deformation. They also exist hundreds or thousands of metres below the surface and so, depending on the lateral extent of the depleted zone and the stiffness of the overlying geological units, the overburden may exhibit stress arching (Dusseault et al. 2007) or compaction-driven surface deformation (Dusseault and Rothenburg 2002; Geertsma 1973; Hettema et al. 2002). The magnitude of surface deformation depends on multiple factors, including:
1. rock mechanical properties of the geological unit and of the overburden and basement units
the lateral and vertical extent of the compression causing matrix compaction
the magnitude and orientation of the compaction with respect to vertical.
The magnitude of subsidence mainly depends on the depth and thickness over which depressurisation and compaction occurs, and the properties of geological units overlying the compacting geological units. Assuming that the mechanical behaviour of a rock or coal layer can be described by linear poroelasticity, the relationship between stress and strain can be modelled using Hooke’s law. The normal strain in the three Cartesian directions can be written in terms of the effective stresses as
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assuming uniaxial strain conditions means that  and total vertical stress, , is constant. After some manipulation (see Wu et al. (2019) for more details), an explicit equation for the strain in the vertical direction, , can be derived and interpreted as the ratio of the change in height, , and original height, , of the target formation
[bookmark: E9].	(9)
Substituting for the effective vertical stress and extracting the layer compressibility (see Section 7.2),
[bookmark: E10]	(10)
results in
[bookmark: E11].	(11)
The summation of  values for all depressurised layers gives an indication of the maximum subsidence expected at the surface due to poromechanical compaction.
The assumption of uniaxial strain is appropriate because the subsidence due to poromechanical compaction is primarily vertical. Formation heterogeneity, in terms of both geometry and permeability (i.e., propensity for depressurisation), can result in non-uniform compaction of a geological unit. At the surface, this can manifest as variation in subsidence as well as net horizontal movement. Extreme cases of differential surface movement, vertically or horizontally, could induce ground failures such as surface faults and earth fissures (Holzer 1984). However, neither presents a significant risk in the context of CSG production (see Section 4.2 for discussion).
In unconsolidated sediments, where grain rearrangement can occur, the rate of poromechanical compaction is greatly influenced by the lithology. Faster rates of compaction are observed in large-grained sand and gravel formations even though the extent of total compaction is limited. Conversely, clays and fine siltstones, which are fine-grained lithological units, compact at a slow rate because of their low hydraulic conductivity. This means that their mechanical response to pressure change, either compaction or uplift, is time dependent and could take several years to equilibrate (Budhu et al. 2014).
It is important to note that aquifer pressure cycling has the potential to result in irreversible compaction, or inelasticity. If the pressure head is reduced below the pre-consolidation head, inelastic compaction of clay units will occur, which in turn results in pore collapse and an irreversible loss of water storage and permanent drainage. This can also be interpreted as the effective stress increasing to greater than the pre-consolidation stress, and is most significant in unconsolidated and loosely consolidated sediments. Budhu et al. (2014) demonstrated this by investigating ground movements from aquifer recharge and recovery in Arizona. This was undertaken using a coupled groundwater flow-soil deformation model. The subsidence and uplift related to groundwater withdrawal and recharge, respectively, clearly demonstrated hysteresis. In areas of CSG production where aquifers have a prolonged history of excessive depressurisation, this suggests that historical, irreversible subsidence may have already occurred.
[bookmark: _Toc159245033]Desorption-induced shrinkage
One of the key differences in geomechanical behaviour between coal seams and conventional reservoirs is that the adsorption and desorption of gas lead to swelling and shrinkage of the coal matrix, respectively (Larsen 2004; Saghafi et al. 2007). This behaviour manifests as volumetric strain that is analogous to the thermal expansion and contraction of materials, and distinct from elastic and poroelastic behaviour. Under the common assumption of uniaxial strain, desorption-induced shrinkage has an effect on the change in effective stress and permeability (via cleat aperture) caused by depletion (Masoudian 2016). While reservoir models consider the shrinkage phenomenon when investigating the variation of the fracture aperture and subsequently the fracture permeability (as discussed earlier in this section), many geomechanical models neglect or at best oversimplify its influence on the bulk volumetric response of the coal seam and consequently the displacement of the ground surface (Masoudian et al. 2016; Wu et al. 2018). Nevertheless, the total displacement at the ground surface is the sum of all compaction mechanisms occurring in multiple geological units. It is dependent on the magnitude and direction of compression (which are dictated by pressure changes from extraction of associated water and desorption of gas from coal seams), the depth and depth-interval over which compression occurs, and the geomechanical properties of the geological units throughout the entire depth profile. While the desorption-induced shrinkage of coal is well understood at the laboratory scale, including the stress-dependence of the processes at work (Liu et al. 2017), the degree to which this behaviour translates to the reservoir scale in CSG production is an ongoing area of research.
The rate of coal shrinkage or swelling with pressure change can be measured experimentally (see, for example, Dudley et al. 2019). This is usually undertaken using small coal samples (i.e., matrix blocks) to eliminate the effect of cleats that exhibit much greater compressibility than the matrix. The data are then fitted to the Langmuir equation to describe the volumetric shrinkage strain, , as a function of pressure, ,
[bookmark: E12],	(12)
where  is the Langmuir constant and  is a constant representing the maximum volumetric swelling strain of coal at infinite pore pressure. As described in Masoudian et al. (2016b), the desorption-induced shrinkage can be incorporated as an additional term in the elastic stress-strain constitutive equations. By again invoking the uniaxial strain assumption, the net shrinkage in the vertical direction, , can be defined as,
[bookmark: E13]	(13)
Similarly	to that for poromechanical compaction defined Equation 11. Here is the critical desorption pressure.
It is pertinent here to consider the relationship between the adsorption isotherm (Equation 1) and the sorption strain (Equation 12) for a particular coal sample. Just as the former has been noted to vary considerably for different coal types and ranks, the same is true for the latter (although considerably less shrinkage data are publicly available). In addition, both equations have the same characteristic form, resulting in an increase in the rate of change of desorbed gas or shrinkage with respect to pressure as the pressure decreases. In the context of subsidence, this suggests that the desorption-induced shrinkage component of coal seam compaction may increase as the reservoir pressure approaches its end state. This has been reported internally by the industry (Rai and Hummel 2019); however, no evidence to support or refute this observation can currently be found in the literature.
Due to their depositional nature, coal seams contain bedding planes that are approximately horizontal and perpendicular to the face and butt cleats. Consequently, coal at the bulk scale is completely anisotropic (Saurabh and Harpalani 2019). This can be simplified for the purpose of flow modelling to assume that properties in the horizontal direction are uniform and the coal is thus transversely isotropic (Espinoza et al. 2015; Liu et al. 2016; Wang et al. 2014). Laboratory studies (Day et al. 2008; Pan and Connell 2011) have shown that this concept of transverse isotropy also applies to desorption-induced shrinkage. The work of Day et al. (2008) showed that when coals were injected with supercritical CO2, the expansion was 70% greater in the direction perpendicular to the bedding plane than in the parallel plane for two coal samples from the Hunter Valley and Bowen Basin, and approximately 30% greater for a sample from the Illawarra. The Illawarra coal sample was higher rank, with a mean vitrinite reflectance of 1.29%, while the mean vitrinite reflectance was 0.89% and 0.95% for the Hunter Valley and Bowen Basin samples, respectively. These results indicate that lower-rank coal tends to show stronger anisotropic swelling. Pan and Connell (2011) investigated the effect of different gasses on a Hunter Valley coal sample and revealed that the swelling strain in the direction parallel to the bedding was approximately 47%, 52% and 60% of that in the direction perpendicular to the bedding for N2, CH4 and CO2 adsorption, respectively. These results can be seen in Figure 13., where it can also be seen that swelling behaviour for different gases varies significantly but in a similar order to adsorption.
If the constants  and  have been determined perpendicular to bedding (i.e., in the approximately vertical direction) they can be used directly in a uniaxial prediction of shrinkage (i.e., Equation 13). However, anisotropic shrinkage will have implications for the calculation of effective horizontal stresses and the permeability derived from them (e.g., Equation 4), or for more complicated models in which a fraction of the total volumetric shrinkage strain is apportioned to permeability change and the rest is assigned to bulk shrinkage (Wang et al. 2014).
	-
	-
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[bookmark: F13]Figure 13. Volumetric swelling/shrinkage strain for a Hunter Valley coal sample when injected with N2, CH4 and C02, showing (a) the strain perpendicular to bedding, and (b) the strain parallel to bedding (Pan and Connell 2011)
[bookmark: _Toc159245034]Considerations for shale gas and underground coal gasification
A literature search did not uncover any published research on subsidence associated with shale gas production. It has not emerged as an issue of interest in the widespread shale gas industry in the USA. Shale is significantly less compressible than coal and does not contain adsorbed gas to the same extent as coal. It is therefore not prone to poromechanical compaction or desorption-induced shrinkage, which probably explains the dearth of papers on the topic.
Underground coal gasification (Bhutto et al. 2013) necessitates the creation of a substantial underground void as the coal combusts. In this way it is more closely linked with underground coal mining methods and is therefore out of the scope of this document.
[bookmark: _Toc159245035]Beneficial aquifer injection and associated uplift
The associated water produced from CSG operations can be treated and injected into the subsurface to replenish depleted aquifers and, consequently, raise the groundwater table or pressure (Hayes et al. 2020). This process is known as managed aquifer recharge (MAR). One local example of this is the Reedy Creek project managed by Origin Energy (upstream operator for the Australia Pacific LNG joint venture), in which produced water is pumped into the Precipice Sandstone aquifer in the Surat Basin. In general, injection pressures are subject to limits so as to minimise the risk of creating new underground fractures which can damage aquitards and result in the unwanted hydraulic connectivity of geological units. As a consequence of the poromechanical behaviour described in Section 2.4, MAR has been associated with observed uplift of the ground surface (Parker et al. 2021); however, no public documentation of this phenomenon related to Queensland CSG activities exists. The elevation of pore pressure in the proximity of faults can be associated with elevated risk of induced seismicity (Ellsworth et al. 2019; Zang et al. 2014). However, injection into high-permeability formations means that the pressure diffuses and does not localise around the injection site.
A number of cases of surface uplift have been reported worldwide. These vary significantly in terms of magnitude and timescale. One renowned example is the Wilmington oil field (see Section 3.2 for more information), which is composed of unconsolidated loose silty to sandy formations interbedded with shale layers (Mayuga and Allen 1969), and where hydrocarbon production had resulted in surface subsidence of as high as 9 m (Colazas and Olson 1983). In an attempt to reverse the subsidence, approximately 175,000 m3/day of water was injected into the field in the 1960s (Mayuga and Allen 1969), which was later reduced to 90,000 m3/day (Otott and Clarke 1996). Subsidence was stopped for most of the field, with the subsidence rate in the middle of the reservoir reduced from 71 cm/year in 1951 to zero by 1968. However, in some parts of the field, excessive injection resulted in uplift of 20 to 30 cm above the original ground elevation (Colazas and Olson 1983).
[bookmark: S3][bookmark: _3._National_and][bookmark: _Toc159245036]National and international context
Causes of subsidence include groundwater abstraction, conventional oil and gas production, drainage of shallow soils, underground mining, earthquakes, and natural compaction such as that caused by sinkholes, peat oxidation or thawing permafrost. Subsidence associated with CSG production simultaneously combines two of these processes, namely the depressurisation of geological units and the depletion of gas reservoirs. Mechanical sources of subsidence, such as the creation of a void during underground mining, are addressed in the companion to this document (Hebblewhite 2003).
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[bookmark: _Toc159245038]3.1	Subsidence due to groundwater abstraction
The development of subsidence in response to groundwater abstraction has been documented extensively in the literature. Gambolati and Teatini (2015) summarised a number of locations worldwide where the removal of groundwater had resulted in or was continuing to (at the time of publication) cause subsidence. A selection of these case studies is listed in Table 1.
[bookmark: T1]Table 1. Selected cases of subsidence caused by groundwater abstraction
	[bookmark: _Hlk158902729]Location
	Maximum subsidence (m)
	Recent subsidence rate (cm/year)
	Depth of pumping (m)
	Area of subsidence (km2)
	Principal references

	San Joaquin Valley
	10 (1930–)
	30 (2007–2011)
	60–600
	13,500
	Galloway et al. (1999)
Borchers and Carpenter (2014)

	Mexico City
	13 (1960–)
	30 (2007–2011)
	0–350
	250
	Ortiz-Zamora and Ortega-Guerrero (2010)
Chaussard et al. (2014)

	Jakarta
	4.1 (1974–2010)
	26 (2007–2011)
	40–240
	660
	Ng et al. (2012)

	Tokyo
	4.3 (1900–1975)
	−0.3 (1991–2005)
	0–400
	3,400
	Ling et al. (2009)

	Ho Chi Minh
	0.4 (1996–2005)
	4 (2006–2010)
	50–240
	250
	Erban et al. (2014)

	Venice
	0.12 (1952–1973)
	0.1 (2008–2011)
	70–350
	150
	Gambolati (1974)
Teatini et al. (2012)


Data sourced from Gambolati and Teatini (2015)
In the San Joaquin Valley, USA, more than 13,000 km2 of farmland exhibited subsidence of approximately 10 m over a period of 50 years. This remains one of the most prominent documented examples of surface elevation changes as a consequence of groundwater extraction. Numerous other examples can be found in more than 60 countries worldwide, where groundwater use for irrigation, industry and water supply has resulted in subsidence and other surface impacts. In the Houston-Galveston region, Texas, approximately 1 m of subsidence was measured in the period 1975 to 2015 (Kasmarek 2012), including subsidence rates of 7.59 mm/year and 4.7 mm/year at Long Island and Galveston, respectively (Kolker et al. 2011). Between 2005 and 2009, 20 mm of subsidence occurred in the Tongchuan region, China, due to the extraction of groundwater (Wei et al. 2017). Surface movement rates varied from 2 mm/year uplift to 10 mm/year subsidence in Venice, Italy, between 1992 and 2002 (Tosi et al. 2009). Finally, an average annual decline of 0.3 m hydraulic head in the Mekong Delta, Vietnam, resulted in subsidence that averaged 1.6 cm/year (Erban et al. 2014).
In Australia, examples of subsidence as a consequence of groundwater extraction include the Lower Namoi Valley in New South Wales (NSW), the Latrobe Aquifer system in the Gippsland Basin, Victoria (see Section 3.3), and (potentially) the NSW Riverina. Ali et al. (2004) modelled the predicted subsidence in the Lower Namoi Valley, where groundwater extraction and crop irrigation have been occurring for approximately 60 years. A singular subsidence maximum of 0.5 m was found; however, subsidence in the range of 0.05 to 0.3 m was more widely spread. This is consistent with the work of Ross and Jeffrey (1991), which reported subsidence of 0.07 m to 0.21 m in the period from 1981 to 1990. This study also found that groundwater drawdown can cause residual compaction (40 m drawdown caused land subsidence of 0.16 m) for a long period of time after the groundwater levels have stabilised (i.e., there can be a temporal lag between depressurisation and subsidence). The work of Castellazzi et al. (2023) developed surface movement maps using Sentinel-1 InSAR data for the period 2015 to 2020 and used this to investigate correlation between subsidence and agricultural groundwater extraction. Although this study did not claim to definitively present a causal relationship between the depressurisation of aquifers and measured subsidence, it did demonstrate spatial and temporal correlation between downward surface movement, groundwater level fluctuations, and drops in critical head (defined as the historical minimum of head in an aquifer).
To summarise this brief discussion of examples, it can be seen that there are approximately two orders of magnitude difference between the subsidence observed in the San Joaquin Valley and Venice. However, in combination with rising sea levels, the comparatively small amount of subsidence in Venice comes with disproportionately large consequences (i.e., flooding of urban streets and buildings with tidal fluctuations). Therefore, it is important to note that the absolute magnitude of subsidence is not the sole driver of the impacts it generates (see Section 4.2 for further discussion of this point). It is also important to note that groundwater abstraction (e.g., for municipal or agricultural use) in areas of CSG production will also contribute to the subsidence at those locations, which complicates the assessment, measurement and attribution of the CSG-induced component.
[bookmark: _3.2_Subsidence_due][bookmark: S3_2][bookmark: _Toc159245039]3.2	Subsidence due to oil and gas production
Subsidence associated with conventional oil and gas production is driven by the same mechanism as in groundwater abstraction. The extraction of fluids from the reservoir reduces the pore pressure, which results in an increase in effective stress. This manifests as increased mechanical force on the porous skeleton of the reservoir, which causes compaction that propagates to the surface. The first documented case of subsidence caused by hydrocarbon production is generally assumed to be the Goose Creek oilfield on the Texas coast of the Gulf of Mexico (Pratt and Johnson 1926), where surface faulting and roadway subsidence were first noticed in 1918.
The brief review of compaction and subsidence associated with the petroleum industry by Nagel (2001) stated that hundreds, if not thousands, of academic and industrial documents have been published on the topic of oil- and gas-related subsidence, with many dedicated to the analysis of a specific field. A survey of the contemporary literature shows that this number has continued to grow, as the challenges (and opportunities) that arise from subsidence are explored. It is prudent to note that reservoir compaction drive has the potential to provide a significant portion of the total drive energy of some reservoirs, resulting in increased production and ultimate recovery (Nagel 2001).
A very small subset of subsidence cases related to oil and gas production from around the world is summarised in Table 2, including the Groningen natural gas field, which is located in the north-eastern part of the Netherlands. It is estimated that Groningen contained 97 tcf of technically recoverable natural gas, making it the largest natural gas field in Europe and one of the largest in the world. It can be seen in Table 2 that the maximum subsidence at Groningen is at least one order of magnitude smaller than that in the other fields listed. Nevertheless, subsidence in the order of tens of centimetres represented a serious challenge to the operation of the field as large parts of the Netherlands are below sea level and protected by dikes. From the 1980s, production-induced subsidence was also accompanied by an increased level of seismicity (van Elk et al. 2017).
To help monitor subsidence above Groningen and calibrate predictive models of future movement, 16 levelling campaigns were undertaken in the period from 1964 to 2018. These data were used to forecast accumulated subsidence at 2025, 2031 and 2050 for a number of different operational scenarios (TNO 2021) which decrease production to zero no later than 2030. Figure 14. compares subsidence predictions and measurements for the period 1972 to 2018, clearly showing a subsidence bowl with a maximum magnitude of approximately 35 cm in the centre. Good correspondence between the predictions and measurements can also be seen. Future predictions indicate that the maximum at the centre of the bowl will reach 42 cm by 2031 and then not change significantly by 2050. At the time of writing (2023), production from the Groningen field is scheduled to cease before reserves have been exhausted, because of the challenges presented by induced seismicity. Damage associated with subsidence is still possible due to differential movement of the phreatic groundwater level with respect to the surface.
[bookmark: T2]Table 2. Selected cases of subsidence caused by conventional oil and gas production
	Location
	Maximum subsidence (m)
	Reservoir thickness (m)
	Reservoir depth (m)
	Principal references

	Ekofisk Field, North Sea
	6.0 (1971–1998)
	Up to 300
	>3,000
	Smith (1988)
Sulak et al. (1991)

	Bolivar Coastal Fields, Venezuela
	5.0 (1929–1988)
	Up to 180
	>300
	Escojido (1981)
Finol and Sancevic (1995)

	Wilmington Field, California
	9.0 (1932–1968)
	800–2,000
	700–1,800
	Mayuga (1970)
Mayuga and Allen (1970)

	Groningen Field, Netherlands
	0.3 (1972–2018)
	120–270
	~3,000
	Schoonbeek (1976)
TNO (2021)

	Po Delta, Italy
	3.2 (1951–1973)
	Up to 600
	100–600
	Cassiani and Zocatelli (1998)


Data sourced from Nagel (2001)
Outside of Australia, there exists little documented discussion of subsidence associated with CSG production. Grigg and Katzenstein (2013) reported on InSAR observations of subsidence above CSG operations in the Powder River Basin, Wyoming. The data indicated that in the periods from July 1997 to July 2000 and from August 2004 to July 2007, up to 4.7 cm and 8.3 cm of subsidence occurred, respectively. In this location, groundwater was reported to have been extracted at a rate of approximately 355 ML/day. In the east-central part of the study area, the largest subsidence values were found to be correlated with large clusters of CSG wells. In comparison to the typical CSG operation in the Bowen Basin, the target Powder River Basin seams are thick (between 7 m and 22 m, with an average of 11 m), shallow (depths ranged from 140 m to 460 m), and low-rank sub-bituminous. In contrast to these observations, Best et al. (2014) reported on predictions made by Case et al. (2000) using a simple formula for subsidence and an aquifer storage coefficient of 1×10-4 for the coal seam. The results suggested a total subsidence of less than 13 mm in the Gillette area of the Powder River Basin. It was also estimated that only a part of this compaction would be seen at the surface. In addition, the compaction of overburden was not included in the assessment and therefore this would have contributed to the underprediction of total subsidence. More recently, Du et al. (2018) reported on the use of InSAR to monitor subsidence in the Liulin District, China, during 2003 to 2011. The observation of both low rates of subsidence and uplift across the region led to the conclusion that CSG production was not appreciably contributing to the signal (see Section 5.4 for more detail).
[bookmark: F14][image: Map showing comparison of subsidence predictions and measurements for the period 1972 to 2018, clearly showing a subsidence bowl with a maximum magnitude of approximately 35 cm in the centre. Good correspondence between the predictions and measurements can also be seen.]Figure 14. Predictions (solid blue contour lines) and measurements (labelled dots) of subsidence in centimetres above the Groningen gas field, Netherlands, in the period 1972 to 2018 (TNO 2021)
[bookmark: _3.3_Subsidence_in][bookmark: S3_3][bookmark: _Toc159245040]3.3	Subsidence in the Australian context
Over the past five years, an increasing amount of subsidence data related to CSG developments has become available in the academic and industrial literature. Work related to modelling and prediction is discussed in Section 8.1 of this document, while work related to monitoring is presented in Section 5.4. Beyond this, there are reports of land subsidence related to mining and the extraction of associated water. The subsidence occurring as a result of mining extraction is mainly related to the void being created due to the removal of coal, and to a lesser extent due to withdrawal of associated water. In most subsidence predictions of this kind, the subsidence as a result of water extraction is not considered.
[bookmark: _Toc159245041]3.3.1	The Gippsland Basin
The Gippsland Basin, located in south-east Victoria, comprises onshore and offshore components. Its onshore boundaries include the Eastern Highlands to the north and the Strzelecki Ranges to the west, while offshore the basin extends south-east into Bass Strait. The basin’s sediments, which are composed of sands, clays, limestone, coal and some volcanics, are more than 1,000 m thick onshore and 3,000 m thick offshore. Its stratigraphy is well documented in the literature (Hocking 1980; Holdgate and Clarke 2000; Thompson and Walker 1982).
The Gippsland Basin contains vast brown coal resources, liquid and unconventional hydrocarbons, and significant groundwater resources. One of the main aquifer systems in the basin is the Latrobe Group. Coal has primarily been mined from the basin in the Latrobe Valley, requiring substantial dewatering to keep the mines dry, while conventional oil and gas production has occurred in Bass Strait. Groundwater from the Gippsland Basin is mainly used in support of agriculture and for municipal water supply. Since the 1960s the cumulative effects of these activities have led to a regional decline of water levels in the Latrobe Aquifer system (Holdgate et al. 2003). Hydrographs of the coastal area of the Gippsland Basin (Hatton et al. 2004) show water level declines ranging from 0.25 to 1.2 m/year over approximately 30 years. The potential impacts of the declining water levels were identified by Hatton et al. (2004) to be declining bore water levels, reduced availability of water to landowners, and risk of subsidence. Hatton et al. (2004) also noted that in the immediate vicinity of the Latrobe Valley mines, cumulative subsidence of up to 2.3 m has been measured. However, this includes contribution from the collapse of the underground mining void and so cannot be attributed solely to water extraction. In terms of subsidence, coastal areas of the Gippsland Basin are solely affected by water level decline.
Issues of groundwater decline in the Gippsland Basin motivated a study by Freij-Ayoub et al. (2007), who simulated the risk of coastal subsidence up to the year 2056 in parallel with a field study of high-resolution GPS measurements undertaken by the Victorian Department of Primary Industries (DPI). The DPI used surface movement data from 15 stations across the region over the period from June 2004 to November 2005. The computational geomechanical modelling conducted by Freij-Ayoub et al. (2007) used several different methods and assumptions, following the work of Acar Yalcin and El‐Tahir El‐Tahir (1986). One of these was to assume that the stiffness of geological units increases with confining pressure (i.e., depth) according to a power law with exponent 0.2 to 0.5. A second method (Helm 1976) suggested scaling the skeletal specific storage coefficient down as the effective vertical stress increases. Modelling results, which were calibrated using measured data, showed subsidence values from zero to 15 mm for the period from June 2004 to November 2005. The calibrated model was then used to forecast subsidence to 2056, resulting in a map of cumulative values showing magnitudes of up to 0.5 m along the Gippsland coastline by 2031 (see Figure 15.).
Following the work of Freij-Ayoub et al. (2007), Michael et al. (2013) further examined the distribution of Latrobe Aquifer drawdown and the potential for CO2 storage in the offshore regions. Further, Ng et al. (2015) used InSAR data to investigate surface movement over the Gippsland Basin between 2006 and 2011 and compared their findings with the predictions of Freij-Ayoub et al. (2007) to 2031. The work found that 98% of the InSAR surface movement data fell in the range of ±10 mm/year. Along the Gippsland coast, the InSAR data were in general agreement with the high-resolution GPS data collected by the DPI and as of 2011 were less than pro rata cumulative subsidence predicted by Freij-Ayoub et al. (2007) out to 2031. However, Freij-Ayoub et al. (2007) mentioned that their modelling results indicated lower rates of subsidence in earlier years.
 [image: Map of cumulative values showing magnitudes of up to 0.5 m along the Gippsland coastline by 2031]
[bookmark: F15]Figure 15. Contours of predicted cumulative subsidence (m) by 2031 due to declining water levels in the Latrobe Aquifer in the Gippsland Basin (reproduced from Freij-Ayoub et al. 2007)
[bookmark: _4._Sources_and][bookmark: S4][bookmark: _Toc159245042]4.	Sources and impacts of subsidence
Subsidence associated with CSG production does not occur in isolation. Depending on the characteristics and usage of the land above a CSG field, other contributors to observed surface movement can include the shrinking and swelling of soils, depressurisation of shallow aquifers, and surface compaction and erosion. It is, therefore, important to be able to untangle the different components of net surface movement. This will facilitate better understanding of the distribution and significance of CSG-induced subsidence in the context of key geomechanical characteristics and processes of the shallow geological framework, more accurate forecasting of future subsidence caused by CSG production, and a sound technical basis on which the industry and regulators can respond to real or perceived impacts of CSG development.
The concepts of disentangling the simultaneous processes that drive subsidence and establishing a baseline for surface movement have received some attention in the literature (Fokker et al. 2019; Masoudian et al. 2019b), but these works are far from complete, especially in the context of CSG production. In its latest Underground Water Impact Report, OGIA assessed, observed and predicted CSG-induced subsidence in the context of a background trend of surface movement, rather than a reference level for surface elevation (OGIA 2021). This was intended to acknowledge the seasonal fluctuations in surface elevation that occur due to farming activities or the prevailing weather (i.e., rainfall), as well as the long-term trends that are seen in various locations throughout the Surat CMA but are not yet fully explained (Masoudian et al. 2019b).
In this chapter, a selection of natural and anthropogenic sources of subsidence (besides CSG production) and surface movement are discussed. Their relative magnitudes are contrasted with those related to CSG production and other activities such as groundwater abstraction, conventional oil and gas production, and underground mining. In closing, the potential impacts that could occur due to CSG-induced subsidence are discussed in the context of other more significant causes of subsidence. It should be noted that it is outside the scope of this EN to discuss, in detail, the potential impact of subsidence on agricultural practice and economics (e.g., drainage rates of irrigated cropping land, crop yield as a function of drainage) or surface- and groundwater-dependent ecosystems (GDEs) and associated ecosystems. At the time of writing (2023), complementary work on the potential for subsidence-induced impacts on farmland was being undertaken by the GasFields Commission Queensland (GasFields Commission Queensland 2023) and OGIA.
[bookmark: _4.1_Natural_and][bookmark: S4_1][bookmark: _Toc159245043]4.1	Natural and anthropogenic sources of surface movement
Recent and ongoing studies (see, for example, Leonardi et al. 2017) have attempted to quantify and then explain the drivers of surface movement that are unrelated to CSG production but still observed in large-scale InSAR (see Section 5.1 for a description of InSAR) surveys over the Surat CMA. Here, a summary of this work is presented, focusing on the most widespread and variable of these drivers, which is the shrinking and swelling of shallow soils due to change in moisture (which may be natural or anthropogenic). A brief discussion of erosion and sedimentation and the influence of agricultural activity, particularly grazing, is also included.
[bookmark: _Toc159245044]4.1.1	Compaction and swelling of soils
Soils may compact (i.e., shrink) or swell as a function of moisture change and material parameters, which can result in observable upward (i.e., uplift) or downward (i.e., subsidence) movement at the surface. The compaction of soil is a consequence of reduced pore volume and, when a soil is saturated, this volume change is equivalent to the amount of pore water expressed or removed. Conversely, the swelling of a saturated soil results from the absorption of additional water. The presence (or absence) of clays is a major contributing factor in the degree which these phenomena occur. A summary of documented cases of subsidence and uplift related to soils and unconsolidated sediments is provided in Table 3, which has been reproduced from Leonardi et al. (2017). Where these examples are related to surface activities and anthropogenic activity they are defined as exogenic, and where they are related to natural earth movement they are defined as endogenic (Prokopovich 1986).
[bookmark: T3]Table 3. Summary of subsidence and uplift processes related to soil and unconsolidated sediments
	Location
	Process
	Endogenic or exogenic
	Estimated subsidence or uplift (m)
	Comments and references

	Soils (up to a depth of approximately 10 m)
	Swelling and shrinkage
	Exogenic
	Up to ± 0.16
	Dependent on the clay type
Tu and Vanapalli (2016)
Crilly and Driscoll (2000)
Briaud et al. (2003)

	–
	Natural climate variation
	Exogenic
	0.06 maximum recorded
	Fityus et al. (2004)
McIntyre et al. (1982)

	–
	Erosion and flooding near coastal areas
	Exogenic
	Approximately 0.001 to 0.015 per year
	Erosion and flooding near coastal areas

	–
	Earth tide and barometric loading
	Endogenic
	0.3 to 0.4 maximum
	Phillips et al. (1999)

	Alluvium (up to a depth of approximately 130 m) and colluvium
	Earth tide and barometric loading
	Endogenic
	0.3 to 0.4 maximum
	Phillips et al. (1999)
Watson et al. (2006)

	–
	Irrigation
	Exogenic
	Up to 0.04
	Swelling clays in Namoi Valley
Ross and Jeffrey (1991)

	–
	Groundwater head fluctuation
	Exogenic
	0.04 to 0.075
	Seasonally variable elastic compaction
Fityus et al. (2004)

	–
	Excessive groundwater pumping
	Exogenic
	0.08 in four years (Narrabri)
	Inelastic compaction


Data sourced from Leonardi et al. (2017)
The degree to which clay-rich geological units will shrink or swell primarily depends on the mineralogical content of clays and the water retention properties of soils. Of the three main clay mineral groups, smectites have the greatest propensity for swelling with time, followed by illites and kaolinites (de Vallejo and Ferrer 2011). The (cyclic) phenomenon of soil shrinking and swelling can represent a significant natural hazard when it results in differential settlement of the ground surface (Nowamooz 2014). Changes in hydrogeological conditions, including natural groundwater response to rainfall recharge, response to groundwater abstraction, and also seasonal irrigation and drainage, can result in cyclical fluctuations in volume in clayey material which then cause swelling or shrinking. The degree of tree and/or ground cover and the thickness of the vadose zone also influence this phenomenon.
Approximately 20% of the Australian land surface is covered by expansive clays (Fityus et al. 2004) and a number of studies have been undertaken to improve understanding of their behaviour. The active depth (seasonal water suction) is typically assumed to be between 1.5 m and 2 m when estimating the change in swelling and shrinking, which is in accordance with Australian Standard (AS) 2870 for the Newcastle area in New South Wales. At shallower depths, subsidence caused by water table changes is related to changes in soil saturation (i.e. drying) (McIntyre et al. 1982). It is important, therefore, to understand the relationship between soil suction, water retention, and volume change at these depths.
The magnitude of soil shrinkage can be irreversible if fissuring occurs, typically due to exceeding of the tensile strength (Pineda and Sheng 2013). During drying periods, soil cracks that develop can increase the hydraulic conductivity of soil by one to three orders of magnitude (Sadek et al. 2007; Yesiller et al. 2000). These cracks then provide high-conductivity flow paths that subject deeper layers to variations in water content (Auvray et al. 2014). Conversely, a rising water table will cause the expansion of swelling clays (e.g. Jahangir et al. 2012). Using a series of experiments, McIntyre et al. (1982) found that soil saturation occurs via two mechanisms. First, water enters the macropores of the soil and saturates the matrix, after which wetting is followed by filling of macropores. It was found that the extent of swelling and shrinking is dependent on the period in the wetting-drying cycle and, therefore, the soil suction, as well as whether the soil is in the initial state of saturation or has been rewetted before.
At a site near Newcastle, New South Wales, the extent of surface movement as a result of soil moisture change has previously been measured between 47 mm and 75 mm (Fityus et al. 2004). Crilly and Driscoll (2000), having focused on a site in Kent, England, found that surface movement varied between 60 mm and 160 mm for 35% water saturation and 100 kPa to 200 kPa soil suction. This study also found that the driver of movement occurred in the top 8 m of soil but was not limited to this depth. At a study site in Arlington, Texas, Briaud et al. (2003) found that the active zone extended to an approximate depth of 3 m and the heave on the surface was 37 mm.
The mechanism that drives compaction of shallow soils is analogous to that in deeper aquifers and reservoirs. The withdrawal of groundwater from storage lowers the hydraulic head, resulting in an increase in effective stress. Put another way, the mechanical load that was previously supported by the pore pressure is transferred to the soil skeleton. This can lead to irreversible compaction of the geological unit(s) if too much water is withdrawn and the mechanical loading on the soil skeleton is excessive (Alley et al. 2002). In addition to vertical compaction and subsidence, lateral shrinkage of geological units can occur where the water table is lowered (Pineda and Sheng 2013). Consequently, Doornhof et al. (2006) introduced side-burden as material which is not compacted during the fluid extraction but serves as support by providing an arching effect.
Owing to their relatively high porosity and permeability, water moves rapidly in and out of sand formations. Clay layers, however, require longer to depressurise and so drainage will occur in clays until the excess pore pressure equals that in adjacent sand layers. Although the processes that occur in clay and sand formations are similar, the orientation of clay particles changes becoming perpendicular to the applied vertical load during a reduction in hydraulic head (Kasmarek 2004). This change in grain orientation reduces porosity and manifests in compaction. The research of Gabrysch (1975) indicated that 90% of clay compaction is permanent and, therefore, changes in pore pressure will have little effect on surface movement. However, this work also concluded that if a significant number of clay layers are present, subsidence can occur due to the summation of subsurface compaction. In general, the process will take longer in silt and clay layers, which exhibit high compressibility and low hydraulic conductivity, and will continue until it reaches equilibrium. The time required to reach equilibrium is a function of the pore pressure change, vertical hydraulic conductivity, thickness of material, and specific storage.
Assuming no change in overburden load (i.e., constant total vertical stress), the compaction, , for confined sediments is proportional to change in head,  (Kasmarek 2004),
[bookmark: E14],	(14)
where  is the skeletal component of elastic or inelastic specific storage and  is the thickness of the layer. This equation gives no consideration to delayed drainage and thus assumes instantaneous equilibration of heads (Erban et al. 2014). Ideally this behaviour would be reversible under small strains. However, the behaviour of soil following repeated loading and unloading due to dewatering is not perfectly elastic (Galloway et al. 1998). The response of unconsolidated, higher-permeability sediments to change in head is different to that in clayey aquitards. The change in head in the former system will not change the geostatic pressure. As a result, the increase in effective stress will be equal to the decrease in fluid pressure and the compaction will be instantaneous. A proportion of the compaction will recover when the head recovers, but not entirely (Poland 1984).
[bookmark: _Toc159245045]4.1.2	Topography changes due to erosion, sedimentation and active tectonics
Weathering, erosion, sedimentation and dissolution are slow processes which occur over geological timescales (e.g., 1 cm to 2 cm per million years). Although erosion rates have increased during the recent Cenozoic era, the process is slow in comparison to the average human lifespan. For this reason, it is unlikely that any of these processes will make significant contributions to observed surface movement in areas of CSG production.
Active tectonics relates to the ongoing geological processes and movements of Earth’s crust that result in the formation of earthquakes, faulting and deformation. A review of these processes concluded that they can be observed in the form of uplift, depressions, escarpments, upwarping, and earthquake records (Leonardi et al. 2017). The influence of active tectonics can also be seen in subtle changes in sedimentation behaviour. This is pertinent because both local and regional changes in topography (i.e., surface gradient) can affect the style and pattern of surface water flows, as well as discharge volumes, in alluvial systems.
The literature documents evidence of subsidence associated with the deposition of sediment in river systems, whereby the weight of deposited material results in grain rearrangement and compaction in deeper sediments. The Mississippi River delta is one example (Allen 1984). As reported by Ingebritsen and Galloway (2014), the compaction of unconsolidated river sediments can result in subsidence rates of 1 mm to 10 mm per year. Rising sea levels and more frequent climate extremes mean that river deltas are increasingly exposed to risks associated with subsidence (Knutson et al. 2010).
[bookmark: _Toc159245046]4.1.3	Movement of soil and sediments due to barometric (un)loading
The cyclic nature of earth tides and barometric pressure fluctuations means that they can exert loading and unloading effects both at the surface and on subsurface hydraulic heads (e.g., a fluctuation of 20 hPa in barometric pressure results in groundwater level changes of 20 cm). The barometric efficiency of an aquifer can be estimated as the ratio of the responses of hydraulic head to the atmospheric pressure change. The loading efficiency, which is defined as the reciprocal of barometric efficiency, can then be used to estimate the compressibility of a formation and the aquifer’s specific storage.
A method that quantifies the earth tide component, thereby facilitating the analysis of aquifer properties, was developed by Acworth et al. (2016). This extended earlier research (Gonthier 2007; Merritt 2004) by improving the quantification and removal of earth tide impacts. The primary applications of this technique lie in the assessment of subsidence and groundwater resource evaluation, both of which result from groundwater extraction (Acworth et al. 2016). David et al. (2017) applied these techniques to estimate compressibility and storage changes in overburden rock during subsidence associated with longwall coal mining. Recent works by McMillan et al. (2019) and Rau et al. (2022) have significantly improved in situ estimation of barometric and earth tide and the application of this method to both natural and induced groundwater level variations.
[bookmark: _Toc159245047]4.1.4	Other contributions to the background trend
To investigate the existence of a background trend of net surface movement in the Surat CMA, Masoudian et al. (2019b) analysed InSAR observations (see Section 5.1 for a discussion of InSAR) over regions featuring no active CSG wells (referred to here as non-producing regions) for the period July 2012 to November 2016. The first step in this process was to inspect the surface elevation change over the entire dataset to identify a number of regions of interest for further interrogation. This resulted in the selection of four focus areas, within which a maximum apparent subsidence of 50 mm (approximately 10 mm/year) was observed.
The spatial distribution of net surface movement and the temporal distribution of rainfall for two of these focus areas are reproduced in Figure 16. One focus area (FA1) covers more than 450 km2 along the Dawson River, south-west of Taroom. Land use information for FA1 indicates that it is primarily classified as grazing native vegetation, with some cropping. The other focus area (FA4) is approximately one order of magnitude smaller than the others studied by Masoudian et al. (2019b). It is located near the Yuleba State Forest, between Roma and Miles, and covers almost 27.5 km2. The land use classification for FA4 is primarily grazing native vegetation, with some production native forests and some cropping.
	-
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	[image: Figure 16(a) showing spatial distribution as described in following paragraphs]
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[bookmark: F16]Figure 16. Observations of net surface movement and rainfall from July 2012 to November 2016 for two non-CSG producing regions (FA1 and FA4) in the Surat CMA, showing (a) InSAR measurements of net surface movement in FA1, (b) the average movement of FA1 and rainfall data from four gauges, (c) InSAR measurements of net surface movement for FA4, and (d) the average movement of FA4 and rainfall data from four nearby gauges (reproduced from Masoudian et al. 2019b)
While all of the four focus areas exhibited apparent downward surface movement (i.e., subsidence) over the period of observation, this was most pronounced in FA1 and FA4. In FA1 the apparent subsidence was widespread, with localised maxima of approximately 50 mm (see Figure 16.(a)). The average movement for the area showed a consistent downward trend, with temporal fluctuations that appear to correlate with periods of high rainfall (see Figure 16.(b)). The local, temporal minima coincide with heavy rainfall events during the wet season. It can be seen that following these events the ground surface moves upwards (uplift), reaching the largest uplift almost immediately after the peak of rainfall. Thereafter the ground surface returns to a downward (subsidence) trajectory during the dry season. This (and other cases discussed in Masoudian et al. (2019b)) suggests that the fluctuations observed in the mean surface displacement are due to the effect of rainfall infiltration into shallow soil layers near the surface. Further data interrogation in FA1 found that the soil composition is susceptible to consolidation and the swelling and shrinkage that can be induced by rainfall infiltration. However, this apparent correlation cannot fully explain the overall trend of downward movement of the ground surface. It can be argued that the effect of rainfall infiltration may be associated with some hysteresis so that the downward movement of the ground surface does not fully recover during the wet season. Alternatively, the background trend may be due to a longer-term period of soil and alluvia drying due to below-average rainfall.
The surface movement data in FA4 (see Figure 16.(c)) showed a well-defined region of approximately 50 mm movement, which appears to align with paddocks. The absence of InSAR data in the middle of FA4 is most likely due to low coherence and poor data quality as a consequence of seasonal plant growth or erosion. Looking at the average movement for the area (see Figure 16.(d)), it can be seen that it does not fluctuate with rainfall to the same degree as FA1. This suggests that the (unattributed) cause of net surface movement associated with agricultural activity is a bigger contributor than seasonal infiltration and drying in this location.
Another interesting observation made during this study is highlighted in Figure 17., which plots the net surface movement observed in a diamond-shaped region at Savannah, south of Roma, which is remote from CSG production. This shows downwards surface movement of approximately 50 mm. However, interrogation of the satellite image of this area suggests that it is delineated by the line of a fence used for holding livestock which have (probably) contributed to compaction and or erosion. Although the magnitude of movement is similar to that observed in FA1 and FA4, the underlying cause is significantly different. As no CSG production occurs in this location, the inference made from the data is that the surface elevation change is a consequence of compaction and erosion caused by livestock.
	-
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[bookmark: F17]Figure 17. Observed net surface movement in an area measuring 4.5 × 5 km at Savannah, south of Roma, showing (a) surface movement away from the satellite (i.e., downward) of approximately 50 mm in the period July 2012 to November 2016, and (b) a satellite image of the same location highlighting a fenced paddock (reproduced from Masoudian et al. 2019b)
[bookmark: _4.2_Potential_impacts][bookmark: S4_2][bookmark: _Toc159245048]4.2	Potential impacts of CSG-induced subsidence
Some of the subsidence magnitudes associated with aquifer depletion worldwide (e.g., San Joaquin Valley) are extreme. However, when considering the potential impacts of subsidence associated with CSG production, it is important to consider their magnitude in the context of other drivers, both natural and anthropogenic, particularly those likely in Australia. Figure 18. helps with this comparison by highlighting the characteristic subsidence profile and typical magnitudes associated with CSG production, bord and pillar coal mining, longwall coal mining, and multi-seam coal mining. In terms of absolute magnitude (and also gradient), it is clear that underground coal mining is the most significant source of historical and potential future subsidence. By way of further comparison, local CSG-induced subsidence data are similar to those observed from CSG production in the Powder River Basin and of the same order of magnitude as surface elevation fluctuations caused by seasonal variation of clayey soils. The magnitude of subsidence expected from CSG production is not large and may be similar to other natural phenomena that could be expected to occur in the same area (e.g., localised erosion, the shrinking and swelling of soils and alluvia).
[bookmark: F18][image: Diagrams showing characteristic subsidence profile and typical magnitudes associated with CSG production, bord and pillar coal mining, longwall coal mining, and multi-seam coal mining. ]Figure 18. Comparison of the subsidence profile and magnitude associated with CSG production, longwall coal mining, bord and pillar coal mining, and multi-seam longwall mining in Australia
To assist with the management of potential impacts of CSG-induced subsidence, the GasFields Commission Queensland (GFCQ) commissioned two interrelated bodies of work in 2022. The first is a review of the regulatory framework related to CSG-induced subsidence; the second is an investigation of the potential for and consequences of CSG-induced subsidence at the scale of a co-located property, such as a farm. The review (GasFields Commission Queensland 2022) found that, although landholders are protected by existing compensation liability for CSG-induced subsidence impacts, there existed scope for enhancement and clarification of the regulatory framework. This resulted in the tabling of eight recommendations to the Queensland Government, which were designed to ‘enhance existing protections and provide clarity to landholders and the gas industry’ (GasFields Commission Queensland 2022).
Subsequent to the review, research on the potential for CSG-induced subsidence impacts and consequences at the farm scale is being conducted by the GFCQ (GasFields Commission Queensland 2023) in partnership with OGIA. At the time of preparing this document (2023), this work had reported that farm drainage is the key issue, CSG-induced subsidence must be considered in the context of other variations, each farm is unique and carries different susceptibility to subsidence impacts, further predictive modelling at the farm scale is critical, and it is expected that rectification work may be required on some farmland because of CSG-induced subsidence.
[bookmark: _Toc159245049]4.2.1	Impacts on built infrastructure
A review of the literature reveals no peer-reviewed research or verified accounts of adverse impacts caused by CSG-induced subsidence. Best et al. (2014) summarised a range of potential impacts based on the experience associated with coal mining and groundwater abstraction for irrigation or mining. In the intervening years, it has become apparent that many of the listed impacts are not relevant to CSG production in Australia because of increased understanding of the maximum subsidence magnitudes to be expected. In addition, CSG-induced subsidence will not result in the surface curvature that can be seen at the edge of a subsidence trough above a longwall coal mine. Therefore, the likelihood of impacts on built infrastructure due to differential settlement, such as large gradient change or surface fissures, is extremely low.
Some Queensland CSG production is co-located with intensive, irrigated cropping on vertosols that contain a high percentage of expansive clay minerals. Depending on the site classification of clay type and reactivity (Standards Australia 2011), the range of vertical soil movement (i.e., shrinking and swelling) can be up to 75 mm. Indeed, some Class E sites in south-east Queensland have been known to move up to and in excess of 150 mm (Queensland Building and Construction Commission 2022). The variation in soil moisture underneath and adjacent to building foundations can, consequently, induce differential movement which damages structures, as shown in Figure 19. Australian construction standards (Standards Australia 2011) prescribe the maximum design differential footing deflection for different types of construction. The maximum differential deflection gradient ranges from 1:300 for clad frame to 1:2,000 for full masonry construction, while the maximum differential deflections for these categories are 40 mm and 10 mm, respectively. These design gradients are several orders of magnitude greater than that expected and observed from CSG-induced subsidence (see discussion related to water resources and infrastructure below). In this context, the risk of additional impact on structures from CSG-induced subsidence is deemed low.
Induced curvature in buried pipelines can create tensile and compressive stresses due to bending. Bracegirdle et al. (1996) presented empirical data outlining the gradient limits beyond which damage would occur. For relatively rigid pipes, more than 200 mm in diameter, the induced slope limitation was listed as less than 1:140. For relatively flexible pipes, less than 200 mm in diameter, the induced slope limitation ranged between 1:140 and 1:40. Exceeding the more conservative of these limits (i.e., 1:140) would require 100 mm of subsidence to develop over a distance of 14 m, which is not expected to result from CSG production and thus is not a significant risk.
Subsidence has the potential to damage the casing of water bores and gas wells. Ross and Jeffrey (1991) reported on the increased failure rate of production bores in the Namoi Valley, which was attributed to the subsidence caused by groundwater removal. The greatest proportion of CSG-induced subsidence stems from compaction in the coals (Masoudian et al. 2019a). Many groundwater bores are completed in formations above the coals, which reduces the likelihood of damage to these bores. The potential for damage (e.g., casing shear and distortion, screen collapse) to deeper bores and gas wells remains.
[image: Mechanisms of foundation deformation due to gradients of soil moisture surrounding a structure (reproduced from Queensland Building and Construction Commission 2022)]
[bookmark: F19]Figure 19. Mechanisms of foundation deformation due to gradients of soil moisture surrounding a structure (reproduced from Queensland Building and Construction Commission 2022)
Vertical settlement, horizontal strain and compaction, tilt and ground curvature can cause damage to roads, which may manifest as compression humps, tension cracks, and a distortion of the road surface (Best et al. 2014). The potential for this to be caused by CSG-induced subsidence is dependent on the change in surface gradient. The limits on allowable change in grade of road pavements are typically 0.3% in 40 years for concrete pavements and 0.5% in 20 years for flexible pavements (Wong and Summerell 2012), which are significantly greater than the predictions and measurements published by OGIA (2021). Therefore, the risk of impacts on roads associated with CSG production are considered small, and the same conclusion can be drawn for rail infrastructure. It should be noted that the ARC Training Centre for Advanced Technologies in Rail Track Infrastructure at the University of Wollongong, in collaboration with the University of Queensland, commenced research in 2022 investigating the effect of moisture and cyclic loading on the deformation of railway embankments and expansive soil subgrades. In 2021, this project established long-term field monitoring at the West Moreton System in Chinchilla for the collection of data on local weather conditions, surface settlement, and soil moisture and suction profiles with depth at two railway transects.
[bookmark: _Toc159245050]4.2.2	Impacts on water infrastructure and environment
Subsidence due to groundwater withdrawal can result in impacts on hydrological systems such as aquifers, lakes, streams, springs, and other surface water resources. This can manifest as a change in the drainage pattern of streams and channels, ponding of water in subsidence troughs (if they form), deepening or widening of pools in streams, or alteration of riparian ecosystems and geomorphological stability. Subsidence can also increase the impact of, or exposure to, riverine flooding or delayed drainage. Coastal impacts such as storm surge or the impact of tides are no risk to CSG-producing regions in Australia.
The potential connectivity of groundwater with surface waters and the possibility of impacts on subterranean, aquatic and terrestrial GDEs is challenging to predict and quantify. Nonetheless, these are important for evaluating the potential environmental repercussions of CSG production and induced subsidence that may affect groundwater and its dependent ecosystems. For example, CSG subsidence may have a subtle effect on surface drainage that could potentially change terrestrial GDEs. Although subsidence can affect different types of GDEs in different ways, detailed consideration of the ecological consequences of subsidence on groundwater-dependent species, biodiversity and ecosystem function is beyond the scope of this EN.
Where CSG operations are co-located with intensive agriculture, one potential impact relates to changes in terraformed surface gradients which are used to control the flood irrigation of crops such as cotton and grain (see Figure 20.). This approach to broadacre irrigation requires paddocks to have a planar, but furrowed, surface of constant gradient in the order of 0.1% (i.e., 1:1,000, or 1 m fall per 1,000 m) but no less than 0.06%. Paddock slopes of less than 0.06% are considered too flat to drain effectively and will become waterlogged during periods of above-average rainfall (Purcell 2012). Flood irrigation is most effective in paddocks with uniform gradient as this helps maintain even wetting of the soil profile, and so farmers will periodically deploy techniques such as laser levelling to remediate gradient changes that occur over time (e.g., the formation of gilgai, or small water holes).
At the time of writing (2023), no scientifically verified accounts or technical reports of significant changes to surface gradient as a consequence of CSG-induced subsidence had been documented. However, it is instructive to consider the potential for this to occur based on the current understanding of likely subsidence magnitudes, noting that the thickness of compressible formations (e.g., coal seams) changes over large distances and the depressurisation of those formations is diffusive. Put another way, the two key drivers of CSG-induced subsidence vary in space over distances in the order of hundreds of metres, and thus the same could be expected of the associated compaction. Recent predictions and observations of maximum CSG-induced subsidence in the Surat CMA (OGIA 2021) are approximately 100 mm to 150 mm. If this magnitude of movement were to develop over a distance of 1 km, it would result in a gradient change of 0.01% to 0.015%, which could result in marginal to poor drainage of a paddock that was initially close to the threshold of 0.06%. However, according to OGIA (2021) the change in ground slope from CSG-induced subsidence in most areas is predicted to be less than 0.001% (i.e. 10 mm over 1 km), with some areas up to 0.004% (i.e. 40 mm over 1 km). During parametric uncertainty quantification, it was found that in a localised area north of Cecil Plains there exists 80% probability of the maximum change in slope exceeding 0.005% (OGIA 2021), which is still significantly less than that required to alter drainage patterns.
[image: Photograph of flood irrigation of a furrowed cotton paddock ]
[bookmark: F20]Figure 20. Flood irrigation of a furrowed cotton paddock near St George, in the south-west corner of the Surat CMA (modified from Wikimedia Commons, File:StGeorgeCottonIrrig.jpg)
As a part of the Draft Water Monitoring and Management Plan for the Surat Gas Project, Arrow Energy commenced the use of airborne LiDAR survey to measure baseline gradient changes within its tenements (Arrow Energy unpublished 2022). Among other objectives, the intent of this work was to describe the representative slope on dryland or irrigated cultivation within the company’s tenure, the accuracy with which the surface and slope on cultivated land can be measured, and the variation in ground surface elevation that can be observed with soil moisture changes. According to the analysis of slopes, most of the cropping paddocks of the Darling Downs and within Arrow’s tenements have slopes ranging from 0.12% to 0.5%, which are two orders of magnitude greater than any changes predicted by OGIA (2021). Using strip cropping as an indicator of swelling and shrinking, it was found that up to 200 mm surface elevation difference can result from soil moisture changes. As this longitudinal study continues, more quantitative information on natural and anthropogenic sources of surface movement in locations of intensive agriculture will become available.
No documented cases of adverse impacts on agricultural dams caused by CSG-induced subsidence, or other sources of surface movement, could be found in the academic literature or Queensland Land Court records. Given that the magnitudes of elevation and slope change caused by CSG-induced subsidence are small, the future risk to agricultural dams is considered to be low.
[bookmark: _5._Subsidence_monitoring][bookmark: S5][bookmark: _Toc159245051]5.	Subsidence monitoring techniques
The large spatial extent of CSG production regions makes accurate monitoring of any widespread surface movement challenging. While in-situ monitoring techniques can produce high-accuracy measurements, the spatial extent is limited to the immediate installation location. This makes the widespread use of these techniques inadequate and cost-prohibitive for large-scale monitoring. They can, however, be used to complement large-scale monitoring methods. Outlined in this chapter is a summary of the main techniques that can be used to monitor surface movement in regions of CSG production.
[bookmark: _5.1_Interferometric_synthetic][bookmark: S5_1][bookmark: _Toc159245052]5.1	Interferometric synthetic aperture radar
A well-established surface movement monitoring technique is interferometric synthetic aperture radar (InSAR). It has been successfully used for over 25 years to detect and monitor surface movement for a range of applications, including sub-surface infrastructure development (e.g. transport tunnels), underground mining activities (e.g. longwall mining), groundwater extraction, aquifer recharge and discharge, magma chamber inflation and deflation, and the interseismic, coseismic and postseismic stages of the seismic cycle (Ferretti 2014; Hanssen 2001; Moreira et al. 2013). For example, InSAR was used in combination with global navigation satellite systems (GNSS; see Section 5.2) and levelling measurements by Fuhrmann et al. (2015) to calculate the velocity of movement of the Upper Rhone Graben in central Europe, while Fakhri and Kalliola (2015) used InSAR techniques to monitor surface movement in central Greece. While InSAR provides large spatial coverage, it has lower accuracy compared to in situ measurements.
InSAR uses two synthetic aperture radar (SAR) images taken at different times over the same area to identify any topographic height changes. Each image observes the same ground point from slightly different geometry, which enables relative differences in distances (i.e., phase) between the images to be obtained via trigonometry. If the Earth’s surface has moved between image acquisitions, a phase shift occurs, as shown schematically in Figure 21. This shift is represented in an interferogram as a series of colour cycles or interference fringes, where one fringe represents a phase change of  radians. The colour order determines if there has been a shift towards or away from the SAR sensor. The interferometric results provide estimates of topographic heights and surface movement, with height measurements comparable to optical remote sensing methods.
[image: Schematic as described in previous paragraph.
]
[bookmark: F21]Figure 21. Schematic representation of the phase shift between SAR images where the Earth’s surface has moved between image acquisitions
Differential InSAR (D-InSAR) takes InSAR a step further, by isolating surface movement signals through the removal of the topographic signal component (Hanssen 2001). For monitoring slow (i.e., over a number of years) surface movement changes, such as those that may be associated with CSG production, a time-series dataset using multiple interferograms is required.
[bookmark: _Toc159245053]5.1.1	Synthetic aperture radar systems
SAR systems transmit pulses of microwave energy to the Earth’s surface and record the amount backscattered. The pulses’ two-way travel time is then used to resolve a surface object’s range and physical characteristics. The ability of microwave energy to penetrate rain (unless wavelength is less than 4 cm) and clouds provides SAR systems with an all-weather, day and night capability (Hanssen 2001; Jensen 2000; Ulaby and Long 2014).
SAR systems are side-looking, and most SAR satellite systems are right-looking systems: they transmit energy pulses from the system’s right side relative to the flight direction (line of sight (LOS)). All systems have the same geometric components (see Figure 22.(a)); however, the parameters for components such as altitude, incidence angle and swath width can vary between systems. The resulting SAR imagery appears with slant range geometry, which looks different to the imaged ground surface. However, the imagery can be corrected to ground range geometry.
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[bookmark: F22]Figure 22. Aspects of a right-looking SAR satellite’s trajectory, showing (a) the azimuth direction (parallel to the flight direction), emitted energy pulses perpendicular to the azimuth (range direction), the nadir (the point on the ground directly below the satellite’s position), and the incidence angle (angle between the energy pulse and the nadir line) including near- and far-range angles as these constrain the swath width (modified from Jensen 2000); and the general polar sun-synchronous orbit orientation for SAR systems, showing (b) south to north (ascending) tracks and (c) north to south (descending) tracks
Each pixel in a single look complex (SLC) SAR image contains a complex number, with real in-phase (I) and imaginary quadrature-phase (Q) components. These components may also be described as amplitude and phase information. The amplitude details the ground surface’s backscatter properties, and the phase represents the two-way travel distance. Phase differences between two SLC SAR images are exploited in the D-InSAR technique.
Due to the oblique or slant range geometry, geometric distortions are inherent in SAR imagery and need to be considered when working with such imagery. Topographic distortions occur in nearly all imagery, unless the ground surface is truly flat. The distortions include foreshortening, layover, shadowing and speckle (Jensen 2000; Ulaby and Long 2014; Woodhouse 2006).
SAR satellite systems use a polar sun-synchronous orbit which allows the same ground spot to be revisited at the same local time, thus enabling the same region to be imaged through time along a pre-defined pass or track. As the systems orbit, they can image the same region in ascending (south to north) and descending (north to south) tracks (Figure 22.(b) and (c)). Imagery acquired along each track can then be sliced into products or frames for further processing.
[bookmark: _Toc159245054]5.1.2	Coherence
For interferometry to be effective, the phase signals need to be coherent. This means that while the amplitude and phase components differ between two SAR images, the waves for each image have identical frequency signatures (see Section 3.4 of Ferretti (2014) for a detailed description). Coherence loss, or decorrelation, can be caused by either geometric or temporal factors. Geometric decorrelation occurs when the perpendicular baseline between images is too large, there are very steep topographic slopes, and/or the surface deformation gradient is too great for surface changes to be detectable. Temporal decorrelation results from changes in surface properties with time, such as weathering and vegetation changes (Ferretti 2014; Hanssen 2001; Woodhouse 2006). The effects of decorrelation can be reduced through selection of interferometric image pairs with small perpendicular and temporal baselines. Coherence information can also be used to identify surface changes, such as soil moisture and the extent and complexity of ruptured fault traces.
[bookmark: _Toc159245055]5.1.3	D-InSAR time-series processing workflow
To create a D-InSAR time-series dataset, there must be regular, repeat SAR imagery acquisitions over the study area. It is important to note that not all SAR imagery is suitable for interferometry. Some SAR satellite systems automatically take repeat acquisitions (e.g., ALOS1/2, Sentinel-1), while other satellite systems need to be tasked with taking imagery over specific areas (e.g., RADARSAT-1/2, TerraSAR-X). For the Surat CMA, full or partial coverage of suitable SAR imagery since 2007 is available.
Interferogram generation
A range of software packages are available for the generation of differential interferograms (e.g., SNAP, GAMMA, GMTSAR, ICSE). While each program has its own processing workflow, they all incorporate the necessary steps required to produce interferograms. Each initial interferogram contains different signal components that can be represented as (Pepe and Calò 2017)
[bookmark: E15].	(15)
To isolate the deformation signal, , the initial interferogram (Figure 23.(a)) is refined by estimating and removing other phase signal contributions. The expected phase for a curved earth, the orbit geometry, , is calculated (Figure 23.(b)) and removed to flatten the interferogram. A digital elevation model (DEM) is used to calculate the expected phase signal from topography, , (Figure 23.(c)) and is removed from the flattened interferogram. The flattened interferogram is then filtered to further reduce any residual noise, , and scattering, , effects. The resulting filtered interferogram should contain the isolated deformation signal and potentially atmospheric signals if the deformation signal is small. Atmospheric effects, , are not mitigated during interferogram generation but are considered during time-series generation.
The filtered interferogram is wrapped and displays deformation signals as a series of fringes or  cycles (Figure 23.(d)). To obtain the continuous phase signal, the fringes can be unwrapped to show the net relative surface movement between the two SAR image acquisitions in radians (Figure 23.(e)). The final step is to geocode the interferogram by converting from radar to geographic coordinates. There is an option to convert the radian values to linear displacements at this stage as well.
Time-series generation
In order to detect slow movements, such as interseismic deformation or groundwater extraction, a stack of interferograms (i.e., more than 20) covering a long time period is required to generate a time series of cumulative surface movement. Time-series techniques can be based on the use of persistent scatterers (PS), distributed scatterers (DS) or a combination of both (Xue et al. 2020). As the name suggests, persistent scatterer interferometry (PSI) relies on PS, while small baseline subset (SBAS) uses DS. Regardless of the time-series technique used, phase signals from atmospheric effects need to be considered, as these can mask signals related to slow surface movement. This is achieved by either estimating atmospheric signals through spatio-temporal filtering or calculating signals from external weather model data using, for example, PyAPS (Jolivet et al. 2011). A more detailed overview of time-series techniques can be found in the literature (Crosetto et al. 2016; Osmanoğlu et al. 2016; Xue et al. 2020).
SBAS was developed by Berardino et al. (2002). It utilises DS targets in interferograms separated by small baselines to minimise spatial decorrelation. DSs tend to be found in rural and mountainous terrain and are characterised by having several small and random scatterers that can be used to create a stable scatterer. This technique requires multi-looking to improve signal responses and therefore reduces image resolution (Osmanoğlu et al. 2016; Xue et al. 2020).
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[bookmark: F23]Figure 23. Steps in the D-InSAR processing workflow, showing (a) the initial interferogram, (b) orbital signal correction, (c) topographic signal correction, (d) wrapped differential interferogram, and (e) unwrapped differential interferogram (reproduced from Lawrie 2012)
PSI was first introduced by Ferretti et al. (2001) with the development of permanent scatterer SAR interferometry (PSInSAR®). PSI uses PS targets, which have a strong, stable response over long time periods. PSs are commonly found in urban areas, where buildings and other infrastructure provide ideal target responses. In contrast, they are often not present in rural and mountainous terrain because of the changing nature of the landscape. These scatterers also have dimensions smaller than the image resolution cell, which makes them unaffected by baseline decorrelation, unlike SBAS (Osmanoğlu et al. 2016; Xue et al. 2020). To overcome the limitations of PSI in non-urban areas, an advanced PSI technique, SqueeSAR®, was developed to integrate PSInSAR® into the SBAS technique (Ferretti et al. 2011). Other techniques that use PSI include interferometric point target analysis (IPTA) (Werner et al. 2003) and the Stanford method for persistent scatterers (StaMPS) (Hooper et al. 2004).
The time-series results represent the relative surface movement measurements in the LOS. To obtain absolute surface movement measurements, the use of in situ monitoring measurements is required in combination with, for example, corner reflectors. The geometry, orientation and size of these reflectors are linked to the microwave wavelength properties used by the SAR sensor. If they match, the reflectors will appear as a distinct pattern in the SAR imagery. This enables the reflector’s precise ground location to be tied to a pixel location in the imagery, and the rate of change of absolute elevation to be calculated (Garthwaite et al. 2015).
Resolving three-dimensional movement
D-InSAR measurements are one-dimensional along the LOS, so measured movement is either towards or away from the satellite. To resolve movement in three dimensions (i.e., north, east, and up), different viewing geometries are required. One limitation is that D-InSAR derived from SAR satellite systems is insensitive to north–south movements. This is due to the near-polar orbits and small variation in incidence angles in the north–south direction. By using SAR imagery from ascending and descending tracks (see Figure 22.(b) and (c)), different viewing geometries are available, making it possible to resolve both horizontal (east–west) and vertical (up–down) movements (Hu et al. 2014; Ozawa and Ueda 2011; Wright et al. 2004).
Some D-InSAR processing workflows mathematically convert LOS measurements to vertical while disregarding the horizontal component. This often occurs when only one viewing geometry is available (i.e., ascending or descending). While this approach makes it easier to explain movement results to end users, it is likely to lead to errors. Pure vertical movement is unlikely to occur across a whole study area and there will be some horizontal component present in, for example, a subsidence bowl. If only one viewing geometry is available, it is preferable to leave the results in LOS and not approximate the vertical component of movement.
[bookmark: _Toc159245056]5.1.4	Limitations of InSAR techniques
Surface movement, topography changes, flat-earth differences in range, noise, and atmospheric effects all contribute to the total interferometric phase calculated from SAR data (see Equation 15). Air temperature, pressure, and water vapour (i.e., the weather) all contribute to the atmospheric phase effects, while vegetation and surface water induce dispersion in the reflected SAR signal (Tomás et al. 2014). It is, therefore, important to be cognisant of the precision and accuracy that is inherent in InSAR measurements of surface movement.
The maximum surface movement detectable by InSAR is governed by the wavelength, , of the radar. The maximum difference in phase for two neighbouring pixels can be . This corresponds to one fringe which is equal to  (Mastro et al. 2020; Zhou et al. 2009). A number of precision estimates for both velocity (i.e., displacement rate) and total displacement can be found in the literature. For example, Tomás et al. (2014) calculated precisions of ±1 mm/year and ±5 mm for displacement rate and total displacement, respectively, using InSAR data from Spain. The work of Finnegan et al. (2008) estimated the uncertainty of relative displacement measurements to be approximately 5.4 mm by comparing GPS measurements with InSAR data from RADARSAT-1. This result was similar to the uncertainty estimate of 5.6 mm presented by Casu et al. (2006) using data from the Los Angeles area. In this work, it was also noted that uncertainty can increase at a rate of approximately 0.05 mm/km as observations get further from a reference pixel (e.g., a high-quality estimate from a reflector location). Finally, the work of Reeves et al. (2014), which is discussed further in Section 6.5, estimated the uncertainty of surface movement estimates from InSAR to be approximately 10 mm.
The most significant limitation on the utility of D-InSAR is temporal and geometric decorrelation. Depending on the satellite and wavelength used, decorrelation may not be a major issue. Recent satellites, such as Sentinel-1, have regular revisit times and small perpendicular baselines, so decorrelation is more likely due to major surface changes between acquisitions. Longer wavelengths (L-band) are more tolerant of larger temporal baselines, compared to shorter ones (e.g., C-band). Topographic characteristics can impact geometric decorrelation through the presence of geometric distortions (e.g., layover, foreshortening), but different viewing geometries can reduce the impact of these distortions. Vegetation density and growth can also affect geometric decorrelation, and the use of longer wavelengths in affected regions can mitigate the impact. This is particularly relevant over areas of intensive, irrigated cropping.
There are other limitations or considerations that should be understood when using D-InSAR. The insensitivity to north–south movement from satellite-derived SAR imagery can limit some study areas, such as faults oriented in the same direction. This can be overcome by using airborne SAR systems, as the flight path can be customised. Understanding that the relative surface movement in the LOS is being recorded is important, along with the fact that D-InSAR cannot be used for real-time monitoring as the revisit time is fixed for satellites.
[bookmark: _5.2_Differential_global][bookmark: S5_2][bookmark: _Toc159245057]5.2	Differential global navigation satellite systems
Precise location information for a ground point can be derived from global navigation satellite systems (GNSS). GNSS is the generic term used for satellite positioning systems which consist of satellite constellations that transmit positioning and timing data to ground receivers. There are several constellations currently deployed, including Galileo (European Union), GLONASS (Russia), BeiDou (China), and GPS (USA). Data from a minimum of four satellites are required to obtain precise three-dimensional locations; however, signals can suffer from errors or delays during transmission to the Earth’s surface. These errors can be mitigated via differential GNSS (DGNSS), by using data from one or more GNSS receiver stations whose precise locations are known (Hofmann-Wellenhof et al. 2008; Kaplan 2017).
DGNSS has the ability to measure locations with centimetre precision and be used to identify changes in location through time. In a partnership between Australia and New Zealand, the Southern Positioning Augmentation Network (SouthPAN) is working towards improving positioning accuracy from 5 m to 10 m down to 3 cm to 5 cm where mobile internet exists, and to 10 cm elsewhere. This will particularly benefit regional and remote areas, providing improved access to precise positioning services (Geoscience Australia 2022b).
Data can be collected by campaign measurements or from continuously operating reference stations (CORS). Campaign data collection requires temporary installation of a GNSS receiver for a specified period of time. To obtain a time series of any 3D location movement, repeat campaigns are required. There are 25 CORS currently operating in the Surat CMA (Geoscience Australia 2022c). However, the spacing of these sites is likely to be too large to detect local or regional scale surface movement (Garthwaite et al. 2015).
In 2014 a regional network of 65 permanent survey marks and 40 co-located corner reflectors was installed across the northern Surat Basin. The aim of this network was to use InSAR and GNSS observations to understand how resource extraction impacts the ground surface, with annual campaign GNSS surveys proposed (Garthwaite et al. 2015). To date, three campaigns have been conducted: in 2015, 2016 and 2019. In 2020 a report on the status of the 40 corner reflectors’ positions was produced to refine the locations and associated uncertainties for satellite calibration and validation activities (Fuhrmann et al. 2020). A 2022 report showed that statistically significant downward movement was measured at 18 of the sites between the 2015 and 2016 or the 2015 and 2019 measurement periods, or both. At SB36, near Miles, 125 mm of downward movement was measured between 2015 and 2019, while at SB49, near Wandoan, 218 mm of downward movement was measured in the same period. However, neither of these data points compared well with InSAR measurements of surface movement, which were significantly lower, for the same period (Geoscience Australia 2022a). Possible explanations for this discrepancy include measurement uncertainty, the swelling and shrinkage of soils due to moisture changes, spatial averaging, human activity at the surface, movement of the GPS infrastructure, penetration of the satellite radar, and the limited number of GPS data points.
[bookmark: _Toc159245058]5.3	Light detection and ranging
LiDAR is a remote sensing technique that is used for a range of applications, including atmospheric studies, surface characteristics and heights, infrastructure monitoring, and navigation. LiDAR systems transmit electromagnetic energy in the optical and infrared ranges to detect objects, calculate distances between objects and the sensor, and determine physical properties of phenomena. The output produced is a highly accurate point cloud with 3D geometric information, with vertical accuracy less than 10 cm (Benedek et al. 2021; Diaz et al. 2017; McManamon 2019).
LiDAR systems are mainly airborne mounted, with unmanned aerial vehicles (UAVs) or fixed-wing aircraft used for data acquisition. These systems rely on a local GNSS data network to tie observations to ground control points (McManamon 2019). For monitoring gradual changes in ground movement, repeat acquisitions are required at regular intervals. While LiDAR is an active remote sensing system, like SAR, its use of shorter wavelengths may cause dependencies on day/night operations and weather conditions (Diaz et al. 2017; McManamon 2019).
In terms of ground surface elevation, the airborne LiDAR surveys commissioned by Arrow Energy are precise to 5 cm (Arrow Energy unpublished 2022). However, the relative accuracy between points in any single observation is much better than this. In practice this means that, although LiDAR survey is not well suited to monitoring changes in absolute surface elevation, it performs very well for monitoring changes in gradient.
[bookmark: _5.4_Application_of][bookmark: S5_4][bookmark: _Toc159245059]5.4	Application of InSAR to the monitoring of CSG fields
The application of InSAR to the monitoring of subsidence above CSG fields has been documented in a limited number of cases. Grigg and Katzenstein (2013) reported on the use of InSAR to measure subsidence above CSG operations in the Powder River Basin (see Section 3.2 for further discussion). More recently, Du et al. (2018) reported on the use of InSAR to monitor subsidence in the Liulin District, China, during 2003 to 2011. The results of the study suggest that the surface was largely stable over the observation period. The findings are questionable, however, due to peculiarities in the workflow. The SAR data used are prone to large errors due (in part) to poor constraint of the satellites’ orbital tubes. The interferogram network used does not attempt to mitigate this factor and even suggests that different acquisitions have identical baselines, which is extremely unlikely given the orbital tube constraints. The wrapped interferograms clearly contain a strong topographic signal. This shows the workflow is inadequate in mitigating this signal and it will impact the final surface movement signal calculations. Beyond these examples, the most widespread and advanced application of InSAR to monitor CSG-induced subsidence now occurs in Australia. Two examples of this are discussed in the remainder of this section.
[bookmark: _Toc159245060]5.4.1	The Camden Environmental Monitoring Project
A recent study commissioned by Geoscience Australia (Garthwaite and Fuhrmann 2020) used InSAR and GPS to identify subsidence over the Camden Gas Project (CGP), which is located approximately 65 km south-west of Sydney. A total of 144 producing gas wells have been drilled in the CGP since it was commissioned in 2001. However, these are being progressively decommissioned and all production is scheduled to end in 2023 (AGL 2022).
As a part of the Camden Environmental Monitoring Project (CEMP), a new geodetic monitoring network was installed to facilitate direct comparison between the InSAR and GPS measurements. The locations of the 20 new geodetic monitoring sites, CA01 to CA20, are shown relative to the location of the CGP wells in Figure 24. Of these sites, 16 were used to acquire campaign measurements, while the other four were measured continuously. Each measurement campaign involved collecting 24 hours of GPS observations concurrently across all geodetic monitoring sites in the network, at approximately monthly intervals. These data were supplemented with data from three pre-existing, continuously operating reference stations from the CORSnet-NSW network (NSW Department of Customer Services Spatial Services 2020).
InSAR data from three satellite missions were used in the analysis. These included Envisat, a C-band (56 mm wavelength) radar operational between 2006 and 2012; ALOS, an L-band (236 mm wavelength) radar operational between 2006 and 2011; and RADARSAT-2, a C-band radar operational since 2007. Data from RADARSAT-2 were acquired during the period July 2015 to July 2019 for both ascending and descending tracks (see Figure 25.(a)). Each track makes an acquisition every 24 days, with an offset of 12 days between them. The GAMMA interferometry software (Wegmüller and Werner 1997) was used to generate a network of interferograms for every viewing geometry of each satellite. StaMPS (see Section 5.1) was then used to conduct independent time-series analysis of every interferogram network and derive LOS displacement and velocity datasets. Finally, the LOS displacement and velocity data from ascending and descending tracks were used to calculate vertical and horizontal surface displacement and velocity data for each satellite (Fuhrmann and Garthwaite 2019).
[bookmark: F24][image: Locations of the 20 new geodetic monitoring sites, CA01 to CA20, shown relative to the location of the CGP wells.]Figure 24. Location of geodetic monitoring sites installed as part of the Camden Environmental Monitoring Project (Garthwaite and Fuhrmann 2020); and location of the CSG wells, both producing and plugged and abandoned, of the Camden Gas Project
The CEMP made some significant findings, which are briefly summarised here. The comparison of RADARSAT-2 and GPS data for the period July 2016 to June 2019 showed that the LOS displacements observed in ascending and descending InSAR tracks are relatively consistent and within 5 mm of the GPS displacements (which had to be converted from the up–down, east–west coordinate system to LOS). This provided confidence in the InSAR technique as a large-scale subsidence monitoring system. In general, no significant subsidence was observed over the CGP. However, Envisat and RADARSAT-2 produced almost no useful data in that area because of the inability of the shorter wavelength (56 mm) to penetrate vegetation on the surface. Low coherence and poor data quality is also a challenge to InSAR observations at locations of intensive cropping in the Surat CMA. More broadly, the Envisat data in the period 2006 to 2010 showed 96.8% of velocity measurements to range between ±3 mm/year. The RADARSAT-2 data in the period 2015 to 2019 showed 96.7% of velocities also being within the range of ±3 mm/year, while the ALOS data showed that 78.0% of velocity values were within the uncertainty range of ±4.2 mm/year. These small fluctuations were attributed to seasonal changes in soil moisture and associated shrinking and swelling. No correlation between subsidence and the location of CSG wells could be found. The most noticeable subsidence observed in this study was found to be located above underground coal mines in the Southern Coalfields, including 800 mm at the Tahmoor mine and 600 mm at the Appin longwall mine, as shown in Figure 25.(b).
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[bookmark: F25]Figure 25. Aspects of the Camden Environmental Monitoring Project, showing (a) the overlap of the ascending and descending tracks of RADARSAT-2, and (b) the up–down velocity data from ALOS in the period 2008 to 2010 (reproduced from Garthwaite and Fuhrmann 2020)
[bookmark: _Toc159245061]5.4.2	The Underground Water Impact Report
Following legislative changes in 2016, OGIA is now required to report in its Underground Water Impact Report (UWIR) on subsidence that has occurred or is likely to occur. In the latest UWIR (OGIA 2021), this was done by presenting an analysis of InSAR data along with predictive modelling of compaction and subsidence. To support the InSAR analysis, OGIA acquired surface movement data that had been purchased by the major Queensland CSG producers (Santos, Origin Energy, Shell QGC, Arrow Energy) from a commercial provider. These data included ALOS observations at an interval of 46 days for the period 2006 to 2011, RADARSAT-2 observations at an interval of 24 days for the period 2012 to 2017, and Sentinel-1 observations at an interval of 12 days since 2015 (six-day interval from 2017 onwards). As had been identified by Masoudian et al. (2019b), background trends of surface movement are observed at locations remote from CSG production. In some locations, the trend suggests consistent downward movement (i.e., subsidence) with seasonal fluctuations due to rainfall. Such background trends will also exist above CSG fields, so OGIA aimed to report on CSG-induced subsidence in the context of the surface movement baseline. This approach is necessary to try to understand impacts associated with CSG production.
Interrogation of the InSAR data showed maximum downward surface movement of approximately 100 mm in the CSG fields in the east of the Surat CMA, which correlates well with the onset of CSG production in the area. Less surface movement was observed at the edge of these CSG fields. No significant surface movement was observed outside these fields. These trends are summarised in Figure 26. Figure 26(c) indicates that the rate of subsidence might be reducing with time (OGIA 2021).
Inspection of surface movement in non-producing regions, both within and outside the Condamine Alluvium, indicated velocities of up to 25 mm/year and localised displacement fluctuations of 25 mm over a separation distance of 100 m. This is broadly consistent with the findings of Masoudian et al. (2019b) and was similarly attributed to variations in soil type in combination with changes in moisture content. Some regions of uplift were also observed in the eastern part of the Condamine Alluvium, which appeared to correlate with rainfall pattern.
Poor coherence resulting in a lack of data coverage was also identified in cultivated regions. Nevertheless, it was inferred from the available data that surface movement on farms is highly variable, both spatially and temporally, and therefore it is not appropriate to use changes in surface elevation as a metric of the influence of CSG production.
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[bookmark: F26]Figure 26. InSAR measurements of surface movement at four locations, moving from west to east in the Surat CMA: (a) approximately 15 km from CSG production on the western side, (b) at the boundary of CSG production on the western side, (c) within the CSG producing field, and (d) approximately 10 km from CSG production on the eastern side (reproduced from OGIA 2021)
Note: Plots have been generated using an average of all surface movement data over respective squares of 250 m × 250 m.
[bookmark: _Toc159245062]5.5	Subsidence monitoring strategies
Subsidence monitoring can be used to meet a number of objectives. These include quantification of the baseline trend of surface movement in areas where CSG is not (and will not be) produced, and in petroleum leases prior to CSG development; estimation of the surface movement that is attributable to CSG-induced subsidence after production commences; and validation of predictive tools for calculating CSG-induced subsidence. Further, surface movement data can be used to calibrate predictive models in a process called history matching. However, this must be approached with caution because the surface movement signal from InSAR, for example, will aggregate the contribution from a number of additional processes (e.g., shrinking and swelling of soils) which might not be captured in the model being calibrated.
An example of current best-practice subsidence monitoring is documented in Arrow Energy’s unpublished 2022 Draft Water Monitoring and Management Plan (Arrow Energy unpublished 2022). This comprises of large-scale InSAR monitoring of changes in ground surface elevation (i.e., surface movement), annual LiDAR surveys to monitor ground surface slope and any change in slope since the last survey, and geodetic measurement using a combination of GNSS reference stations and survey markers as quality assurance on the InSAR and LiDAR data. The GNSS and survey locations were deliberately chosen to be adjacent to permanent scatterers, where the quality of InSAR is likely to be greatest, and to capture a variety of land resource areas (i.e., combination of geology, topography, soil, vegetation and land use) as well as spatial distribution across areas of CSG production.
This approach is recommended for the assessment of new developments, whereby InSAR is used for field-scale monitoring of elevation change, LiDAR is deployed only in locations that might be sensitive to small changes in slope or where InSAR coherence is poor or anticipated to degrade, and fixed monitoring stations are used as a control on the two remote sensing techniques. To assist the determination of the surface movement baseline, both inside and outside a proposed CSG development, it is recommended that InSAR and LiDAR (where deemed necessary) data acquisition commence prior to production to establish temporal trends. The interpretation and analysis of surface movement data should be supported by the ongoing monitoring of groundwater pressures.
The accessibility of InSAR data continues to increase, including, for example, surface movement reporting by OGIA and Geoscience Australia. If necessary, commercial operators routinely provide processed InSAR data as a service. Further, surface movement mapping can be completed independently using the free and open data acquired by the European Space Agency’s Sentinel satellites. Similarly, a number of companies can provide aerial LiDAR surveys.
[bookmark: _6._Approaches_to][bookmark: S6][bookmark: _Toc159245063]6.	Approaches to subsidence assessment
Subsidence is the manifestation of subsurface compaction driven by fluid extraction and the resultant interaction of the remaining fluid and porous solid. Consequently, predictions of subsidence (or uplift) require an approach that considers both of these coupled processes (i.e., fluid dynamics and solid mechanics). By extension, the quality of subsidence predictions is heavily dependent on the quality of predictions of water (and in the context of CSG production, gas) flow in the subsurface.
Compaction and subsidence magnitudes are dependent on the mechanical and transport properties of the depressurised geological units and the mechanical properties of any overburden. Tectonic strains can also contribute to the subsurface stress state. Predictions of subsidence (or uplift) are complicated by the fact that the region of interest is usually large (in the order of hundreds of metres to kilometres in each direction) but contains much smaller features which influence behaviour (e.g., thin geological units with low hydraulic conductivity). In addition, the transport and mechanical properties used in subsidence predictions vary spatially (see Section 6.4) and are often sparsely quantified, both of which introduce uncertainty. Consequently, subsidence predictions are typically restricted to small scales with moderate to high model complexity and fidelity or large scales with low model complexity and fidelity. The two broad classes of techniques used in subsidence predictions, namely analytical solutions and numerical methods, are discussed in this chapter.
The magnitude of any subsidence induced by CSG production will be a function of the cumulative compaction of each depressurised geological unit. In the Surat CMA, the compaction of a number of coal seams (of varying thickness) and interbedded sedimentary units will propagate through overlying geological units with some degree of attenuation. These units include mudstones, siltstones and sandstones, as well as surficial alluvial aquifer systems composed of both clays and sands, or clays, whose thickness generally increases the closer they are to drainage channels (i.e. rivers) (Best et al. 2014).
As a consequence of its geological history, the Bowen Basin typically contains geological units with lower permeability than those in the Surat Basin. It could, therefore, be assumed that poroelastic compaction would be greater in the Surat Basin. The volume of water produced from CSG operations in the Bowen Basin is lower than that from operations in the Surat Basin, which also indicates that CSG-induced subsidence in the Bowen Basin would be lower. The typically greater volumes of water produced in the Surat Basin are a consequence of higher permeability, which means it can take considerably longer (i.e., up to months) to reach the target reservoir pressure. This could result in greater production-induced compaction. In the regions co-located with or adjacent to Australian CSG production, sandstones and claystones are the non-coal geological units most susceptible to compaction (Best et al. 2014) and so their contribution to total subsidence cannot be ignored. This is also relevant to locations where groundwater is pumped for water supply.
[bookmark: _6.1_Analytical_and][bookmark: S6_1][bookmark: _Toc159245064]6.1	Analytical and closed-form solutions
Analytical, semi-analytical and closed-form solutions leverage a number of simplifications to solve problems related to compaction and subsidence. They can use as their basis Terzaghi’s principles of consolidation, an elastic half-space (Booker and Carter 1986; Booker and Carter 1987), or the concept of a nucleus of strain (Fokker 2002; Fokker and Orlic 2006; Geertsma 1973). To generate solutions using these approaches, it is necessary to make assumptions about the stratigraphy and the mechanical properties of each geological unit therein. In practice, this means homogenising the subsurface into a limited number of continuous geological units, whose properties are isotropic and elastic. Nevertheless, the use of multiple-strain nuclei and superposition facilitates the generation of solutions where multiple wells are present.
For more than 50 years, analytical solutions have been a staple of subsidence predictions. For example, Gambolati and Freeze (1973) and Gambolati (1974) used a three-dimensional, finite element model of the flow with a one-dimensional compaction model to simulate subsidence caused by groundwater withdrawal in Venice, Italy. A similar approach was taken by Calderhead et al. (2011) to simulate subsidence in the Toluca Valley, Mexico; however, InSAR and borehole extensometer data were used to validate the model. Numerous other examples can be found in the literature (Epstein 1987; Hanson 1988; Helm 1984; Helm 1978; Liu and Helm 2008a; Liu and Helm 2008b; Pope and Burbey 2003; Pope and Burbey 2004), where simplified compaction models have been combined with groundwater levels and borehole extensometer data to predict future subsidence.
Models of one-dimensional consolidation ignore horizontal displacement and therefore assume compaction only occurs in the vertical direction. This uniaxial strain assumption, which is discussed in Section 2.4 and central to the definition of Equation 9, is necessary to ensure that analytical solutions remain tractable. However, this assumption is not always appropriate. Wolff (1970) highlighted the importance of considering horizontal strains while Burbey (2001b) also demonstrated that vertical compaction can be overestimated when horizontal deformation is ignored.
In the context of CSG production, Best et al. (2014) applied one-dimensional consolidation to a homogenised coal-bearing formation to predict subsidence. Simplification of the stratigraphy meant that each geological unit was assigned uniform, averaged hydraulic and geomechanical properties. Above the coal-bearing formation, it was assumed that the geological rock units remained saturated, which precluded any significant change to the water table. Four different formulations of the model, each with an increasing amount of model complexity, were tested:
1. Uniform geology model: This employed one-dimensional consolidation theory and assumed that the groundwater was at steady state and the consolidation and hydraulic properties were uniform. Total subsidence of 97 mm was predicted.
Variable permeability model: This again employed one-dimensional consolidation theory and assumed that the groundwater was at steady state and the consolidation properties were uniform. However, the hydraulic properties (i.e., permeability) were allowed to vary. A reduction in the total subsidence to 86 mm was predicted.
Variable ground model: This again employed one-dimensional consolidation theory and assumed that the groundwater was at steady state. However, both the hydraulic and consolidation properties were allowed to vary. A further reduction in the total subsidence to 72 mm was predicted.
Transient groundwater flow model: This coupled one-dimensional consolidation theory to a two-dimensional transient analysis of groundwater head, which was performed using ECLIPSE and SEEP/W. This significantly reduced the total subsidence predictions, with an estimated maximum of 38 mm in the vicinity of the well after two years of production.
The results show that the one-dimensional variants of the consolidation model give similar estimates of subsidence. By solving for the pore pressure field, the transient model generated a significantly lower prediction of subsidence, which is likely to be more realistic (in the context of contemporary InSAR observations). This approach also facilitated the investigation of a two-dimensional well configuration and the models interaction.
The application of analytical compaction modelling to CSG-induced subsidence was also demonstrated by Brown et al. (2014). This study employed the analytical solution of Geertsma (1973) to predict subsidence in the region of Surat Basin operations. The predictions were compared with those from a coupled three-dimensional numerical model that had previously been applied in the Iona gas field by Tenthorey et al. (2013). In terms of both subsidence and uplift, reasonable correspondence was found between the predictions of the analytical and numerical models.
More recently, Wu et al. (2018) compared predictions of CSG-induced subsidence made using two analytical solutions and one numerical solution. The analytical solutions were based on a disc-shaped reservoir with the nucleus of strain concept (Geertsma 1973), and uniaxial compaction (including desorption-induced shrinkage). The numerical solution was based on a finite element solution for linear elastic solid mechanics and two-phase Darcy flow solved using COMSOL. Subsidence predictions from the nucleus of strain model were unable to incorporate the permeability of layers above the coal seam and were also found to be heavily dependent on the assumed depth. The uniaxial compaction solution, by definition, could not incorporate lateral variations in pressure distribution that drive subsidence. Ultimately it was shown that CSG-induced subsidence is difficult to predict using analytical methods due to the complex response of pore pressure within the typically discontinuous geological profile.
To summarise the discussion in this section, the combination of one-dimensional consolidation theory with one- or three-dimensional models of flow is considered by hydrogeologists to be the standard approach for predicting subsidence (Hsieh 1996). Indeed, one-dimensional consolidation has underpinned the majority of estimates of CSG-induced subsidence to date (see Section 8.1). However, this approach is not without its shortcomings. While many (e.g. Gambolati et al. (2000) and Burbey (2001b)) have been able to demonstrate that both one-dimensional consolidation theory and three-dimensional poroelasticity (solved numerically) theory result in similar predictions of pressure and volumetric deformation, the subsidence displacement fields do not always match well. This is most evident in the presence of subsurface heterogeneity where horizontal displacements are significant and, in some cases, adjacent to the location of pumping (Burbey 2001a, 2001b, 2002). Therefore, the complex and heterogeneous nature of CSG reservoirs means that the application of analytical models to predict subsidence must be performed with an understanding of the associated limitations.
[bookmark: _Toc159245065]6.2	Numerical modelling in two and three dimensions
Numerical modelling of compaction and subsidence is based on the solution of the Biot (1941) equations, typically using a computer. Such models can be formulated in one, two (including axisymmetric, which is useful in the study of a single well) and three dimensions. The coupled interaction of the fluid flow and mechanical deformation can be captured, noting that each can influence the other (e.g., pore pressure affects effective stress, or the stress acting on the solid matrix; and mechanical deformation affects permeability). It is, however, more common to assume one-way coupling such that the pressure field within an aquifer or reservoir is calculated and then imposed on the structural field to calculate compaction and subsidence. Software packages such as MODFLOW, FEFLOW and SEEP/W are commonly used for single-phase modelling of groundwater flow. The simultaneous transport of water and gas is an important aspect of CSG reservoirs, so multiphase reservoir simulators such as INTERSECT or GEM can be employed to more accurately capture the pressure field. For full 3D geomechanical simulation of compaction and subsidence, commercially available finite element method (FEM) or finite difference (FD) modelling packages such as VISAGE, Elfen, PLAXIS, ABAQUS, SLOPE/W and FLAC can be employed. Assuming they are applied in a manner consistent with their formulation, any combination of these software packages could be employed to analyse CSG-induced subsidence. This is, however, not an exhaustive list of the available packages.
The application of numerical models to predict compaction and subsidence has expanded with the increasing capabilities of digital computers. This reliance on significant computational resources is a consequence of the scale of the problem. Subsidence occurs over large areas and depths, yet much smaller features can be important (e.g., geological units in the order of 1 m thick). Examples of the application of FEM to predict subsidence abound in the literature (Sandhu 1979). Lewis and Schrefler (1978) performed coupled poroelastic modelling to predict subsidence in Venice, Italy. Safai and Pinder (1979), Safai and Pinder (1980), Bear and Corapcioglu (1981), Hsieh (1996) and Burbey and Helm (1999) all documented the application of a similar approach to analysis. More recently, Hernandez-Marin and Burbey (2010), Hernandez-Marin and Burbey (2012), and Yeh and O’Sullivan (2007) demonstrated the application of ABAQUS and ANSYS, which are both commercial FEM packages, in surface movement predictions. ABAQUS was also successfully employed to predict the uplift measured by tiltmeters during an aquifer recharge test in Upper Palatine, Germany (Jahr et al. 2008; Teatini et al. 2011).
As discussed in Section 2.4, the assumption of linear elasticity may not hold when cyclic fluid extraction and injection is applied to an aquifer (e.g., unconsolidated strata subject to grain realignment). Where poromechanical compaction is not fully recovered by a reversal of pore pressure decline, elastoplastic constitutive material models might be considered. This was demonstrated by Budhu et al. (2014) in the simulation of uplift caused by the ingress of water into an aquifer from injection ponds. The model utilised the elastoplastic, modified Cam-Clay model (Roscoe and Burland 1968), with the results validated using InSAR measurements of surface movement. Huang et al. (2015) performed a similar study of artificial recharge in the Yangtze Delta, China, which concluded that the use of a Cam-Clay model generated results that were more reliable than those from an elastic model. Given that the depressurised geological units in Australian CSG operations are consolidated and not prone to grain realignment, the use of advanced constitutive models is not likely to be necessary in the numerical modelling of compaction and subsidence.
It was noted by Best et al. (2014) that the gradients induced by surface movement could be increased by the presence of subsurface faults. This has the potential to create a discontinuity in the pressure field and associated compaction that propagates to the surface as subsidence. This was also recognised by OGIA in the most recent UWIR (OGIA 2021) (see Section 8.1). Three-dimensional numerical modelling has the potential to capture the influence of faults on subsidence, as demonstrated by Ferguson et al. (2016). In this study, compaction, subsidence and fault reactivation due to oil production from a field off the coast of Brazil were predicted using the finite element-discrete element (FEM-DEM) code Elfen. The model domain, which had transverse extents of 25 km, is shown in Figure 27. In the figure it can be seen how the network of major faults was explicitly included in the geometry. The analysis predicted a maximum fault slip of 0.8 m and maximum subsidence at the sea floor of 1.9 m; however, it is important to note that movements of this magnitude are not possible in the context of CSG production (see Section 2.4).
[bookmark: F27][image: Model as described in previous paragraph]Figure 27. Application of FEM-DEM to the analysis of compaction, subsidence and fault reactivation in a faulted reservoir, showing the distribution of the pre-production stress within the field (reproduced from Ferguson et al. 2016)
Three-dimensional numerical modelling of subsidence offers a number of advantages over the analytical approaches discussed in Section 6.1. These include the two-way coupling of geomechanics and porous media flow, the capturing of subsurface heterogeneity (including faults) in the model domain, and the availability of advanced constitutive and transport models. The pore pressure can be chosen to be modelled as static or transient. In the former, data from hydrographs or the outputs of a fluid flow simulation are imposed directly on the geomechanical model. In the latter, the model is formulated to simultaneously solve for the evolution of pore pressure and mechanical stress; or a dedicated flow simulator such as ECLIPSE, MODFLOW, FEFLOW or SEEP/W is coupled to the dedicated geomechanics solver. The three-dimensional nature of the predicted stress and displacement field means that numerical modelling is also able to capture the influence of overburden on the propagation of compaction to the surface. Competent geological units above the depressurised zones have the potential to attenuate subsurface compaction. This behaviour will be captured by a geomechanical model, along with any induced horizontal movement and subsidence variation as a function of distance from the well(s). This is not possible with a one-dimensional consolidation model. However, the additional fidelity offered by numerical methods comes at a significant cost. Solution times can be in the order of hours or days and high-performance computing (HPC) infrastructure may be required. This limits the applicability of numerical methods in sensitivity analysis or inverse modelling, where multiple runs are required. Limitations in HPC memory also constrain the size of the domain that can be simulated. Further, the additional model complexity requires additional parameters, which may not be available, and highlights issues related to the subsurface heterogeneity of coals (see Section 6.4).
[bookmark: _Toc159245066]6.3	Advanced numerical modelling: internal and external shrinkage
As described in Section 2.4, coal is usually simplified as an assemblage of matrix blocks separated by orthogonal cleat sets and bedding plies. Models based on the resultant matchstick geometry have subsequently been developed to describe the change in effective stress and permeability that occurs with pressure change and processes such as sorption-induced shrinking or swelling. Such models assume that the matrix blocks are completely isolated by the cleats between them, which is not physically possible. In recognition of this, Wang et al. (2014) argued that the matrix blocks must be connected by bridges that traverse the cleats, as shown in Figure 28. During gas adsorption under confined geomechanical conditions, the coal bridge and the local matrix block around the cleat would swell. Because of the larger area of the matrix block, its swelling force is greater than that of the matrix bridge and as a result the coal bridge and the cleat are compressed by the internal swelling of the matrix block. As gas continues to diffuse into the matrix, the swelling front advances into the blocks and causes external swelling. The internal swelling effect leads to reduced cleat aperture and, consequently, reduced permeability of the coal seam. The external swelling, however, leads to the expansion of bulk coal (cleat-matrix system), as shown in Figure 28.
Masoudian et al. (2019a) applied the concept of internal and external shrinkage to a two-dimensional model of subsidence around a single CSG well. The internal shrinkage contributed to changes in cleat geometry and permeability, while the external shrinkage contributed to bulk volumetric changes of the coal seam at the field scale. Therefore, only a fraction of the Langmuir shrinkage, , was apportioned to the internal shrinkage (and subsequent permeability update),
[bookmark: E16],	(16)
with the balance apportioned to the external shrinkage and bulk deformation of the coal seam,
[bookmark: E17].	(17)
The distribution of internal and external shrinkage is thus governed by the model parameter, , which may be a function of coal structure, cleat aperture (porosity), and confining stress (Wang et al. 2014; Zang et al. 2015). The internal and external shrinkage terms were then employed in the calculation of permeability and stress, respectively.
[image: Diagrams showing the processes described above under 'Advanced numerical modelling: internal and external shrinkage' – before sorption, internal swelling, and external swelling.]
[bookmark: F28]Figure 28. Schematic diagrams highlighting the concepts of internal and external swelling and shrinking, showing (a) the conceptual model of a matrix bridge, (b) internal swelling resulting in cleat width narrowing from a0 to a, and (c) external swelling resulting in volumetric expansion of the matrix width from b0 to b (reproduced from Wang et al. 2014)
The model developed by Masoudian et al. (2019a) was applied to a case study inspired by the simplified stratigraphy presented by Best et al. (2014), except three thinner coal-bearing formations were used in place of a single one. The results clearly showed the competing effects of internal shrinkage and higher permeability versus external shrinkage and greater compaction. Increased permeability led to more uniform pressure depletion within the coal-bearing formations and, therefore, a more uniform subsidence profile at the surface. Increased volumetric shrinkage, and thus less permeability enhancement, led to a more pronounced subsidence bowl around the well. For  values of 0.9, 0.5 and 0.2, the maximum subsidence predicted was 90 mm, 112 mm, and 105 mm, respectively, as shown in Figure 29.(a). This showed that the relationship between  and subsidence is not monotonic, and that there is a combination of permeability enhancement (and thus reservoir depletion) and volumetric shrinkage that results in maximum subsidence. The results also confirmed what is widely understood: that most of the subsidence signature comes from compaction of the coal layers, as shown in Figure 29.(b).
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[bookmark: F29]Figure 29. Selected results from modelling of subsidence with internal and external shrinkage incorporated, showing (a) distribution of subsidence around the well at different depressurisation times and values of Fin, and (b) compaction distribution throughout the subsurface (reproduced from Masoudian et al. 2019a)
[bookmark: _6.4_Advanced_numerical][bookmark: S6_4][bookmark: _Toc159245067]6.4	Advanced numerical modelling: stochastic stratigraphy
One of the most significant challenges associated with modelling the subsurface flow and geomechanics that drive compaction and subsidence lies in determining the input parameters for the associated governing equations (e.g., the distribution of coal and non-coal materials, the distribution of relative permeability for two-phase Darcy flow). The challenge relates not only to a choice of each parameter value but also to how those values are distributed within the model. Key parameters that this applies to include porosity, permeability, compressibility, relative permeability, capillary pressure, Young’s modulus, Poisson’s ratio, Langmuir volume, Langmuir pressure, and gas content.
In reality, the subsurface is often extremely heterogeneous, but this heterogeneity can be difficult to capture in the models used to predict the pressure changes used in calculations of subsidence. As an example of this, one can consider the Walloon Coal Measures (i.e., the target of CSG production in the Surat Basin). It has been noted (e.g. by Cardwell (2018)) that the coal measures vary significantly between wells at relatively short (e.g., 50 m) spacing, with entire coal packages appearing or disappearing over this distance. This clearly presents a challenge when trying to create models based on data gathered at a more typical CSG well spacing of 750 m.
One approach to modelling these coal measures is to create relatively simple layered models, where coal packages are represented by coal and non-coal (i.e., interburden) layers (Masoudian et al. 2019a; OGIA 2021; Wu et al. 2018). While this is likely to result in models that are straightforward to create and run, the issues with parameterising these upscaled models would still need addressing. This is a particular issue in the Walloon Coal Measures, where the coal and interburden have significantly different properties, making upscaling challenging (Cardwell 2018).
An alternative to layered models would be to use geostatistical modelling such as kriging, Gaussian simulation, or simulated annealing to represent extreme subsurface heterogeneity. To illustrate how heterogeneity influences depressurisation and compaction within coals, two models covering an area of 750 m × 750 m were created based on a section, approximately 80 m thick, of a real CSG well. Using wireline logs from the well, coal intervals were identified. In one of the models, each of these coal intervals was represented by a homogeneous coal layer, with interburden layers between them, resulting in 20 layers in total. The other model was structurally identical to the layered model, but with heterogeneous layers that could contain both coal and interburden (but which would match the coal present in the wireline log). Both models were parameterised with typical properties from the Walloon Coal Measures, where the coal has significantly higher permeability than the interburden. In the layered model each layer was homogeneous and was assigned a single permeability value, while the heterogeneous model had permeabilities that varied across individual layers, as shown in Figure 30. The spatial distribution of coal and permeability within the layers of the heterogeneous model was populated using copula geostatistics (Hoerning and Rodger 2021).
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[bookmark: F30]Figure 30. Permeabilities in layer 15 of the (a) layered and (b) heterogeneous models (note that the value at the well location (i.e., in the centre of each model domain) is identical)
These models were used to simulate one year of production from a well in the centre of the model domain, using CMG’s GEM compositional simulator, including using GEM’s geomechanical model to predict compaction of the modelled layers. The depletion in the various layers after one year is shown in Figure 31.(a) and (b), and the compaction calculated after one year of production is shown in Figure 31.(c) and (d). Compaction in the layered model is predicted to be almost perfectly radial (i.e., decreasing with distance from the well) and is distributed much more evenly across the model domain. The heterogeneous model shows more variation in compaction due to the discontinuous nature of the coal within the model (which could be considered a more realistic representation of the Walloon Coal Measures). The execution of a large number of subsurface realisations, based on the statistics derived from well logs, could thus be used to generate a stochastic distribution of compaction and subsidence probability around a well, rather than a single deterministic value. Note that the compaction calculations shown in Figure 31.(c) and (d) do not include the mechanical contribution of any overburden, which would attenuate the localised compaction seen around the well as it propagated to the surface as subsidence.
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[bookmark: F31]Figure 31. Comparison of subsurface pressure distribution for (a) the layered model, and (b) the heterogeneous model; and layer compaction (not surface subsidence) for (c) the layered model, and (d) the heterogeneous model
[bookmark: _6.5_Integration_of][bookmark: S6_5][bookmark: _Toc159245068]6.5	Integration of InSAR data
Surface movement observations, such as those acquired using InSAR, can be incorporated with predictions of compaction and subsidence to perform inverse modelling, or model calibration. If effective, the integration of field data can reduce the uncertainty associated with transport and geomechanical properties. For example, Fokker (2002) used inverse modelling with measurements of surface subsidence to estimate the change of mass in a reservoir. This work demonstrated that well-characterised subsurface material properties are necessary to derive benefit from the inverse modelling approach utilised.
Muntendam-Bos et al. (2008) used subsidence measurements to develop a time-dependent inversion scheme for resolving reservoir pressure changes with time. A significant advantage of this approach was that it was able to capture the temporal lag between a change in reservoir pressure and subsidence. This work used the same analytic, linear forward model presented in Fokker (2002) that was based on the nucleus of strain concept (Geertsma 1973) and subsequently applied and improved by others. An analytical model of the reservoir geomechanics is less computationally demanding than a high-fidelity numerical model (e.g., finite element analysis), which is advantageous during inverse modelling (which could involve a large number of repeated computations). The inverse modelling approach was validated using a synthetic case study based on a gas field in the northern Netherlands and then applied to demonstrate that the time-dependent inversion outperformed the static scheme presented in earlier works.
InSAR data is spatially dense but the temporal density is dependent on the visit frequency of the host satellite. Reeves et al. (2014) explored the use of InSAR data to generate greater temporal resolution of hydraulic head measurements in a confined aquifer system in the San Luis Valley, USA. The aim of this was to overcome the fact that hydraulic head measurements were approximately one year apart (i.e., quite infrequent), and more frequent head measurements would aid the calibration of groundwater models. One of the major assumptions in this study was that all of the surface movement observed in the InSAR data was attributed to compaction of the confined aquifer system. This means that other natural or anthropogenic sources of surface movement were ignored, and the subsurface compaction propagated to the surface without any overburden shielding. While the hydraulic heads predicted in this work showed reasonable correspondence with the intermittent measured values, it was suggested that atmospheric phase effects (as discussed in Section 5.1) could have degraded results.
An increasing number of studies using InSAR data assimilation have appeared in the literature. Chen et al. (2016) used surface movement and well data to estimate the pressure head in an aquifer over a broad region where vegetation caused significant decorrelation of the InSAR measurements. This is relevant to the situation in the Surat Basin, where intensive cropping affects the coherence of InSAR data above CSG fields. The application of data assimilation in reservoir and aquifer management has continued to evolve such that the state-of-the-art application is able to account for and reduce the uncertainties associated with flow and geomechanical modelling in a stochastic framework (Gazzola et al. 2021). Further, Candela et al. (2022) showed that it was possible to discriminate which rock compaction model driving subsidence was activated at depth. Similar model calibration using InSAR data is now undertaken by OGIA in its series of UWIRs (OGIA 2021).
[bookmark: _7._Selection_of][bookmark: S7][bookmark: _Toc159245069]7.	Selection of modelling parameters
This chapter provides guidance on the selection of modelling parameters used in the calculation of compaction and subsidence. Irrespective of whether an analytical or a numerical approach is taken, this requires material properties related to linear poroelasticity (Young’s modulus, ; Poisson’s ratio, ; and Biot coefficient, ) and desorption-induced shrinkage (Langmuir constant, ; and maximum volumetric swelling strain, ). Analytical solutions based on the concept of uniaxial strain commonly make use of the coefficient of compressibility, ; however, this can be calculated directly from the Young’s modulus and Poisson’s ratio.
Calculation of the effective stress change that drives compaction requires an understanding of the in situ stress state, including pore pressure, prior to the onset of production. This is typically performed by integrating well density logs to calculate the total vertical stress and applying poroelastic theory (and an understanding of prevailing tectonic strains) to calculate the total horizontal stress, both as a function of depth. The identification of borehole breakouts and tensile fractures in well image logs can be used to identify the orientation of maximum and minimum horizontal stresses. This basic workflow has been well documented in the oil and gas industry (Zoback 2007), and therefore is not discussed here.
The change in subsurface pressure distribution, which drives changes in effective stress, is best calculated via a computational reservoir or groundwater simulation (e.g. the work that underpins OGIA 2021). In this context, comprehensive modelling of flow and geomechanics requires data or estimates for porosity, permeability, relative permeability, capillary pressure, Langmuir volume, Langmuir pressure, and gas content, in addition to poroelastic properties and the distribution and thickness of coals and other geological units. Guidance on reservoir simulation and the estimation of these parameters is beyond the scope of this document. However, a brief discussion of hydraulic conductivity is included in Section 7.3 to highlight the variability that exists in the geological units in the Surat CMA.
The calculation of the total compaction of coals and surface subsidence requires summation of contributions from all depressurised geological units, as well as the behaviour of any additional overburden. Each will exhibit different material properties, and variations within each unit will exist both laterally and with depth. Exhaustive laboratory testing of all coal and rock layers is not feasible and, even if it were, would be challenged by differences in scale. For example, triaxial testing of competent rocks such as sandstone and shale is unable to capture the influence of natural fractures that are spaced metres apart and would act to reduce the stiffness and strength measured. A similar challenge exists with coal and cleats. In addition, it is difficult to extract a core sample from the subsurface, where it exists under pressure, without fundamentally altering it (e.g., desorption of gas, opening of cleats) prior to testing. Many heavily cleated coals (i.e., the ones likely to exhibit the highest compressibility) cannot be subjected to standardised laboratory testing because core samples disintegrate once they are brought to the surface and destressed. To summarise, there exists wide natural variability in the parameters that contribute to subsidence prediction and there are varying degrees of uncertainty as to what those parameters are at any one location.
A common approach to managing the uncertainty associated with model parameters is to conduct an uncertainty analysis, in which a model is run for a number of different combinations of parameters, each of which is varied within an expected range (i.e., sensitivity analysis). In the context of subsurface pressure prediction, this can be accompanied by model calibration, or history matching, whereby parameters are adjusted so as to match field observations (e.g., monitored groundwater levels). This type of field-scale calibration is more difficult to achieve with poroelastic parameters.
[bookmark: _Toc159245070]7.1	Elastic properties: Young’s modulus and Poisson’s ratio
Young’s modulus, , is one of the coefficients that link stress and strain in a solid under the assumption of linear elasticity. It is, therefore, also referred to as the elastic modulus. The Young’s modulus of many metals is typically isotropic and scale-independent. In sedimentary rocks, however, the Young’s modulus may be anisotropic, meaning that the value of  is different across two or more directions. Where natural fractures or other defects are present, the bulk Young’s modulus of the rock mass is typically lower than that of small, homogeneous samples (which are more likely to be used in laboratory testing). The presence of fractures and defects also means that the bulk Young’s modulus increases with applied stress, as these fractures and defects close under incrementally increasing load.
Poisson’s ratio, , is another of the coefficients that link stress to strain in a linear elastic solid. It quantifies the deformation of a material perpendicular to the direction of loading. For example, in Figure 32.(a) the column is subjected to vertical uniaxial stress, with no lateral constraint, and the Poisson effect causes it to widen as it shortens. Under uniaxial strain, where the same column is constrained laterally (i.e., zero strain), the Poisson effect results in the induction of transverse stresses, and the shortening of the column is reduced as shown in Figure 32.(b). A rule of thumb for the Poisson’s ratio of rocks is a value of approximately 0.25, whereas for Queensland coals it is commonly greater than 0.4. The upper bound of Poisson’s ratio is 0.5, which means that the material is incompressible and any volumetric change due to shortening is accompanied by an equivalent volumetric change due to widening. Just like Young’s modulus, it can be expected that the Poisson’s ratio for coal and sedimentary rocks is anisotropic.
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[bookmark: F32][bookmark: _Hlk158905348]Figure 32. Aspects of linear elasticity, showing (a) the deformation of a column under uniaxial stress (i.e., laterally unconstrained), (b) the deformation of a column under uniaxial strain (i.e., laterally constrained), and (c) the different thickness s () and Young’s modulus () of adjacent geological units, where 
Representative values of Young’s modulus for Australian coal and rocks can be sourced from the scientific literature, from research reports, or directly from industry. For example, Gale and Fabjanczyk (1993) presented an overview of the relationship between Young’s modulus and unconfined compressive strengths (UCS) for a range of Australian rock types, such as coal, shale, siltstone and sandstone. This provides a crude approximation to one from the other. Similarly, Young’s modulus may also be calculated from UCS using the Hoek-Brown rock mass strength criterion and an assessment of the geological strength index (GSI),
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where  is in gigapascals and UCS is in megapascals (Galera et al. 2005).
In analytical and numerical calculations of compaction in the Surat CMA, it is usually necessary to upscale the properties of many thin adjacent geological units, as shown in Figure 32.(c). Based on the theory of elasticity, the equivalent Young’s modulus of a horizontally layered unit with total thickness, , undergoing vertical compression can be calculated in an analogous fashion to springs in series (resulting in an anisotropic equivalent elastic system),
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where  and  are the thickness and Young’s modulus, respectively, of each layer.
As the CSG industry has expanded in Queensland, the library of experimentally determined material properties has also grown. For example, Arrow Energy used data from unconfined compression tests of consolidated rock samples from four wells on the Condamine Alluvium in the Surat Basin to undertake analytical subsidence calculations (Coffey Services Australia 2021). A summary of the test results is presented in Table 4, where the Young’s modulus is presented as the tangent value at the confining pressure rather than the secant value over the entire pressure range (recognising that the Young’s modulus increases under increasing stress). The tangent value represents the slope (i.e., the instantaneous rate of change of stress with respect to strain) at the measurement point, whereas the secant value is calculated using the total change in stress and strain over the measurement range.
[bookmark: T4]Table 4. Summary of Young’s modulus values from four wells on the Condamine Alluvium
	Well number
	Depth range (m)
	Confining pressure range (MPa)
	Young’s modulus range (GPa)

	1
	140.0–451.1
	3.5–11.2
	2.0–4.3

	2
	200.0–298.3
	5.0–6.7
	4.5–9.0

	3
	282.7–471.4
	7.0–11.7
	5.2–5.7

	4
	203.9–478.5
	5.1–11.9
	3.0–6.6


Data sourced from Coffey Services Australia (2021)
Data from wireline sonic logs, which include an estimate of dynamic Young’s modulus, were also presented. The physical mechanical response of a material is dependent on the rate at which it is loaded and the applied stress-strain amplitude. Logging-based measurements are in the kilohertz range, whereas actual physical loading rates (such as those that occur in situ or in laboratory testing) are generally much slower (quasi-static). By performing laboratory testing for measurement of Young’s modulus and Poisson’s ratio, and simultaneously measuring the dynamic response of core samples, it is possible to calibrate estimates of static Young’s modulus across the entire profile of a well log. Based on triaxial testing of 22 sandstone cores, Fei et al. (2016) presented an empirical correlation for converting dynamic Young’s modulus, , values to static Young’s modulus, ,
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where both moduli are in gigapascals. This relationship, however, applies to sandstone and is not appropriate for coal. Eissa and Kazi (1988) presented an alternative correlation which takes into account the material density, , which is also available from logs,
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where both moduli are again in gigapascals, and the density is in tonnes per cubic metre.
Origin Energy has previously collated detailed mechanical properties of coal and rocks via laboratory experiments (Schlumberger Reservoir Laboratories 2017). Triaxial testing was employed to determine elastic properties (as well as anisotropic dynamic properties and Mohr-Coulomb failure properties) for a number of coal, shale and sandstone samples from three wells in the Surat Basin. A summary of the Young’s modulus and Poisson’s ratio for these samples, and the depth from which they were collected, is presented in Table 5. In the coal, shale and sandstone samples, no strong correlation between elastic properties and depth was observed. However, most of the samples showed a clear increase in Young’s modulus and Poisson’s ratio with increasing confining pressure (two of the three shale samples were exceptions to this rule). Although there is some variability, the coal data suggest that values of 3 GPa and 0.40 are good approximations of the Young’s modulus and Poisson’s ratio of the samples tested.
The uniaxial compressibility values in Table 5 were calculated from the elastic properties as per Equation 10. It can be seen that the large Poisson’s ratio for the coal samples constrains the compressibility values, such that they are of similar magnitude to the shales and sandstones. Similarly, the low Poisson’s ratio of the sandstones helps increase compressibility, even in the presence of relatively large Young’s modulus.
[bookmark: T5]Table 5. Elastic properties of samples from three Surat Basin wells determined using triaxial testing
	Material
	Depth (m)
	Young’s modulus (GPa)
	Poisson’s ratio (-)
	Uniaxial compressibility (1/GPa)

	Coal
	509.19
	2.963–3.240
	0.40–0.41
	0.133–0.158

	Coal
	579.52
	3.019–3.351
	0.41–0.43
	0.116–0.132

	Coal
	621.21
	3.182–3.487
	0.42
	0.112–0.123

	Coal
	641.67
	3.219–3.433
	0.40–0.41
	0.125–0.145

	Coal
	651.61
	3.030–3.227
	0.43–0.45
	0.085–0.116

	Coal
	656.29
	3.110–3.396
	0.41–0.44
	0.091–0.138

	Coal
	727.73
	3.028–3.389
	0.41–0.43
	0.104–0.142

	Coal
	732.64
	2.840–2.941
	0.43
	0.119–0.124

	Shale
	370.05
	4.413–4.817
	0.39–0.47
	0.035–0.114

	Shale
	502.60
	6.587–7.612
	0.20–0.23
	0.118–0.131

	Shale
	636.36
	2.541–3.591
	0.38–0.39
	0.140–0.210

	Sandstone
	385.14
	4.012–4.547
	0.21–0.22
	0.195–0.221

	Sandstone
	530.36
	5.822–6.977
	0.23–0.24
	0.123–0.148

	Sandstone
	607.12
	6.887–8.743
	0.24–0.26
	0.097–0.119


Data sourced from Schlumberger Reservoir Laboratories (2017)
A recent report to the Australian Coal Association Research Program (ACARP) (Gray et al. 2019) investigated the anisotropy of coal and the dependence of elastic properties on confining stress. Triaxial testing was performed on 14 coal samples that had been collected from central Queensland (no further location information is available in the report). A summary of the data from one of these samples (classified as a heavily cleated, dull bright coal) is presented in Table 6. It can be seen that the vertical and horizontal Young’s moduli,  and , increase to values of 3.78 GPa and 4.43 GPa, respectively, with increasing applied stress. The vertical and horizontal Poisson’s ratios,  and , increase similarly. Anisotropy of the coal is most evident in the ratio of horizontal to vertical Young’s modulus, which is 1.17:1 at the maximum confining pressure. The vertical and horizontal Poisson’s ratio values remained quite similar.
A number of key points were summarised from this work. It reinforced the fact that the load response of coals is generally nonlinear within the elastic range, and that the tangent stiffness can increase by up to a factor of 10 with increasing confining stress. This results in values of Young’s modulus which deviate significantly, both above and below, values that are widely accepted as standard. The elastic coal properties were sometimes found to be anisotropic. It was also concluded that the use of unconfined compressive testing is not the best approach for the measurement of the elastic properties of coal and other sedimentary rocks.
[bookmark: T6]Table 6. Triaxial test data showing the anisotropy and stress dependence of a Queensland coal sample
	Vertical stress (MPa)
	Horizontal stress
(MPa)
	Vertical Young’s modulus
 (GPa)
	Vertical Poisson’s ratio
 (-)
	Vertical stress (MPa)
	Horizontal stress
(MPa)
	Horizontal Young’s modulus
 (GPa)
	Horizontal Poisson’s ratio
 (-)

	2.17
	0.07
	0.46
	0.18
	2.15
	1.80
	0.78
	0.12

	4.20
	1.83
	1.67
	0.13
	4.18
	3.61
	2.20
	0.17

	6.21
	3.67
	2.47
	0.17
	6.26
	5.40
	3.00
	0.23

	8.23
	5.49
	2.93
	0.21
	8.25
	7.21
	3.52
	0.25

	10.24
	7.33
	3.22
	0.24
	10.27
	9.01
	3.86
	0.24

	12.26
	9.12
	3.53
	0.25
	12.28
	10.81
	4.00
	0.26

	14.31
	10.91
	3.50
	0.25
	14.33
	12.61
	4.17
	0.27

	16.30
	12.71
	3.71
	0.27
	16.33
	14.42
	4.34
	0.29

	18.44
	14.54
	3.78
	0.28
	18.46
	16.25
	4.43
	0.29


Data sourced from Gray et al. (2019)
[bookmark: _7.2_Elastic_properties:][bookmark: S7_2][bookmark: _Toc159245071]7.2	Elastic properties: compressibility
The coefficient of volume compressibility, , is calculated from the Young’s modulus and Poisson’s ratio under the assumption of uniaxial strain (e.g., Figure 32.(b)), as per Equation 10. It can also be estimated in situ, given the relationship between specific storage, formation compressibility, and porosity (see Section 4.1). The evaluation of compressibility is necessary for analytical modelling of one-dimensional compaction; however, it is intrinsic in linear elastic numerical models that are subjected to uniaxial strain constraints.
The data for vertical Young’s modulus and Poisson’s ratio from Table 6 can be used with Equation 21 to highlight the effect of varying elastic properties on compressibility. Figure 33.(a) plots the calculated values against vertical stress, which can be interpreted here as a proxy for depth of burial. Note that the first data pair has been excluded from this plot as it would correspond to a depth of approximately 80 m, which is shallower than coal seams typically targeted for CSG production. It can be seen in the graph that the calculated compressibility decreases by a factor of nearly three over this range, which would significantly alter compaction estimates.
	-
	-

	[image: Table 33(a): Graph as described in previous paragraph]
	[image: Figure 33(b): Graph as described above in first paragraph of Section 7.2]

	(a)
	(b)


[bookmark: F33]Figure 33. Graphs of coal compressibility, showing (a) the variation in compressibility that stems from the stress-dependent interpretation of Young’s modulus and Poisson’s ratio in Gray et al. (2019), and (b) the variation in compressibility as a function of pore pressure when desorption-induced shrinkage is accounted for (reproduced from Dudley et al. 2019)
Attempts have been made (Coffey Services Australia 2021) to estimate compressibility of geological units in the Surat Basin using InSAR measurements of subsidence and observed drawdown. This assumed that all subsidence was attributed to the compaction of the geological units that comprise the Walloon Coal Measures, and that outside these there was negligible depressurisation. The thickness of units was informed by the OGIA groundwater model, and Poisson’s ratio was assumed to be 0.25. Via inverse analysis, this resulted in Young’s modulus estimates of 4.2 GPa and 23.2 GPa for the Taroom and Juandah coal measures, respectively. The former corresponded well with the data from UCS tests summarised in Table 4 but the latter was recognised to be improbably high.
[bookmark: _7.3_Hydraulic_conductivity,][bookmark: S7_3][bookmark: _Toc159245072]7.3	Hydraulic conductivity, permeability and porosity
The ease with which a porous medium accommodates water flow is quantified as its hydraulic conductivity. For sedimentary rocks, this quantity can be anisotropic and vary by many orders of magnitude (e.g., between clays and sands). As a consequence of depositional bedding, hydraulic conductivity can end up being significantly smaller in the vertical direction than the horizontal direction. An example of its variability is that the hydraulic conductivity in the Condamine Alluvium can vary between 1.9 m/day and 40 m/day. The 2019 UWIR (OGIA 2019) provides a summary of calibrated horizontal and vertical hydraulic conductivities for a number of geological units in the Surat Basin, and a subset of these data (median, 5th percentile, 95th percentile) has been reproduced in Table 7. The vertical conductivity in these data is typically three orders of magnitude smaller than the horizontal conductivity.
Hydraulic conductivity, , is linked to intrinsic permeability, , which is a property of the porous medium and independent of the fluid, via
[bookmark: E22],	(22)
where  is the fluid density,  is gravitational acceleration, and  is the dynamic viscosity of the fluid. Intrinsic permeability is used as the basis for many relative permeability models, which determine the permeability to different fluids (e.g., water and gas), as the fraction of each fluid within a porous medium varies. Uncertainty in relative permeability, and its upscaling in simulators, propagates through to the prediction of gas and water production.
Porosity is commonly estimated from well log correlations as this approach enables estimation over the whole depth of a well, unlike laboratory testing of samples (e.g., porosimetry or computed tomographic imaging). As an alternative, formation permeability can be estimated in situ using techniques such as slug tests, pumping tests, response to mechanical loading, and analysis of natural pore-pressure fluctuations (van der Kamp 2001). Examples of the application of these techniques are widespread in the literature (e.g. Rau et al. (2022)).
[bookmark: T7]Table 7. Calibrated horizontal and vertical hydraulic conductivity (median, 5th percentile, 95th percentile) of selected geological units (as modelled by OGIA) in the Surat Basin
	Hydrogeological
unit
	Horizontal hydraulic conductivity (m/d)
	Vertical hydraulic
conductivity (m/d)

	Gubberamunda Sandstone
	2.23e-01 (5.00e-02–3.53e+00)
	8.23e-05 (1.69e-05–1.31e-03)

	Westbourne Formation
	3.02e-04 (1.40e-04–1.02e-03)
	3.14e- 07 (1.15e-07–1.20e-06)

	Upper Springbok Sandstone
	3.61e-04 (1.63e-04–4.46e-03)
	1.40e-07 (5.07e-08–1.45e-06)

	Lower Springbok Sandstone
	5.85e-04 (3.34e-04–2.45e-03)
	2.36e-06 (6.44e-07–2.33e-05)

	Walloon Coal Measures NPZ
	1.61e-04 (3.49e-07–8.19e-02)
	2.05e-06 (6.18e-08–3.70e-04)

	Upper Walloon Coal Measures
	1.20e-04 (1.36e-05–1.95e-02)
	5.78e-08 (1.17e-08–1.00e-06)

	Middle 1 Walloon Coal Measures
	6.34e-05 (2.50e-06–1.10e-02)
	1.06e-08 (4.06e-09–2.56e-07)

	Middle 2 Walloon Coal Measures
	7.48e-05 (2.55e-06–1.32e-02)
	1.17e-08 (4.19e-09–2.94e-07)

	Middle 3 Walloon Coal Measures
	9.77e-05 (2.63e-06–1.61e-02)
	1.31e-08 (4.30e-09–3.94e-07)

	Lower Walloon Coal Measures
	1.01e-04 (1.41e-06–1.89e-02)
	5.28e-09 (1.92e-09–6.44e-08)

	Durabilla Formation
	4.52e-05 (2.44e-05–1.31e-04)
	2.33e-08 (8.43e-09–1.45e-07)

	Upper Hutton Sandstone
	3.32e-02 (1.08e-02–4.64e-01)
	3.68e-06 (1.09e-06–1.08e-05)

	Lower Hutton Sandstone
	9.28e-03 (3.00e-03–4.70e-02)
	1.00e-06 (2.60e-07–1.00e-06)

	Upper Evergreen Formation
	5.96e-05 (2.74e-05–1.73e-04)
	1.62e-08 (6.12e-09–7.67e-08)

	Boxvale Sandstone
	3.11e-04 (1.54e-04–3.64e-03)
	7.62e-08 (3.41e-08–1.00e-06)

	Lower Evergreen Formation
	6.27e-05 (2.66e-05–2.10e-04)
	1.73e-08 (5.90e-09–1.11e-07)

	Precipice Sandstone
	7.47e-01 (5.00e-02–1.42e+01)
	5.70e-04 (1.67e-05–1.24e-03)


Data sourced from OGIA (2019)
[bookmark: _Toc159245073]7.4	Langmuir properties
The incorporation of desorption-induced coal shrinkage in estimates of compaction and subsidence requires Langmuir properties of the coal. While many adsorption isotherms are publicly available, it is not usual that they contain the parameters relevant to shrinkage (i.e., Langmuir constant, ; and maximum volumetric swelling strain, ). This is possibly due to the close relationship between these data and the constants that define the sorption isotherm of a coal, which is itself a measure of gas content (at a specific temperature and over a range of pressures) and thus a proxy for the economics of a field.
Connell et al. (2016) presented data for seven coal samples from the Bowen Basin which were taken from a range of depths between approximately 100 m and 600 m. Values for Langmuir and elastic properties are summarised in Table 8. It can be seen that the Poisson’s ratio data are similar to those at maximum confining stress in Table 6, but the Young’s modulus data are generally lower. Among other things, this study also presented correlations for the sorption strain with respect to gas content, and  with respect to Langmuir volume.
Liu et al. (2017) conducted swelling experiments on small (4 mm) cylinders of medium volatile bituminous coal using methane at 40⁰C and pressures up to 40 MPa. The data were used to calibrate models of gas diffusion and matrix swelling and showed that gas transport, adsorption/desorption, and time-dependent swelling/shrinking are controlled by the diffusion of free molecules and exhibit dependence on the state of stress.
The work of Dudley et al. (2019) presents the results of methane pore pressure depletion tests under approximate uniaxial strain and in situ stress conditions on whole core coal samples from a Queensland CSG reservoir (no more specific information was provided). The results clearly showed the influence of desorption-induced shrinkage on the compressibility of the samples. As pore pressure decreased (i.e., increasing depletion), the compressibility was found to increase. This is analogous to the steepening of the Langmuir shrinkage curve at decreasing pore pressure. The compressibility as a function of pore pressure for three samples is shown in Figure 33.(b). Data are presented both with and without desorption-induced shrinkage included. It can be seen that the results for the latter are largely independent of pore pressure. In describing the effect of shrinkage within a total compressibility coefficient, the data from this study could be applied in an iterative, analytical solution of uniaxial compaction. This is convenient from a computational efficiency point of view because the total compressibility coefficients could be included in large-scale models of compaction and subsidence based on one-dimensional consolidation theory.
[bookmark: T8]Table 8. Langmuir shrinkage and elastic properties for seven coal samples from the Bowen Basin
	Sample
	Maximum swelling strain
 (%)
	Langmuir constant
 (MPa)
	Young’s modulus
 (GPa)
	Poisson’s ratio
 (-)

	S1
	1.13
	5.06
	3.771
	0.279

	S2
	1.48
	9.77
	2.555
	0.262

	S3
	1.28
	4.73
	3.517
	0.320

	S4
	1.46
	4.73
	-
	-

	A1
	1.55
	6.51
	2.278
	0.298

	A4
	1.54
	4.98
	2.221
	0.319

	A5
	1.21
	6.93
	2.645
	0.284


Data sourced from Connell et al. (2016)
[bookmark: _8._Prediction_of][bookmark: S8][bookmark: _Toc159245074]8.	Prediction of CSG-induced subsidence
The depressurisation of coal seams is a key driver of both CSG production and CSG-induced subsidence. However, the route to effective depressurisation is complex and dependent on a number of interlinked physical processes, as discussed in Section 2. These complex relationships were also represented diagrammatically in Figure 10., which showed that coal permeability plays a fundamental role in gas and water flow. The extraction of these fluids from the subsurface results in formation depressurisation, which facilitates methane desorption and subsequent coal shrinkage. The methane liberated by desorption feeds back to the two-phase flow system, while formation depressurisation and coal shrinkage feed back to the coal permeability. The combination of depressurisation and shrinkage results in formation compaction which, after some attenuation by the overburden, is transmitted to the surface as subsidence. A further complication is that most of these processes vary with depth and coal type. There also exists significant variability in the stratigraphy throughout the Surat Basin, in particular, and interpolation of the stratigraphy between well locations is subject to a high degree of uncertainty. When attempting to predict CSG-induced subsidence it is, therefore, pertinent to consider how much of this detail is necessary and at what level of precision it should be included in the analysis.
A number of different approaches for predicting subsidence were discussed in Section 6, with the most appropriate technique dependent on the desired level of detail and the quality of the available input data. In this section, past subsidence predictions related to CSG production are compared and their differences discussed in the context of analysis choices. This review is then extended by using a synthetic case study to explore the influence of key parameter choices and assumptions on subsidence predictions using two different analysis techniques.
Depending on the scale, tools, data, and experience available, different analysts will approach the prediction of subsidence differently. However, if the key stratigraphic features are captured, material properties are well characterised, and appropriate assumptions are made, then this should not result in subsidence magnitudes that are too dissimilar.
[bookmark: _8.1_Subsidence_predictions][bookmark: S8_1][bookmark: _Toc159245075]8.1	Subsidence predictions related to Australian CSG production
Numerous predictions of CSG-induced subsidence have been made as the industry has progressed through the processes of environmental approval (e.g., water monitoring and management plans), field evaluation, and ongoing monitoring and compliance (e.g., UWIRs). These vary in their level of technical complexity, scale, and parameter assumptions. A summary of these most recent predictions is included in Table 9.
A wide range of subsidence magnitudes can be seen in the data summarised in Table 9. Some difference in these predictions is to be expected because the four operators listed produce gas from different locations in the Surat and Bowen basins, where there are differences in the lithology (e.g., coal seam thickness and continuity, depth of overburden), reservoir properties (e.g., pressure and permeability distribution) and mechanical properties of each geological unit (e.g. Young’s modulus, Poisson’s ratio). However, the differences in assumptions, input data, and approach to analysis will also have contributed to the variability in the estimates.
One of the most significant inputs to the prediction of compaction and subsidence is the final pressure distribution in the subsurface. This is best demonstrated by APLNG (2014), where the change from internal groundwater modelling to that in the 2012 UWIR reduced the maximum predicted subsidence from 900 mm to 500 mm. Based on observations since the commencement of production, these have both been demonstrated to be significant overpredictions, which is also attributable to the use of a simple compaction formula based on storage coefficient. Similarly, Golder Associates (2010) combined single-phase groundwater modelling with one-dimensional elastic deformation (i.e. not the more conventional assumption of uniaxial strain) to predict subsidence. This work assumed that all 300 m of the coal measures (i.e., inclusive of all interburden) was depressurised during production, which again resulted in overestimation of compaction and subsidence.
[bookmark: T9]Table 9. Summary of subsidence modelling predictions by CSG operators in Queensland
	Company
	Year
	Prediction(s)
	Comments

	QGC Shell
(Golder Associates 2010)
	2012
	Subsidence of 80 mm, 145 mm and 180 mm in the central, south-east and north-west development areas, respectively.
	Single-phase groundwater modelling was used to inform an analytical subsidence model based on one-dimensional linear elasticity. Coal shrinkage was not incorporated.

	Santos
(Santos 2013)
	2013
	Subsidence of 280 mm near Roma and 150 mm at the Arcadia and Fairview fields.
	Linear elastic theory (no further information could be found).

	Australia Pacific LNG
(APLNG 2014)
	2014
	Subsidence of 900 mm in high-risk areas and less than 50 mm in low-risk areas, with the maximum value reducing to 500 mm when using OGIA pressure data.
	A simple compaction formula based on storage coefficient and change in pressure head was coupled to a numerical groundwater model (and the 2012 UWIR groundwater model for comparison). Coal shrinkage was not incorporated.

	QGC Shell
(Jacobs 2016)
	2016
	Subsidence up to 370 mm at the Kenya, Kenya East, Kate, Owen and Jammat fields (central) and Kathleen, Arthur, Philip, Cameron and Polaris (northern) fields. Results averaged over the 8 km × 8 km tenement scale.
	Depressurisation predictions from the 2016 UWIR (OGIA 2016b) were used to inform axial compaction calculations (without assuming uniaxial strain). The key input, , was estimated by combining information from laboratory tests, wellbore logs, and the literature. Coal shrinkage was not incorporated.

	Arrow Energy
(Coffey Environments 2018)
	2018
	Upper-bound subsidence of up to 100 mm by 2050 at the Daandine field when considering Arrow operations only, which increases to 120 mm when considering adjacent operations.
	Depressurisation predictions from the 2016 UWIR (OGIA 2016b) were used to inform uniaxial elastic compaction. One of the key inputs, , was evaluated from measured subsidence (InSAR) and pressure drawdown. An average shrinkage strain was applied to coal seams.

	QGC Shell
(Rai and Hummel 2019)
	2019
	Upper-bound subsidence of up to 200 mm (P50) or 250 mm (P90) by 2060 at the Lauren and Codie fields in the southern part of the Central Development Area (CDA).
	Depressurisation predictions from reservoir simulation of the CDA were used to inform a 3D finite element model of compaction and subsidence. Numerical results were complemented by uniaxial compaction estimates. The coal compressibility, , due to poroelasticity and shrinkage was determined experimentally.

	OGIA
(OGIA 2021)
	2022
	Maximum (P50) subsidence of 150 mm south of Miles and north of Cecil Plains. Highly localised predictions of 175 mm. Most locations predicted to undergo less than 100 mm of subsidence.
	Depressurisation predictions from the 2021 UWIR (OGIA 2021) were used to inform 3D finite element modelling and large-scale uniaxial compaction. InSAR data were used to constrain compressibility parameters. The method used to represent coal shrinkage was not documented.


Data sourced from various industry reports
The comparison of these predictions is further complicated by the fact that only Coffey Environments (2018) and Rai and Hummel (2019) have directly accounted for desorption-induced coal shrinkage, which would add to the total amount of subsidence predicted. However, these more recent analyses have benefited from the continued evolution of stratigraphic understanding in the Surat and Bowen basins and the continuous improvement of reservoir simulations (e.g., that undertaken by OGIA in each successive UWIR; see below). In combination, these have resulted in more precise subsurface pressure predictions which in turn result in lower predictions of poroelastic compaction.
As discussed in Section 5.4, OGIA is required to report on the potential for subsidence impacts in its triennial UWIR process. The latest UWIR (OGIA 2021) included large-scale predictive modelling of subsidence based on analytical and numerical techniques. A three-dimensional finite element model was built using the VISAGE geomechanical analysis package from Schlumberger. The model was 130 km long and 50 km wide and oriented north-west–south-east over the towns of Cecil Plains, Dalby and Chinchilla. A total of 88 vertical layers were included with a cell size that ranged from 250 m × 250 m to 750 m × 750 m. The necessary geomechanical properties of each layer were calculated from sonic logs of the wells within the model domain. The subsurface pressure distribution applied to the geomechanical model was derived from the UWIR’s updated groundwater model. The method used to represent coal shrinkage was not documented.
The application of finite element methods to the entire Surat CMA is not computationally tractable. To facilitate subsidence predictions at this scale, an analytical model based on uniaxial compaction was also constructed. Comparison of the analytical and numerical model results showed good correspondence of subsidence predictions. This provided the necessary confidence to apply the analytical model in stochastic analysis and history matching. A total of 1,000 realisations were analysed with the best 50, based on comparison to InSAR measurements of the same area, used in the assessment of subsidence and change in slope.
The large-scale analytical subsidence predictions showed a maximum (P50) of 150 mm in locations south of Miles and north of Cecil Plains. Highly localised predictions of 175 mm were also seen at the latter, but in general most locations were predicted to undergo less than 100 mm of subsidence. In terms of slope, which is of particular importance in areas where flood irrigation is used, the results indicate a small region north of Cecil Plains where there is an approximately 80% probability of a 0.005% (i.e., 50 mm over 1 km) change in slope. This is attributed to the difference in depressurisation that occurs either side of the Horrane Fault in that location. In general, however, most locations were predicted to see a change in slope of 0.001%.
Interpretation of the modelling results was used to conclude that subsidence is dominated by linear elastic compaction of the Walloon Coal Measures, that the rate of subsidence is highest early in development (i.e., during initial dewatering), and that there is negligible arching of overburden to reduce the ratio between compaction of geological units and subsidence at the surface. The last conclusion is supported by geomechanical modelling commissioned by QGC Shell (Rai and Hummel 2019). However, the influence of desorption-induced shrinkage on the first two conclusions warrants further investigation. The characteristic shape of the Langmuir shrinkage strain curve suggests that the rate of shrinkage may increase with continued depletion (but not necessarily time), as has been observed in InSAR analysis undertaken by industry (Rai and Hummel 2019).
[bookmark: _Toc159245076]8.2	Surat Basin: synthetic case study
The comparison of past subsidence predictions highlighted the sensitivity of results to the depressurisation field and the approach to calculating compaction as a function of pressure change. Assumptions related to the extent of vertical depressurisation in the Walloon Coal Measures (i.e., how many of the non-coal geological units were depressurised and to what degree) were also shown to significantly affect the magnitude of predicted subsidence. One of the points discussed in Section 6 was that, in general, one-dimensional consolidation models are straightforward to apply but might yield overestimates of subsidence. Conversely, three-dimensional numerical analysis is too computationally and parameter intensive to be applied at the basin scale. Even sub-models of part of a single CSG tenement can become computationally intractable when sensitivity analyses are required (i.e., a number of repeat calculations). Therefore, the choice of analysis technique is a function of scale (i.e., single or multiple wells, entire field or basin), the amount of stratigraphic detail to be included, and the availability of data with which to parameterise a high-fidelity model.
Another factor in the prediction of subsidence is the variability of the key parameters, including permeability, Young’s modulus, Poisson’s ratio, Langmuir isotherm, and associated shrinkage behaviour. As highlighted in Section 7, some parameters can vary by orders of magnitude and exhibit little correlation with vertical or lateral proximity. This challenge can be partially overcome by stochastic analysis, in which a distribution of key inputs is used (as opposed to a single value) to generate a distribution of outputs, highlight sensitivity to different parameters, and help quantify uncertainty.
[bookmark: F34][image: Schematic described in following paragraph]Figure 34. Schematic representation of the stratigraphy used in the subsidence case study
At the request of the IESC, a case study was developed to demonstrate how the various forms of complexity might be simplified to result in a tractable numerical model of subsidence around a single CSG well, and also to compare the predictions of two different numerical approaches. The case study is based on a synthetic Surat Basin well that is targeting the Walloon Coal Measures. It is not designed to replicate any particular location and should be interpreted as such. It was assumed that the multiple coal seams across the Walloon Coal Measures could be collapsed into a single, 25 m-thick coal layer (see Figure 34.) which had good hydraulic connectivity with the well, where the target bottom hole pressure was 300 kPa. The initial pore pressure profile was assumed to be hydrostatic from the ground surface. Material properties representative of the Walloon Coal Measures were chosen and are summarised in Table 10. The overburden (i.e., three rock units) and underburden (i.e., one rock unit) were assumed to have low permeability and thus not be prone to significant depressurisation. Note that this configuration has excluded the interburden that would exist between the aggregated coal seams and be prone to some degree of depressurisation. The simplified stratigraphy and low permeability of the overburden and underburden used in this case study mean that depressurisation is primarily confined to the coal. This is in contrast to the earlier predictions of Best et al. (2014), which assumed that all approximately 300 m of the Walloon Coal Measures were depressurised and, as such, represented an upper-bound conservative estimate of total compaction and subsidence.
The two modelling platforms used in this comparison were COMSOL Multiphysics and CMG-GEM. COMSOL is a generalised platform for finite element discretisation and analysis of partial differential equations related to solid mechanics, fluid mechanics, and other multiphysics problems. GEM, on the other hand, is an advanced equation-of-state (EOS) compositional and unconventional reservoir simulator, which also includes a geomechanics module. GEM is part of a suite of tools typically applied in reservoir engineering.
[bookmark: T10]Table 10. Material parameters used in the subsidence case study
	Property
	Value
	Property
	Value

	Coal properties
	
	Rock unit properties
	

	Young’s modulus, 
	2 GPa
	Young’s modulus, 
	4 GPa

	Poisson’s ratio, 
	0.40
	Young’s modulus, 
	5 GPa

	Fracture porosity, 
	0.01
	Young’s modulus, 
	6 GPa

	Initial permeability, 
	100 mD
	Young’s modulus, 
	8 GPa

	Biot coefficient, 
	1.0
	Poisson’s ratio, 
	0.25

	Fracture compressibility, 
	0.0002 kPa-1
	Fracture porosity, 
	0.20

	Density, 
	1,500 kg/m3
	Permeability, 
	0.0001 mD

	Maximum swelling strain, s
	0.013
	Biot coefficient, 
	1.0

	Langmuir’s constant, 
	0.33 MPa-1
	Density, 
	2,500 kg/m3

	Alluvium properties
	
	Modified rock unit properties
	

	Young’s modulus, 
	0.2 GPa
	Young’s modulus, 
	6 GPa

	Poisson’s ratio, 
	0.2
	Young’s modulus, 
	8 GPa

	Permeability, 
	1 mD
	Young’s modulus, 
	10 GPa

	Density, 
	2,000 kg/m3
	Young’s modulus, 
	20 GPa



The COMSOL model used an axisymmetric geometry around a single well, effectively resulting in a cylindrical domain. It included linear elastic solid mechanics, the Richards (Richards 1931) and van Genuchten (van Genuchten 1980) equations for the transport of water in an unsaturated medium (the other phase is gas), stress-dependent permeability (i.e. dynamic permeability) based on the Cui-Bustin model (Cui and Bustin 2005) listed in Equation 4, and shrinkage modelled analogously to thermal strain using Equation 12 in the solid mechanics model. The van Genuchten equation was calibrated to include the pressure-saturation data that was output from the GEM reservoir simulator. In terms of the modelling of flow, this approach is similar to that applied by OGIA (Herckenrath et al. 2015).
The GEM model used a three-dimensional, prismatic domain with the single well in the centre. It models the conservation of mass and momentum for multiple fluid phases in a reservoir and is iteratively coupled to a linear elastic solid mechanics module. The pressure-dependent Palmer-Mansoori model (Palmer and Mansoori 1998) was used to update the coal permeability as a function of drawdown.
Five different analyses were undertaken to contrast the sensitivity of predictions to methodology, coal seam permeability, overburden strength, and coal shrinkage. This is not intended to represent an exhaustive parameter study or sensitivity analysis, but rather an illustration of how results change with inputs. The input parameters used for this case study are summarised in Table 10. The five analysis scenarios are:
0. One-dimensional compaction based on uniaxial strain
1. Poroelastic with two phases modelled and static coal permeability
2. Poroelastic with two phases modelled and dynamic coal permeability
3. Poroelastic with two phases modelled, dynamic coal permeability, and ‘strong’ overburden
4. Poroelastic with two phases modelled, dynamic coal permeability, and isotropic coal shrinkage.
The result for Case 0 can be calculated using Equation 11 and the average pressure drop in the coal layer, 3.45 MPa, the coal’s uniaxial compressibility, 0.233 GPa-1, and the coal layer thickness, 25 m; and assuming that the coal’s Biot coefficient is 1.0 (as is common in practice and in the absence of data to justify another value). This results in a coal layer compaction of 20.3 mm, which will be used as a basis for comparison for Cases 1 to 4. It is important to note that this value does not include any potential depressurisation of the rock units above or below the coal.
Figure 35 presents graphs from the comparison of the COMSOL (left column) and GEM (right column) models for Cases 1 and 2. COMSOL exports data from the coordinates of finite element nodes, whereas GEM exports averaged data from the centre of cells, meaning that the data presented herein are not sourced from exactly the same locations in the domain. However, this does not preclude meaningful comparison of the results from each model. Figure 35(a) and (b) plot the pressure profile with depth in the domain after 10, 20 and 30 years of drawdown for both Case 1 and Case 2 (i.e., static and dynamic permeability). The deviation from the initial hydrostatic profile is evident in both graphs, as is the propagation of pressure drop into the overburden and underburden as time progresses. The difference in data output is evident in these two graphs, as the GEM results do not show uniform depressurisation to 300 kPa of the coal layer at the well. However, some of this difference is a consequence of the different approaches to handling the gas and liquid phase in the models. Figure 35(c) and (d) plot the radial pressure profile in the coal with distance from the well, showing similar trends and pressure magnitudes from both models. In both COMSOL and GEM, the introduction of dynamic coal permeability reduced the magnitude of pressure drawdown in the coal layer. This is further explained in Figure 35(e) and (f), which plot the radial variation of coal permeability with distance from the well and how it changes with time. Both models show similar trends in permeability reduction as production (i.e., time) advances. In both modelling approaches, the use of a stress-dependent (COMSOL) and pressure-dependent (GEM) permeability model has resulted in a decrease in spatial depressurisation due to the reduction of coal permeability with drawdown. It is evident from both analyses that the permeability of the coal seam, and how it changes during dewatering and gas production, is a key parameter in the prediction of subsurface pressure distribution and resulting subsidence.
	-
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[bookmark: F35]Figure 35. Results of the subsidence case study, showing (a, b) pressure profile with depth, (c, d) radial pressure profile in the coal with distance from the well, and (e, f) radial coal permeability with distance from the well
Note: Left column (a, c, e) produced with COMSOL; right column (b, d, f) produced with GEM.
Figure 36.(a) and (b) plot the cumulative compaction, or progressive subsidence, with depth in the domain for Case 1 (static permeability), Case 2 (dynamic permeability) and Case 3 (dynamic permeability and ‘strong’ overburden). After 30 years, the COMSOL model predicts 30 mm, 23 mm, and 20 mm subsidence above the well for each case, respectively. The reduced depressurisation caused by dynamic permeability change results in reduced subsidence, which is further reduced by the arching effect and reduction in compressibility when ‘stronger’ overburden is employed. All predictions are comparable to that calculated for Case 0, with the result for Case 3 almost identical to that calculated analytically. After 30 years, the GEM model predicts 34 mm, 27 mm, and 20 mm subsidence above the well for each case, respectively. The greater depressurisation predicted by GEM is borne out in greater subsidence magnitudes. However, the trend of subsidence reduction from Case 1 to Case 2 and then Case 3 is the same as that predicted by COMSOL. Figure 36.(c) and (d) plot the subsidence at the surface with distance from the well. Both results show effectively uniform subsidence, with no more than 2 mm difference between the location of the well and the model boundary. They also clearly show the similarity in predictions between the two modelling approaches. The absence of pronounced cones of subsidence around the well is representative of the surface movement observed in InSAR data adjacent to CSG wells.
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[bookmark: F36]Figure 36. Results of the subsidence case study, showing (a, b) subsidence with depth, and (c, d) subsidence at the surface as a function of distance from the well
Note: Left column (a, c) produced with COMSOL; right column (b, d) produced with GEM.
The influence of shrinkage on the COMSOL predictions of subsidence is shown in Figure 37.(a) and (b). These graphs show approximately 115 mm of desorption-induced shrinkage within the coal layer, resulting in subsidence of 138 mm at the surface. It can also be seen that the rate of subsidence decreases significantly after approximately five years, regardless of whether shrinkage was included. These results are consistent with other predictions and some observations of subsidence in the Surat Basin, as reported by OGIA (2021), and provide evidence in support of the incorporation of shrinkage in analysis of CSG-induced subsidence. More widespread measurement of shrinkage strain, , from coals that are exploited for CSG, or might be in the future, would reduce uncertainty in predictions related to this key model parameter.
It is important to note the limitations in the approach to modelling desorption-induced shrinkage in this case study. The shrinkage strain defined by Equation 12 implies an immediate compaction and, therefore, subsidence response with change in pore pressure. In reality, though, change in gas adsorption pressure might not always occur synchronously with dewatering and pore pressure reduction. Reasons for this include the existence of coals in an undersaturated state or with low-conductivity connection to the source of depressurisation (i.e., the well), both of which would delay the temporal response of shrinkage. Further research on the time-dependent, rather than pressure-dependent, manifestation of desorption-induced coal shrinkage in situ is required.
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[bookmark: F37]Figure 37. Results of the subsidence case study when coal shrinkage is included, showing (a) subsidence at the surface as a function of distance from the well, and (b) subsidence as a function of time for Cases 1, 2, 3 and 4
Note: Produced with COMSOL, as desorption-induced shrinking and swelling is not available in GEM.
[bookmark: _9._Concluding_remarks][bookmark: S9][bookmark: _Toc159245077]9.	Concluding remarks
This Explanatory Note describes the subsurface flow and geomechanical processes by which CSG production induces subsidence, how the magnitude of CSG-induced subsidence can be predicted, and techniques for large-scale and high-precision monitoring of subsidence as it occurs. The information presented attempts to capture the state of the art in relation to these issues, so that it may be used to guide best practice in the assessment of CSG activities into the future. CSG-induced subsidence continues to be the focus of analysis, research and development from academic, industrial and regulatory perspectives, and these activities will contribute to greater understanding of the mechanics of CSG-induced subsidence, improved techniques for prediction and monitoring, and reduced uncertainty in the geometrical and material parameters that are input to analysis.
[bookmark: _9.1_Ongoing_monitoring][bookmark: _Ref158907370][bookmark: _Toc159245078]9.1	Ongoing monitoring and assessment activity
Proposals for new CSG projects, such as the Narrabri Gas Project in New South Wales, are typically assessed at both state and federal levels, including project-specific technical advice from the IESC. Experience from past and ongoing operations such as at Camden in New South Wales and in the Surat CMA, and the data that they generate, will help inform these assessments. Several organisations are involved in the monitoring, analysis and assessment of potential impacts of subsidence and surface movement. Some are focused on specific areas, while others work across New South Wales and Queensland. They include:
OGIA, which will continue to analyse groundwater and subsidence measurements and iteratively update history-matched predictions of future subsidence across the Surat CMA
Geoscience Australia, which has deployed infrastructure including InSAR corner reflectors and GNSS stations to monitor surface movement in Camden in New South Wales and in the Surat CMA and has reported data from both, and is well positioned to leverage this to provide ongoing large-scale assessment of surface movement in these locations and the nation more broadly
the GasFields Commission Queensland, which in 2022 partnered with OGIA to better understand the potential impacts and risks to farming operations resulting from CSG-induced subsidence, and how these impacts may be assessed and managed should they occur
CSG producers, each of which has its own management and monitoring program for subsidence and remote sensing (e.g., InSAR, LiDAR) of surface movement
the Centre for Natural Gas at the University of Queensland, which works directly with three large CSG operators in the Surat CMA to address areas of research need, one of which is subsidence and surface movement.
[bookmark: _Toc159245079]9.2	Future research requirements
Predictions of subsurface phenomena continue to be challenged by uncertainty surrounding the stratigraphy (What is down there and where is it?), the properties of each geological unit (How do they behave from the perspectives of mechanics and fluid transport?), and the variability of these properties (What is an appropriate distribution?). In addition, as the continued collection of field data and improvements in analysis answer some of the outstanding questions related to CSG-induced subsidence, they can also raise new questions. A non-exhaustive list of future research opportunities is as follows:
Continued study of background (or baseline) trends of surface movement in non-production areas to assist with separating multiple contributions to net surface movement in areas of CSG production. This is particularly pertinent as recent climatic changes (i.e., the switch from an extended period of below-average rainfall to above-average rainfall) may manifest in observations such as changes to the long-term trends observed in the Surat CMA. The ability to better isolate the contribution of CSG-induced subsidence to observed surface movement would also facilitate inverse analysis of InSAR data aimed at, for example, quantifying reservoir depletion or history-matching reservoir properties.
Further investigation of remote sensing tools (i.e., InSAR, GNSS, LiDAR) for surface movement measurement, including their respective strengths and limitations in the parts of Australia where they are required, and how they can be combined to result in a comprehensive monitoring strategy.
Continued improvement in the description of the subsurface, including a better description of sequence stratigraphy and statistics on the correlation of strata between wells (as informed by data from logs). This would help inform the assumptions made in upscaling and simplifying the stratigraphy used in predictions of depressurisation and CSG-induced subsidence. It would also improve the statistical description of lithology and parameter distribution in stochastic analysis, such as that discussed in Section 6.4.
Investigation of the influence of faults on subsidence and differential surface movement via the inclusion of discontinuities in geomechanical analysis. This would be of benefit where specific faults could influence surface gradient as the surrounding strata compact and subside. This would also be useful in studying the effect of coal seam, and therefore pressure, dislocation where faults act as a barrier to fluid flow.
Investigation of how permeability, and particularly relative permeability, is upscaled from a single cleat to a coal block, a coal seam and then a coal-bearing unit; and investigation of how the uncertainty associated with this scaling can be better quantified using advanced computational models. Recalling that coal permeability is the foundation of gas production and surface subsidence (see Figure 10.), this has the potential to significantly improve subsidence predictions.
Investigation of the transient nature of subsidence, recognising the cumulative impacts of poroelastic compaction (which should be greatest in the early stages of a well’s life) and desorption-induced shrinkage (which might persist throughout a well’s life). One aspect of this could be to employ small- to intermediate-scale modelling of the compaction of cleated coal blocks where diffusive transport in the coal matrix is coupled to two-phase Darcy flow in the cleat network.
Understanding of how anisotropy and the stress dependence and pressure dependence of properties influence forward estimates of subsidence. Material properties of particular interest include the transverse isotropy of coal elastic and shrinkage properties, as well as the nonlinearity of the desorption-induced shrinkage of coal.
[bookmark: _Toc159245080]Glossary
This glossary is a modification of that published in Best et al. (2014).
	Term
	Description

	Adsorption
	The adhesion in an extremely thin layer of molecules (as of gases, solutes or liquids) to the surfaces of solid bodies or liquids with which they are in contact.

	Anisotropy
	The directional dependence of a material property (e.g., vertical and horizontal permeability may be different).

	Aquifer
	A water-bearing geological unit.

	Aquitard
	A relatively low hydraulic conductivity geological unit.

	Associated water
	Water that exists naturally within coal seams and is generally rich in salts and other minerals.

	Biot coefficient
	The ratio of the volume of the fluid change divided by the change in bulk volume under the constraint that pore pressure remains constant.

	Cleats
	Cleats are fractures in coal created during coalification. They usually occur in two sets that are perpendicular to one another and perpendicular to bedding. The cleats in one direction form first and exhibit a high level of continuity. These are called ‘face cleats’. Cleats perpendicular to face cleats are called ‘butt cleats’.

	Coal measures
	Geological formations composed of thin-bedded claystones, shales, siltstones, lithic and sublithic to feldspathic arenites, coal seams and partings and minor limestone.

	Coal rank
	A classification system that distinguishes the physical and chemical properties of different qualities of coal (from peat, through lignite and bituminous coal, to anthracite). Higher-rank coals possess a higher sorptive capacity for methane gas, and tend to have higher carbon content and decreased moisture content and volatile matter.

	Coefficient of volume compressibility
	A measure of the compressibility of a material.

	Compaction
	In a geological context, the process by which geological strata under pressure reduce in thickness and porosity, and increase in density (see Compression).

	Compressibility
	A parameter that determines the potential for compaction. Compressibility is typically high for soft clays, intermediate for sands, low (but variable) for coals, very low for consolidated sedimentary rocks such as sandstones and mudstone, and extremely low for competent rocks such as granites and other intrusions.

	Compression
	A system of geomechanical forces or stresses that tend to decrease the volume of or shorten a substance, or the change of volume produced by such a system of forces. In the context of this report, compression is a result of both the shrinkage of the coal due to gas desorbing from the coal matrix, and geomechanical compression due to depressurisations associated with gas and groundwater extraction.

	Contingent resources (2c)
	Potentially recoverable amounts of petroleum resources in known accumulations that are not yet considered commercially recoverable due to one or more technical, commercial or other factors. 

	Conventional
	Conventional resources are concentrations of oil or gas that occur in discrete accumulations within rock formations that traditionally have high porosity and permeability and are found below impermeable rock formations. These resources are developed using vertical wellbores and minimal stimulation.

	Darcy’s law
	A constitutive equation that describes the flow of a fluid through a porous medium (e.g., groundwater through an aquifer).

	Depressurisation
	Reduction in ground pressures due to the removal of groundwater.

	Dewatering
	The removal or draining of groundwater by pumping.

	Drawdown
	Groundwater drawdown is the fall in the groundwater pressure (or groundwater table) from a pre-existing level.

	Dual porosity
	A feature of soil/rock whereby fluids may be present within the open fractures (which possess a certain storage capacity or ‘primary porosity’) and within porous matrix blocks (which possess a different storage capacity or ‘secondary porosity’). The secondary porosity is the principal conduit for flow and transport.

	Elastic
	The physical property of a material that returns to its original shape.

	Fick’s law
	Typically referring to Fick’s first law, a mathematical law that describes diffusion (the movement of a substance from regions of high concentration to regions of low concentration).

	Gas resource
	Defined by the internationally recognised Petroleum Resources Management System (PRMS) as those quantities of gas which are estimated, on a given date, to be potentially recoverable from known accumulations, but which are not currently considered to be commercially recoverable.

	Gas reserve
	Defined by the PRMS as those quantities of petroleum which are anticipated to be commercially recovered from known accumulations from a given date forward.

	Geological unit
	A volume of soil or rock of identifiable geological origin and age that is defined by distinctive and recognisable mineral and textural detail, physical characteristics, and (potentially) fossil content.

	Geomechanical
	Relating to the mechanics (movement/compression/expansion) of soils or rock.

	Gilgai
	From the Australian Aboriginal word meaning ‘small water hole’, a small, ephemeral lake formed from a depression in the soil surface in expanding clay soils. Additionally, the term gilgai is used to refer to the overall micro-relief in such areas.

	Heterogeneous
	Not uniform in composition or in a particular character.

	History matching 
	The process of changing parameter values in a model such that the simulated values are closer to historical, observed values of the system. The term is often used interchangeably with calibration, inverse modelling or parameter inference.

	Horizon
	A geological bedding surface where there is a change in lithology, or a layer with a characteristic lithology within a sequence of layers.

	Hydraulic conductivity
	A measure of the rate or velocity of groundwater flow through a material (such as soil/rock).

	Hydraulic fracturing
	A technique used to increase the permeability of geological strata in the vicinity of a coal seam gas well by injecting a fluid slurry into a well under pressure.

	Hydrogeological unit
	A geological unit that bears groundwater.

	Interbedded
	Occurring between beds of rock. Geological beds (rock layers) of one lithology lie in alternating layers with beds of another lithology.

	Knudsen number
	A dimensionless number defined as the ratio of the molecular mean free path length to a representative physical length scale (e.g., pore throat diameter), used to determine whether continuum mechanics or statistical mechanics should be used to model transport.

	Laminar flow
	A water flow regime characterised by the flow of parallel streamlines with no disruption (such as eddies, cross flow, swirling or pulsing flow) between these streamlines.

	Langmuir isotherm
	A physical relationship describing the mass or volume of a substance covering by adsorption to a solid surface in relation to gas pressure or substance concentration.

	Lithology
	A description/characterisation of the physical characteristics of a rock mass.

	Matrix (rock matrix)
	The finer grained mass of rock material in which larger grains/crystals are embedded.

	Modelling, analytical
	The use of closed-form mathematical solutions to directly to calculate, for example, subsidence as a function of material properties, boundary conditions, and loading.

	Modelling, numerical
	The use of numerical methods (e.g., finite element method) to discretise a set of governing equations (e.g., coupled fluid in and compaction of porous rocks) and solve them on a computer to calculate, for example, subsidence in situations that are too complex for analytical models.

	Overburden
	In coal seam gas/coal mining, the soil/rock that lies above the coal seam.

	Permeability
	The measure of the ability of a rock, soil or sediment to yield or transmit a fluid. The magnitude of permeability depends largely on the porosity and the interconnectivity of pores and spaces in the ground.

	Poisson’s ratio
	In solid mechanics, the measure of deformation of a material perpendicular to the direction of loading. Typically varies between 0 and 0.5.

	Pore (water) pressure
	The pressure of groundwater held within a soil or rock, in the space (pores) between soil/rock particles.

	Preferential flow
	Preferential flow refers to the uneven and often rapid and short-circuiting movement of water and solutes through porous media (typically soil) characterised by small regions of enhanced flux (such as faults, fractures or high permeability pathways) which contributes most of the flow, allowing much faster transport of a range of contaminants through that pathway.

	Recharge
	Groundwater recharge is the process whereby surface water (such as from rainfall runoff) percolates through the ground to the water table.

	Saturated flow
	Flow through a porous medium (such as soil or rock) in which the void space within the porous medium is entirely occupied by water (as opposed to water and gas).

	Sedimentary rock
	Rock formed by deposition of material at the Earth’s surface and within water bodies.

	Settlement
	The vertical, downward displacement of strata in response to compaction or removal of underlying strata.

	Sorption
	Physical/chemical process whereby one substance becomes attached to another.

	Strain
	A proportional change in length or volume of a mass.

	Stratum
	A layer of sedimentary rock or soil with distinctive characteristics that distinguish it from other layers (plural: strata).

	Subsidence
	Usually refers to vertical displacement of a point at or below the ground surface. However, the subsidence process actually includes both vertical and horizontal displacements. Subsidence is usually expressed in units of millimetres (mm) or metres (m).

	Two-phase flow
	Fluid flow characterised by the flow of two fluid phases (e.g., a liquid and a gas).

	Unconventional
	Unconventional resources are oil- or gas-bearing units where the permeability and porosity are typically low and/or the target hydrocarbons still exist within the host formation.

	Unsaturated flow
	Flow through a porous medium (such as soil or rock) in which the void space within the porous medium is occupied by both water and gas (rather than water only).

	Upstream operations
	In the context of oil and gas, this typically refers to activities related to exploration and extraction, as opposed to transport, refinery and other value-adding processes.

	Vertosol
	A vertosol is a soil type in which there is a high content of expansive clay minerals, many of them known as montmorillonite, that form deep cracks in drier seasons or years.

	Well
	Borehole in which casing (e.g., steel piping) has been placed to restrict connection to specific ground horizons/depths.

	Well field
	The area over which wells are distributed to extract groundwater and coal seam gas.

	Young’s modulus
	A measure of the stiffness of an elastic material. Also known as the elastic modulus.
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