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Potential to Induce Seismic and Aseismic Events and Aquifer Discontinuity 
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Abstract 

 

We review seismic hazard factors observed around the world resulting from mining coal seam 

methane by the process of ófrackingô. The process of fracturing coal and sediment strata then 

pumping large volumes of water out of the well reduces hydrostatic pressure in the seams, 

releasing more gas. This has potential to induce leakage of water from other aquifers into this 

zone, through existing or fracking-created-fissures in surrounding sediment layers. Fracking is 

a micro-seismic event, which can activate existing or create new geological faults to increase 

leakage of water and gas through them. The high pressures required for fracking create tension 

in sedimentary layers surrounding the well and these pressures can be transmitted over several 

kilometres and lead to concurrent micro-seismic or continuous aseismic ócreepô events, long 

after the initial activity. Globally, it is well recognised that fracking causes earthquakes. 

Changes in pressure in the sediment layers around mined coal seams also leads to subsidence 

of overlying strata and depletion of water in the aquifers, with irreversible drastic negative 

effects on farming. 

 

In our study area in Queensland, Australia, gas is extracted from the Walloon Coal Measures 

within the Surat Basin and Bandanna Coal Formation in the Bowen Basin, aquifers associated 

with the Great Artesian Basin. The Queensland Government stopped measuring seismic events 

in 1986. Geoscience Australia provides located earthquake data of Richter magnitudes Mb 

>3.5, meaning numerous more relevant smaller events are not recorded or located. óMaking 

goodô the effects of CSG mining, as required in Conduct and Compensation Agreements 

between mining companies and landholders, cannot be readily fulfilled. Tolerating ignorance 

of recognised seismic risk factors is a breach of the óprecautionary principleô, a policy 

commitment of the Queensland and Australian Governments since 1992 and abrogates their 

obligation to protect the public interest. 
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Introduction  

 

This review paper examines several aspects of the effects of CSG mining including an 

explanation of the geophysical processes, international outcomes, and the Queensland 

experience, under the following headings: 

 

Å Hydraulic Fracking and Aquifer Disruption 

Å Fracking Fluid, Contamination, Induced Flowback and Produced Water 

Å Fracking-induced Seismic and Aseismic Events 

Å Wastewater Injection-induced Seismic/Aseismic Events 

Å Effect of Fracking on Surface Conditions and Agriculture. 

 

It then assesses ñThe Impoverished State of Seismology in Queenslandò, a self-inflicted weak 

capacity of the Queensland Government to hold mining companies to account. The evidence 

presented is synthesised and implications for Queensland drawn in the Discussion and  

Conclusions. 

 

The review is preceded by a description of the study area, those portions of the Surat and Bowen 

Basins covered by the Surat Cumulative Management Area (CMA) (Geoscience Australia, 

2021a; GFCQ, 2022a, 2022b; OGIA, 2022a; Towler et al., 2016; Dart et al., 2022). The CMA 

is an administrative area encompassing c.327,000 ha of south-east and central Queensland 

(Figure 1B), much covered by extensive tracts of the arable cropping land of the Darling Downs 

in the south-eastern portion of the CMA, some designated officially as ógood quality 

agricultural landô and óstrategic cropping landô. 

 

Whereas Dart et al. (2022) focused on the aqueous compromises to the underlying strata, this 

paper deals primarily with the geophysical risks to the aquifers, the landscape and the 

geological strata underpinning the region. However, the range of threats to the agricultural and 

geological systems defy neat differentiation and a brief explanation of subsidence is included 

here. A very recent, comprehensive assessment of the effect of CSG mining and subsidence on 

Australian farms in the Surat Basin is provided by the EOS Data Analytics website (EOS, 

2023). 

 

Terms are explained in the glossary at Appendix 1 and a data set of earthquake epicentres 

surrounding the Surat Basin (1800-2021) is presented at Appendix 2. 
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The Study Area 

 

 
 

Figure 1A. Locality plan showing the Western Downs local government area and Curtis Is., 

the location of LNG and export facilities some 500km to north. (Source M. Espig, 2021) 
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Figure 1B. The Surat Cumulative Management Area. The greyed line is the outline of the 

Surat Basin, with the Clarence-Moreton Basin covering the portion just west of Toowoomba.  

 

The coal seam gas (CSG) extraction industry in Australia is currently concentrated in the Surat 

Cumulative Management Area in Queensland. The industry has generated large-scale 

community concern and protests. Concerns about leakage between aquifers, contamination of 

freshwater aquifers with salinised waters, unauthorised under-drilling of arable soils, land 

subsidence and the disposal of unwanted water associated with the extraction of gas, among 

other detriments, were explained in Dart et al. (2022). Community concern has led the 

Queensland Government to establish the Office of Groundwater Impact Assessment (OGIA, 

2022b) under the Water Act 2000, through the Gasfields Commission Act 2013 (GFCQ, 

2022aa), with several government departments as óstakeholdersô. The aim of the governing 

party, of both major persuasions, for many years has been ñco-existenceò. This article 

challenges the policy of co-existence. 
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The hydrology of the Surat Basin has been outlined in detail elsewhere (OGIA, 2016a, 2016b; 

Pandey et al., 2020; OGIA, 2019, 2021b, 2022a; Vink et al., 2020). The Walloon Coal 

Measures (see Appendix 1) are strata of consolidated sediments within the Surat Basin and 

consist of a series of up to 10 thin coal seams separated by low-permeability rock with the coal 

making up only a small proportion of the formation. The aquifers are considered to be part of 

the iconic Great Artesian Basin (GAB) aquifer (Monckton, 2018; Monckton et al., 2017) c.400 

to 700m thick lying at depths from the surface at the New Acland Coal Mine at Oakey down 

to 300m AHD depth near Cecil Plains (OGIA, 2016a).  Depressurising the Walloon seams by 

gas and water extraction leaves a hydrostatic pressure zone which potentiates water leakage 

from the aquifers above and below into this zone if there is a conduit. 

 

There are aquifers above the coal seams, such as Springbok and Condamine Alluvium, and 

below, such as Hutton Sandstone and Precipice, which may be separated from the Walloons by 

less pervious óaquitardsô (see Appendix 1) but with faults, anticlines and synclines running 

through them as potential sources of connectivity (e.g. Copley et al., 2017; Vink et al., 2020). 

Along with the hydrostatic pressure in the coal measures, the aquitards limit leakage from the 

aquifers into the Walloons (OGIA, 2021; 2022a).  

 

The Condamine Alluvium (CA) surface aquifer comprises a fluvial component ranging from 

16 to 77m deep (Dafny & Silburn, 2014). A low-permeability transition zone (<1 to 15m) of 

an undifferentiated clay layer at the base of the CA can operate as an aquitard. Immediately 

above the coal seams in places lies the Springbok Sandstone (OGIA, 2016a), also part of the 

GAB, which includes different classes of sandstone and is a hydrologically ñhighly variableò 

major aquifer which also ñat many locationsé has very low permeabilityò effectively acting 

as an aquitard (Gaede et al., 2020, p. 103). It occurs at depths of c.215 to 660m below the 

surface (Gaede et al., 2020).  

 

Hydraulic Fracking  and Aquifer Disruption  

 

Explanation of the Engineering Processes 

To increase the yield from a CSG well, the coal-bearing strata are often fractured by pumping 

proppant (usually sand and chemicals added in water to reduce friction and control microbial 

activity) into the well under very high pressure until the surrounding rock formation (especially 

coal) cracks or fractures along zones of weakness (Parliament of Australia, 2016; US EPA, 

2019). The proppant is carried into the fracture and holds it open once the treatment is complete 

and the external pressure is released. These fissures create a vastly increased surface area and 

numbers of openings into which the pores in the coal can release the gas and water previously 

locked in them by hydrostatic pressure. Pumping out the flowback water derived from the 

fracking injection and the water in the seam (óproduced waterô) reduces this hydrostatic 

pressure (Department of Environment and Science (DES), 2022a, 2022b, 2023; Department of 

Mines, Industry Regulation and Safety (DMIRS), 2022; Independent Expert Scientific 

Committee (IESC), 2014a & b; Gas Fields Commission Queensland (GFCQ), 2022b & c; 

Geoscience Australia, 2021a). 

 

Originally the gas wells were constructed as straight, steel-lined tubes (vertical wells) but then 

the new technique of deviated drilling allowed the wells to gradually bend to track the seam 

and run horizontally (horizontal wells) along the seam (US EPA, 2019). Arrow Energy 

proposes a variant, by drilling wells at an angle through the sedimentary layers with gas-

gathering holes drilled in the liner where it runs through each of the several coal layers (Arrow, 

2020). During fracking, gas-gathering holes are blown out of the steel casing by strategically 
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placed detonating charges while under high pressure exerted by pumps at the well head. Balls 

are used to block the casing and enable the holes to be produced at the specific location(s) of 

the seams. Higher pressures are then used to fracture the coal seam and open-up a fracture 

network (GFCQ, 2022b, c; DMIRS, 2022). The fractures run for up to 300m from the well and 

allow more gas to be extracted from an increased area and volume of the coal seam (Apte et 

al., 2020; IESC, 2014b; Jeffrey, 2012; Jeffrey et al., 2017).  This technique has been applied in 

the western parts of the Darling Downs, where grazing and annual crops are the norm, since 

about 2010 and in the Bowen Basin since around 1990 (Morales & Davidson, 1993). 

 

Coal is anisotropic because of the orientation of the cleats and while generally the horizontal 

permeability in the direction of the bedding plane (via óface cleatsô) is higher than the vertical 

permeability (via óbutt cleatsô), both can open to release gas and water. Further, while pumping- 

and fracking-induced fractures may be predominantly in the horizontal bedding plane of the 

face cleat, butt cleats can also open up, leading to more vertical channels (fractures) for the 

escape of the gas into strata and aquifers above and below the coal seam.  

 

International Experience 

Fracking during shale gas mining in the USA has been shown to induce channels for leakage 

into and from neighbouring aquifers, leading to contamination of potable water aquifers above 

the shale seams with methane and other non-gaseous compounds (Jackson et al., 2014; US 

EPA, 2016).  

 

Queensland Circumstances 

It seems likely that a similar process may occur with CSG mining in the Surat Basin (OGIA, 

2022a). If the vertical fractures from fracking events extend beyond the coal stratum such as 

the Walloon measures, they may induce leakage of gas into other sedimentary layers above 

such as the Springbok Sandstone aquifer and the Condamine Alluvium and below such as the 

Hutton Sandstone, if not constrained by an aquitard; and leakage of water from the aquifers 

above and below into the depressurised zone (OGIA, 2019b). Johnson (2018) discussed these 

possible outcomes for fracking coal and shale gas sources in the Cooper Basin. 

 

It is not necessary to frack to create risk. The production of a depressurised zone in the Walloon 

Coal Measures by CSG mining, with or without fracking, could also induce micro-seismic 

processes that either create new faults or activate existing fault zones through removal of fine 

material that clogs faults (Bao & Eaton, 2016; Moein et al., 2023; Schultz et al., 2020). There 

are many faults, already mapped in the parts of the Surat Basin licensed for gas extraction, 

particularly around the Cecil Plains to Dalby axis (OGIA, 2022a). 

 

Slumping into the depressurised zone can itself induce fissures in aquicludes and bedding 

planes above the CSG-targeted seams. If these fissures occur under a farm dam they may result 

in leaks which drain the dam (Li et al., 2021).  

 

Fracking Fluid, Contamination, Induced Flowback and Produced Water 

 

Explanation of the Engineering Processes 

The fracking fluid pumped into each horizontal well at each fracking site, in Australia currently 

estimated at up to 1.5 ML, contains a large suite of chemicals that act as lubricants and 

microbicides, dissolved in water (Mallants et al., 2018). This volume is likely to increase as 

more fracturing events are undertaken for each well, chasing elusive gas. Simply put, the more 

wells dug and fracked with an increase in the number of fracking events per well, the more the 
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volume of fracking liquid, produced water and fugitive emissions. The manner of disposing of 

this fluid material from up to 10 fracking events in the same well is problematic and contentious 

(Dart et al 2022). In the US the average number of events is around 16 but ñwells commonly 

have up to 30-40 frac stages nowò (Enverus, 2024).  

 

For a period of up to two months, much of the fluid used for the fracking, along with drilling 

mud and some liberated gas, flows up out of the wellhead as óflowbackô water. Thereafter the 

cracks in the coal opened up by the fracking additionally induce a release of gas and formation 

brines which flow out of the well after the flowback period. This óproduced waterô contains a 

wide range of chemicals which may include salt, BTEX (benzene, toluene, ethylbenzene and 

xylene, from a natural origin even if they are not used in the fracking fluid), a very wide range 

of polyaromatic hydrocarbons, polyphenols, n-alkanes, terpenes and other aromatic 

compounds along with radioactive materials, many of which have been shown to be toxic and 

carcinogenic (whether or not below the nominal safety threshold levels for drinking water) 

(Dart et al.; 2022; DES, 2018). This mixture flows to the well pad, where the fluid and muds 

are separated from the gas. The concentrations and composition of these compounds in the 

produced water vary with the coal seam (e.g. Apte et al., 2017; Emmons et al., 2021; Schinteie 

et al., 2018;). The volumes per well are significant, varying over the production cycle with an 

annual total of c.54GL/year over the more than 5000 wells (OGIA, 2022a)). Vented CSG and 

shale gas may contain BTEX and other volatile organic compounds (Leusch & Bartkow, 2010). 

Some gas is vented in the well completion or workover phase and during the fracking process 

(Day et al., 2017). Venting from the Kenya reverse-osmosis water treatment plant has been 

demonstrated by infrared photography; and flaring (burning off) also occurs from the water 

treatment plants (Dougall-Molliwell & Evans, 2020). It is not clear that flaring destroys all the 

toxic organic compounds or their products. 

 

International Experience 

In the USA, between 2011 and 2016, with the intensification of hydraulic fracking of shale for 

oil and gas, as each well has been drilled longer with an increased number of fracking events 

per well, volumes of fracking fluid increased by up to 770% and flowback and produced waters 

up to 550% per well. In the Eagle Ford region in Texas, flowback and produced water was up 

to 69.4ML per well, a 390% increase. Much of this fluid was highly saline and was disposed 

of through deep-injection wells (Kondash et al., 2018). 

 

In the USA, fracking of coal seams and especially shale seams can produce much more water 

(Kondash & Vengosh, 2015; Kondash et al., 2017; 2018; Scanlon et al., 2014) than the volumes 

reported in Australia. While significant amounts can be withdrawn from aquifers and later from 

gas-producing seams, in the overall industrial water cycle in the US this hydraulic fracking 

footprint was calculated in 2015 to be small and not an issue of concern except in areas of low 

water availability (US EPA, 2016). However, hydraulic fracking in the US has ramped up 

considerably since then and cases of seismic events and contamination from fracking and 

produced water spills are also increasing and potentially affecting drinking water (US EPA, 

2016; Enverus, 2024). 

 

Queensland Circumstances 

In the Surat Basin the amount of fracking fluid flowback water is expected to increase a great 

deal as more wells are drilled and more fracking events per well are undertaken to maximise 

gas extraction. It is usually stored in specially designed and constructed dams or above-ground 

tanks (Dart et al., 2022; DES, 2022b). The gas companies Santos and Origin are exploring 

ñmanaged aquifer rechargeò (MAR), injecting CSG co-produced fluids into saline aquifers or 
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aquifers which have been depleted of CSG or oil (Hayes et al., 2020; OGIA, 2022a). Since 

2015 Origin has reinjected 37,000 megalitres of treated, co-produced CSG water at two 

locations in the Precipice Sandstone aquifer of the Great Artesian Basin aquifer near Roma. 

The Precipice aquifer is accessed by water bores (Origin, 2022). 

 

Santos is also investigating a system for carbon capture and storage (CCS) by injecting liquid 

CO2 into aquifer voids which have been created by oil and gas extraction, near Moomba in the 

Coopers Basin (Readfearn, 2021; Santos, 2021). While Mallants et al. (2018, p. 280) outline 

pathways for ñpotential fluid migration pathways from Australian coal seamsò, they regard 

leakage into aquifers from coal seams as unlikely. Their optimism is contradicted by the 

failures of good practice reported in Dart et al. (2022). Fracturing and disposal of fracking 

fluids is very much a work in progress. 

 

Fracking-induced Seismic and Aseismic Events 

 

Explanation of Seismic Processes 

Earthquakes are more prone to occur in highly stressed geological conditions. An earthquake 

is a sudden slip along a geological line of weakness, resulting in a fault plane (measured by 

strike and dip or strike-slip) and in noticeable ground shaking, if near the earthôs surface. The 

deepest earthquakes occur at the earthôs mantle-core boundary, 600 km below surface. Global 

tectonic plate dynamic movements initiate them with build-up of dynamic stresses; eventually 

faults are rent asunder for fractions or hundreds of kilometres and observed as earthquakes. 

They are calibrated in magnitudes and become hazardous to both built structures and geological 

structures alike. Earthquakes are more prone to occur in highly stressed geological conditions. 

 

Recent research by Babaahmadi et al. (2019) shows that the causal stress of currently observed 

intraplate tectonic earthquakes in Queensland is neotectonic reactivation of pre-existing 

structures and is the result of a far field subduction process (ongoing and ever-present), 

primarily controlled by plate tectonic forces generated at the boundary of the Indo-Australian 

Plate. This recent study explains: 

 

Late Cenozoic intraplate contractional deformation in eastern Queensland is expressed 

by oblique reverse strike-slip faults, such as the North Pine and West Ipswich fault 

systems (NPFS and WIFS). éThese observations indicate that the intensity of 

Cenozoic contractional deformation increases toward the continental margins é 

explained by the occurrence of preexisting crustal weakness zones in continental 

margins, likely associated with late Mesozoic-early Cenozoic rift-related structures. 

éOur paper aligns these large geologically reactivated eastern Queensland fault 

systems with known earthquake epicentres from the past century (Rynn et al. 1987) 

showing that this late Cenozoic intraplate contractional deformation in eastern 

Queensland is currently an active neotectonic earthquake generator. (Babaahmadi et al., 

2019, p. 605, 615).  

 

Babaahmadi et al. (2019) define two deformational zones for eastern Australia that are of 

importance to research into Queensland earthquake hazards, because it explains where reported 

earthquakes are occurring and why. Referring to areas of strong Cenozoic deformation: 

 

 We suggest that these pre-existing marginal weakness zones were subjected to large-

displacement Cenozoic reactivation in response to horizontal far-field stresses 

transmitted from the plate boundaries ... Evidence for contractional deformation in the 
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Nagoorin Basin provides an insight into the intensity of late Cenozoic deformation in 

eastern Australia. Our observations indicate that the western margin of the Nagoorin 

Basin succession was displaced by a NNW-striking SW-dipping strike-slip reverse fault 

(Boynedale Fault) with a maximum vertical throw of c.900 m. This deformation likely 

occurred after late Oligocene-early Miocene time, in response to far field compressional 

stresses transmitted from collisional events at the Australian plate boundaries. 

(Babaahmadi et al., 2019, p. 615-616). 

 

Referring to areas of mild Cenozoic deformation: 

Similarly, contractional deformation in onshore basins, such as the Surat and Duaringa 

basins, and other parts of the Clarence-Moreton Basin is limited to mild partial 

inversion and reactivation of pre-existing faults, gentle folding and strike-slip reverse 

faults with minor displacement (e.g., < 100 m throw). (Babaahmadi et al., 2019, p. 614-

615).  

 

Babaahmadi et al. (2019) uniquely superimposed graphs of old geological faults on recent 

earthquake epicentres, though the data graphics used a limited set of felt earthquake epicentres 

from the combined data graphics of the limited felt earthquake isoseismal epicentres in the 

Geoscience Australia (GA) Atlas of Isoseismal Maps of Australian Earthquakes, part 2, 

developed by Rynn et al. (1987), and now made fully available from 1866 to 2007 in Bryan et 

al. (2022). They propose the following evidence for a reactivated tectonic scenario: 

 

1. Numerous large earthquakes (M >4) occurred in eastern Queensland, according to 

the catalogue of historically and instrumentally recorded intraplate earthquake 

epicentres since 1875 (Rynn et al., 1987). 

2. A relatively high density of these earthquakes occurred along major fault zones, 

such as the WIFS and NPFS. 

3. There is a possibility that these faults, including the Boynedale Fault and associated 

thrusts, are neotectonic reactivated pre-existing structures (Babaahmadi et al., p. 

614).  

 

Induced Seismicity 

An earthquake or micro-tremor occurs when natural tension in the bedrock is unpredictably 

overcome by forces greater than the frictional or buoyancy forces, thereby causing the rock 

masses to shear and move apart. That is what happens on a local scale during fracking and in 

response to disposal of fracking fluids by pumping underground (Atkinson et al., 2020; 

Gambolati & Teatini, 2015; Schultz, 2020). Fracking can also induce a fault plane slip leading 

to seismicity as observed in the UK when three fracking events in the Bowland Shale formation 

ñproduced levels ofé(induced)éseismicity of sufficient magnitude to be felt at the surfaceò 

leading the government to impose ña further indefinite moratorium on shale gas developmentò 

(Nantonoi et al., 2021, p. 1). A long fault slip will release seismic energy, transmitted in the 

form of shock waves. When they radiate out towards the surface, they are felt as vibrations. 

These signals can be detected on seismographs and accelerographs. Buildings respond 

according to their inherent natural resonant frequency. Such waves can crack and fracture 

beams and walls. Constantly felt by humans, they affect their tolerance and are perceived as a 

litigious social nuisance. 

 

Induced seismicity is a seismic reaction to a deliberate human activity, such as by building a 

dam over a geologically faulted substrate, collapsing an underground mine or hydraulic 
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pumping of liquid waste into the earthôs crust, as in disposal of fracking fluid, produced water 

or nuclear waste, triggering earthquakes as causal stress is released (Ellsworth, 2013; Ge & 

Saar, 2022; Geoscience Australia, 2021a; Yu et al., 2021)). A Special Section of the Bulletin 

of the Seismological Society of America was devoted to induced seismicity (Eyre et al., 2020; 

Savvadis et al., 2020: Wang et al., 2020). A recent review in Nature (Moein et al., 2023, p. 

847) outlines ñthe physical mechanisms of injection induced earthquakeséwhich include pore-

pressure diffusion, poroelastic coupling, thermoelastic stresses, earthquake interactions and 

seismic slip. éSome induced earthquake events tap into tectonic strain and lead to runaway 

ruptures.ò 

 

Existing fault zones may have many faults, after their creation by one or more earlier tectonic 

earthquakes, which grind and fill the faults with very fine rock flour that solidifies over time, 

essentially blocking flows of water and gas through them. The pumping of fluids into the well 

during fracking can re-lubricate the weakened strata near these fault zones and in the process 

mobilise the fine particles. This not only enables the movement of the water and gases (mainly 

methane and carbon dioxide) trapped in the rock (e.g. shale or coal), but also of the fine 

particles in the fault now held open a little by the sand in the fracking proppant. This fine-

particle movement lubricates the fault zone, enabling the mass movement of the earth, rock 

and coal around the fault zone, and a new plane of weakness fails (Igonin et al., 2022; 

Schoenball & Ellsworth, 2017). This movement may be evidenced by the detection of a seismic 

tremor or earthquake but is commonly unobserved. The stress energy released is distributed 

undiminished to other surrounding regional strata and fault zones. This process can be repeated, 

and swarms of earthquakes can be generated over a period of months (e.g. Igonin et al., 2022; 

Schoenball & Ellsworth, 2017; Schultz et al., 2018; Schultz et al., 2020). Fracking-caused 

fractures can vary widely in terms of distribution and distance propagated and can potentially 

result in induced seismic events several kilometres from the targeted fracking zone. 

 

Seismic events are accompanied by a release of energy. As the coal seams occur in relatively 

unconsolidated sediments, aseismic stress release without observable release of energy is also 

known and can result in large-scale creep movement stimulated by the fracking events 

(Bhattacharya et al., 2019). Creeping or óslowô earthquakes occur in nature as well (e.g., 

Cascadia quakes in Canada, Pearl & Staisch, 2021). 

 

International Experience 

Fracking is used to extract fluids from geological formations other than coal seams, such as 

oil-bearing shale in the USA and conventional natural gas and oil deposits held in porous 

reservoir formations under an impervious rock layer. 

 

The link between hydraulic fracking of shale for gas and oil, induced seismic activity and 

subsequent tectonic earthquakes and faults (many not previously documented), has been 

established by comprehensive studies of fracking in the Delaware Basin, Texas (Skoumal et 

al., 2019), Oklahoma (Skoumal et al., 2018) and Western Canada Sedimentary Basin (Eyre et 

al., 2022; Ghofrani et al., 2019). In Texas widespread public concern resulted in the 

establishment of the large data-gathering USArray program which documented earthquakes in 

more detail and allowed comprehensive studies of the links with fracking. Over fifty percent 

of the hydraulic fracking wells (28 wells) were associated with earthquakes, 1,191 with M 2.8 

or less, occurring up to 7 km from the well surface pad. In Oklahoma, 274 fracking wells were 

linked to ñbursts of seismicityò, likely to result from the induced ñporoelastic stressesò, with 

c.700 earthquakes with M Ó2.0 including 12 events with M 3.0-3.5. 
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Poroelastic stress refers to the strain in the rock constraining the contained pores and their 

induced pressure (usually fracking injection-based fluid pressure). The stress transfer results 

from the pressurised increase in the rock volume ñwhich can be sufficient to awaken/reactivate 

existing critically stressed fractures and faultsò (Moein et al., 2023, p. 851). Individual case 

examples of hydraulic fracking-induced seismicity have now been identified in Alberta (e.g., 

Wang et al., 2016), Arkansas (Yoon et al., 2017), British Columbia (e.g., PR Newsletter, 2012), 

California (Kanamori & Hauksson, 1992), China (e.g., Lei et al., 2017), England (Clarke et al., 

2014), Ohio (e.g., Skoumal et al., 2015), Oklahoma (e.g., Holland, 2013), Pennsylvania 

(Skoumal et al., 2018) and West Virginia (Skoumal et al., 2018). ñPore-pressure (induced) 

change is likely the primary mechanism for injection induced seismicity, and poroelastic 

coupling is the major mechanism of extraction-induced seismicityò (Moein et al., 2023, p. 853). 

 

A recent study (Zhou & Paulsson, 2022) used a novel geophone-based measurement method 

to show the transmission of pore pressure changes associated with well drilling for gas 

production from the Groningen reservoir in The Netherlands (Mutendam-Bos et al., 2022; 

Thienen-Visser & Breunese, 2015).. They showed that the pressure changes were related to 

pressure variations induced ñat a well drilling 4.5 km awayò with a 3.5 day delay. The pressure 

front was ñeffectively propagated over a long distanceò (Zhou & Paulsson, 2022, p.1). 

Increased leakage in aquifers resulting from low-frequency seismic waves that mobilise 

colloids in pores and are transmitted over long distances has been observed in a range of 

situations (e.g. Elkhoury et al., 2006; Manga, 2012; Roberts & Abdel-Fattah, 2009; Shi et al., 

2015; Shi et al., 2021).  

 

The fracking of two wells near Blackpool in the UK induced earthquakes (BGS, 2017) through 

fault reactivation (Davies et al 2013; Wilson et al., 2018) and led to banning of fracking recently 

reinstated by Prime Minister Rishi Sunak (Stallard, 2022). The British Geological Association 

in a comprehensive review for the UK Government on ñunderstanding of induced seismicity 

from hydraulic fracturingò, at the same time concluded ñIt is not possible to identify all faults 

that could host earthquakes with magnitudes of up to 3 prior to operations, even with the best 

available dataò (Baptie et al., 2022, p. 1 & p. 16). Foulger et al. (2018) document many more 

fault cases in the UK, USA and Canada. 

 

Fracking-induced earthquakes have gradually become so severe in several states in the USA, 

France, UK, and particularly The Netherlands, that such gas mining has been either banned or 

allowed only in specific places and to a very limited extent (Eck, 2006). Royal Dutch Shell, 

one of the two shareholders in Arrow Energy, was involved in the Netherlands situation. These 

companies are aware of the potential damage they could generate. The earthquakes in the 

Netherlands were also correlated with subsidence of ground by about 30 cm over a 350 square-

mile region and fault activation, causing an enormous insurance and rebuild cost to thousands 

of households, resulting in severe curtailment of production, due to have ended in 2022 

(Mutendam-Bos et al., 2022; Thienen-Visser & Breunese, 2015), with estimated ongoing costs 

of managing actual and potential subsidence and earthquake damage of US$4.8bn (Herrera-

Garcia et al., 2021).   

 

These seismic events are registered in the Centre for the Observation and Modelling of 

Earthquakes, Volcanoes and Tectonics (based in the UK) and the Human-induced Earthquake 

Database, HiQuake (http://inducedearthquakes.org/) (based at Durham University, UK), which 

holds records of more than 1235 human-induced seismic events worldwide). A third of these 

are due to fracking (Foulger et al., 2018; Wilson et al., 2018). Fracking was also used in 

http://inducedearthquakes.org/
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Switzerland where 340 earthquakes culminating in a Richter Mb ~3.5 event was linked to a 

geothermal project in which fracking fluid injection activated faults (Diehl et al., 2017). 

 

The locations of existing geological or potential faults are not easily discovered. The 

probability that a fracking operation will trigger a fault zone slip, where the friction holding 

the strata in place is released by the buoyancy forces of the hydraulic fracking pressure, has 

been demonstrated as: 

¶ a very close association (shale gas site) in Lancashire, England (Clarke et al., 2019); 

¶ up to 2% in Oklahoma (USGS, 2022); 

¶ a very close association in Alberta, Canada (Igonin et al., 2022); and 

¶ up to 1% in other locations (Schultz, 2020). 

 

This may seem like not many, but risk is a resultant of probability and severity; a single 

improbable event can cause immense damage. 

 

Australian and Queensland Circumstances 

Not only will fracking open new fractures in the rock layers, but sometimes the pressure 

activates an existing geological fault (eg. Schoenball & Ellsworth, 2017). This likely happened 

with Origin in their initial test drilling for shale methane gas in the Beetaloo sub-Basin 

conducted by Falcon at the Amungee NW-1H gas well. That drilling failed to frack beyond a 

casing deformation, apparently1 because a fault was activated distorting the deviated horizontal 

well casing so that it leaked proppant, preventing build-up of the pressure necessary to establish 

the fracking in the section of the pipe beyond the fault (Falcon, 2021; NT Fracking Inquiry, 

2018; Origin, 2017). Concerns about geological risks from shale gas production have been 

raised by the Australian Council of Learned Academies (ACOLA, 2013).  

 

While only a small number of fault activations may be generated during the fracking per se, as 

indicated in overseas data, in the Surat Basin there are currently about 8000 wells with about 

700 of these recorded as being fracked. Each vertical or directional well may cross several coal 

seams with fracking likely along each one. The Queensland Department of Environment and 

Science estimates that up to 40% of the 22,000 wells (around 8,800 wells) proposed to be 

drilled in the Surat Basin CMA will be fracked and notionally that would induce aseismic 

events through collateral fault activation (OGIA, 2022a). This will considerably multiply the 

geological hazard from the fracking. Only one of these needs to occur in a vulnerable location 

to cause a catastrophic accident. 

 

The potential for CSG extraction per se to re-activate faults is particular issue for the Hutton-

Wallumbilla fault near Roma and the Horrane fault near Cecil Plains which Arrowôs 

geophysical data (Viljoen et al., 2020) indicate is more ñlaterally extensive and segmented than 

previously mappedò (OGIA, 2022a, p.45). It is an issue because such reactivated faults can 

provide a conduit for aquifers above and below the coal seam to be contaminated from seam 

materials or after the depressurising of the seam with gas extraction, for leakage into the seam. 

Gas company-provided 2D and 3D geophysical survey data indicate a further ñ61 mappable 

faults and numerous fault intersectionsò in the Surat CMA, mainly at present in the Bowen 

Basin where most of the surveys have been conducted (OGIA, 2022a, p.47). Thirty-two faults 

are regarded as major and likely to affect the hydrological stability where they are found. There 

 
1 This attribution of a fault derives from a discussion with scientist Tony Ingraffea, the Dwight C. Baum 

Professor of Engineering at Cornell University, who was involved in developing the fracking process 

in conventional oil and gas extraction. 



 

13 

may well be more faults to be discovered in the Surat Basin. Elliott (1989) provided an earlier 

outline of the known faults and history of gas and oil production in the Surat CMA and this has 

recently been expanded by Copley et al. (2017). It remains to be proven that this faulted 

geology is not related to the tectonic activity discussed earlier (Babaahmadi et al., 2019) and 

recorded in Tables 1 & 2. 

 

The 40 km long Horrane fault, with a vertical displacement of 108 m, connects the Walloon 

Coal Measures to the Hutton Sandstone below (OGIA, 2022a, p. 48). The fault has a large, 

disturbed zone associated with it. Another fault that will potentially increase connectivity has 

been located near the Kenya East gas field between Chinchilla and Tara where the Springbok 

Sandstone aquifer is connected by the faults to the Walloon Coal Measures (OGIA, 2020, 

2022a).  

 

A recent review comprehensively documents the seismic hazards induced by geothermal 

fracking activity and reports abandonment of projects when seismic activity gets out of control 

and becomes hazardous (Mignan et al., 2021). Hydraulic fracking was used to fracture granite 

during geothermal energy exploration and development in the Innamincka geothermal mining 

venture by the Geodynamics Ltd consortium (>10,000 microtremors were recorded resulting 

in the closure of the project) (Budd, 2013; Soma et al., 2004; Ge & Saar, 2022). 

 

Wastewater Injection-induced Seismic/Aseismic Events 

 

Explanation of Engineering Processes 

The pressure that builds up through injection of water as a method of disposal is transmitted 

across the aquifer, but to varying degrees because this hydraulic pressure is not evenly 

distributed ï as a result of variable geological conditions. Managed aquifer injection has been 

shown to cause earthquakes in the US and the only public record in Australia of the process, 

by Origin outlined earlier, shows that its influence can extend over a long distance. Hence one 

cannot be sure of the effects of managed injection of produced water, or of CO2 as proposed 

further west in the Moomba CCS system by Santos ( https://www.santos.com/news/santos-

secures-moomba-carbon-capture-and-storage-finance-to-drive-decarbonisation/). 

 

International Experience 

Very large volumes of fracking fluid (up to 18 million litres per well in the US (API, 2021)), 

along with flowback and produced fluid after fracturing, are removed from the well so that the 

gas can escape from the seam and be captured for use. This contaminated fluid can be reused 

for the next fracturing event or disposed of as wastewater. In the US, for both shale gas and 

CSG, this is predominantly by reinjection into aquifers or the wells no longer producing 

commercial amounts of gas. 

 

Queensland Circumstances 

In Queensland, flowback and produced liquid firstly needs to be detoxified before the water 

can be conveyed to a final use or ñdumpingô locationò Storage of the large volumes prior to 

treatment is highly problematic. Then once treated according to the requirements of the Waste 

Reduction and Recycling Act 2011, through reverse osmosis (RO), (CSIRO-GISERA, 2018; 

GFCQ, 2022a; 2022b; 2022c; DES, 2022b) disposal of that water is also problematic because 

of the volumes, location of the RO plants and proximity of farmers wanting to use cleansed 

water for irrigation (Monckton, 2018; Monckton et al., 2017).) Water treated by RO can be 

more readily disposed of for irrigation or run into streams if regulations are changed to allow 

this. It is technically possible to pump the cleansed water or the residual brines back into the 
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depressurised zone in the coal seam after gas extraction has finished (with an energy penalty); 

or used in another round of fracking, usually in another well; or into other aquifers that are not 

used by landholders in the area of injection.  

 

It may be possible to óshandyô RO-purified water with less salty produced water before disposal 

by injection into aquifers so that the aquifers are not contaminated by returned fracking fluid 

chemicals. (Note: it is difficult to separate fracking fluid water which in Queensland is not 

supposed to contain BTEX, from produced water, but when water flows to the surface from 

the coal seam it will contain any BTEX/PAH (Poly Aromatic Hydrocarbons) contaminants in 

the seam water and now contained in the produced water. So, it matters little if the companies 

simply separate fracking fluid water from the produced water as they will both be 

compromised). To obviate this, Origin-managed recharge into the Precipice Sandstone aquifer 

injects óproduced waterô (see Appendix 1) decontaminated by RO and/or filtration. 

 

However, as discussed above, pumping wastewater into earth formations can be very 

problematic and in its turn lead to seismic activity and earthquakes. The pressure induced by 

the MAR at Reedy Creek propagates rapidly to Miles, more than 100 km away, inducing there 

a piezometric head of 4m. The MAR pressure is propagated across much of the northern Surat 

Basin and the ñin situ stresses and faulting exerts control on permeabilityò (Hayes et al., 2020, 

p. 175). The Hutton-Wallumbilla fault has an influence on the MAR-induced flow from the 

Precipice aquifer into Hutton Creek. The transmissivity of this MAR-induced pressure and 

hydraulic permeability is highly variable across the Precipice aquifer and isotropic (Hayes et 

al., 2020).  

 

In 2020 the MAR dataset covered a period not long enough to assess affects across the Surat 

Basin and its aquifers (Hayes et al., 2020). The values used in the Great Artesian Basin and 

Other Regional Aquifers Plan (Queensland Government, 2017) for regulating groundwater 

licences and the protection of springs are shown by the data and modelling of the MAR into 

the Precipice to be incorrect, in some cases by an order of magnitude, and this affects modelling 

of the response to extraction of CSG co-produced water (Hayes et al., 2020). Until a satisfactory 

solution to disposal of fracking fluid from other companies and locations is found, the fracking 

waste and the residual brine after RO is stored in many large dams, euphemistically called 

ponds (Dart et al., 2022), from which the prospects of soil and aquifer contamination are high 

(Apte et al., 2017; DES, 2022b; Leusch & Bartkow, 2010). Plastic dam-liner sheets, even if 

UV-stabilised, become brittle with age.. 

 

Opened-up fault zones (previously shattered lithology) may allow fluids to escape from the 

coal seam. Depressurising the underlying coal seam during mining by gas company Origin 

appears to have facilitated gas bubbling up to the surface into the Condamine River through 

existing and newly created fissures and faults in the impervious clayey strata above the coal 

seam and the sandy layer A above (CSIRO-GISERA, 2017a; Dafny & Silburn, 2013; Mudd, 

2012; Smee, 2023). The gas bubbling has increased over the past few years and now runs for 

50km with an increased intensity. Depressurising the Walloon Coal measures by water and gas 

extraction would produce more free gas which would migrate to existing and CSG-mining-

created fissures in the alluvium and to the soil surface (Lafleur & Sandiford, 2017). ñAquifer 

depressurization of CSG target formations may lead to greater gas transfer into the overlying 

or underlying formations, and nearby surface water zonesò (Atkins et al., 2015, p. 453). The 

river bubbling is just a visual manifestation of this phenomenon and it is likely that the CSG is 

escaping just as vigorously through much of the lands where mining occurs. While the 

Springbok Sandstone is an aquifer which might inhibit the rate of gas migration, the thickness 
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of the transition zone of undifferentiated clays at the base of the Condamine Alluvium which 

might also inhibit some gas movement varies across the landscape (OGIA, 2016a). 

 

Such fugitive emissions have been measured in the Surat Basin by surface measures of methane 

and have been attributed to CSG wells (Tait et al., 2013; CSIRO-GISERA, 2017a & b). Point 

sources of methane emissions can be detected with infrared cameras and recently by satellites 

which also include detectors, but more global aerial measures need to take into account grazing 

cattle and feedlot emissions (Luhar et al., 2020). Increasing sophistication in satellite imaging 

and measurement of aerial methane concentrations is addressing this with European Space 

Agency Trio of Sentinel satellites and Environmental Defense Funds MethaneSAT (European 

Space Agency 2023; Maguire 2024). 

 

Effect of Fracking on Surface Conditions and Agriculture  

 

Explanation of Geophysical Processes 

Subsidence (see Appendix 1) is the process of compaction of a structurally weakly supported, 

depressurised zone or void. It can occur after water is pumped out of aquifers or gas is pumped 

out of reservoirs (Eck et al., 2006; Holland, 2013; Mutendam-Bos et al., 2022). At first there 

may be a shift along a fault as energy is released, heard as an earthquake or micro-seismic 

event. Later settlement of the changed strata allows for slow subsidence. 

 

Underground mining such as for natural gas and CSG creates zones of reduced pressure that 

initiate collapses of the now more-weakly supported strata above and this ultimately can result 

in surface subsidence, as does long-wall mining for coal (Dominique et al., 2022; Herrera-

Garcia et al., 2022). ñSubsidence permanently reduces aquifer-system storage capacity, causes 

earth fissures, damages buildings and civil infrastructure, and increases flood susceptibility and 

riskò (Herrera-Garcia et al., 2021, p. 34). Purposely created, depressurised zones in the coal 

measures from which gas and water are being extracted can create induced fissures above the 

subsiding strata experiencing gravitational subsidence (Hernandez-Marin & Burbey, 2012; Li 

et al., 2021; Moein et al., 2023) and potentially a route for draining into this coal zone from 

aquifers above). Potentially a swarm of seismic events could occur as a consequence of a new 

geological fault, most likely in the same zone, as well as along faults previously created in 

geological time, as has occurred in Oklahoma when aquifers were reinjected with geo-

sequestered wastewater (e.g. Zhai et al., 2019). 

 

Queensland Circumstances 

West of Dalby, the Walloon Coal Measures approach the soil surface with little resistant, low-

porosity, confining material between the Condamine Alluvium and the coal (Hillier , 2010). 

The ñbounding low permeability alluvial sub-unitsò in the Kumbarilla Beds comprising 

Springbok and Gubberamunda Sandstone, siltstone and mudstone which lie below the 

Condamine Alluvium are of ñvariable spatial continuity and connectivityò to the coal measures 

(Dafny & Silburn, 2013, p. iii, p. 7; OGIA, 2016a, 2019a, 2019b). The recharge of the CA from 

the Condamine River is also variable, spatially and in percolation rate (Dafny & Silburn, 2013). 

Arrow has licences to prospect in this location and states it is not going to fracture the wells in 

their Surat Basin operating zone (Arrow, 2020). Instead, it is choosing to undertake directional 

under-drilling of paddocks. Establishing Conduct and Compensation Agreements with farmers 

whose fields are to be under-drilled is proving contentious, not least because of the manner of 

calculating the compensation for any damage done to aquifers by the CSG extraction. How this 

is to occur is unknown, as insurance companies have refused to insure against liabilities 

concerned with CSG mining activities, although the gas companies claim to be now self-



 

16 

insuring (AgForce, 2020; 2021; GFCQ, 2021; Nason, 2021). This gap in coverage presumably 

would apply to any ongoing nuisance and damage caused by induced earthquakes (Lynam & 

Vaggelas, 1998). 

 

A recent report using a newly developed method for measuring subsidence based on satellite 

measures of differences in gravity indicates that during the past decade in the Surat Basin there 

has been subsidence which cannot be ñexplained by elastic deformation induced by surface 

water storage variationsò (Pan et al., 2022, p. 1) and finds ñéthe significant land subsidence 

across the southern part of the Surat Basin in Queensland which is spatially consistent with the 

declining of storage of coal bed methane and groundwater... Typically, the land subsidence that 

results from groundwater extraction is mainly related to the poroelastic deformation of shallow 

sedimentsò (Pan et al., 2022, p. 9). 

 

Subsidence cannot be readily rectified, nor farmland productivity restored as aquifers recharge 

only slowly after being depleted by drainage and leakage. Subsidence caused by dewatering of 

aquifers causes uneven settlement of the land surface (e.g., Liu et al., 2022) and increases 

susceptibility to flood and erosion damage (Bagheri-Gavkosh et al., 2021; Herrera-Garcia et 

al., 2021). Subsidence has a drastic effect on farming operations especially as it is not 

necessarily even across the landscape and thereby can affect machinery movement into wet, 

subsided soil zones, and the flow of irrigation water. As explained in Dart et al., (2022), 

measurement of subsidence as reported by OGIA (2022a, 2022b) in continually cropped 

farmland based on use of Interferometric Synthetic Aperture Radar (InSAR), is not as accurate 

on a local scale as is needed to measure the dynamic surface changes over time. Very recent 

reassessments by the OGIA (2023) and Aghighi et al. (2023) indicated that subsidence in the 

Condamine Alluvium in the Surat Basin of c.120mm has occurred in places (OGIA, 2023) and 

the level of subsidence is increasing as more CSG mining is occurring.  

 

The Impoverished State of Seismology in Queensland and its Consequences 

 

In 2017, the then Queensland Minister for Natural Resources and Mines (Anthony Lynham) 

was quoted in the Queensland metropolitan newspaper The Courier Mail: 

 

ñThere has never been any problem with fracking in the Queensland coal seam gas 

industry, despite the practice being banned in Victoria and the industry crippled in NSW 

over environmental concerns.ò He said the geology and regulations in Queensland were 

very different from those in the US where fracking has been blamed for poisoning 

underground water. (Lynham, 2017, 21 March) 

 

What is known of the seismicity of the Surat Basin area? It is curious that the OGIA (2022a) 

makes little connection between drawdown of groundwater and the existence of fault systems 

movement with induced seismicity, except for the observation: 

 

Several local faults have sufficient displacement to place coal seams in the Walloon Coal 

Measures against the Springbok Sandstone and potentially increase connectivity ï one 

example is in the Kenya East gas field, located between Chinchilla and Tara, where 

analysis of groundwater data suggests increased connectivity caused by a fault (section 

5.6.2.2). (OGIA, 2022a,). 

 

Another research study using exploration seismic data (Gonzales et al., 2019, p. 63) makes a 

more pertinent comment: 
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The anomaly towards the east of the same line could be associated with reactivation of 

the Leichhardt fault that propagates near to the surface. Further south in seismic line C11-

03, a chaotic seismic pattern near the surface could be interpreted as strain, however it 

does not display roots through to the underlying units. 

 

There is evidence of real-time earthquake occurrence, possibly induced, but certainly 

reactivating of very old fault zones breaking the geological strata (IESC, 2014c; Weatherley 

and Garnett (2019, slide 9).  

 

There is a glaring need for a publicly documented seismic risk analysis. Weatherley and Garnett 

(2019, slide 9) summarised the paucity of data with a regional summary of the Surat Basinôs 

seismicity: 

 

Å approximately 16 ñearthquakesò recorded per year; 

Å 44 earthquakes recorded with M >3.5; 

Å seismograph installations primarily to the east of the Basin; 

Å higher seismicity regions are in the North-east Central Burnett region and in the 

South-east New England fold belt region; 

Å small magnitude 2< M <4 earthquakes have been reported ñfeltò throughout the Surat 

Basin region. 

 

Capacity devalued and lost 

The Queensland Government used to be quite aware of induced seismicity. It funded a seismic 

monitoring array in 1977 for the seismograph monitoring during the impoundment of the 

Wivenhoe Dam (Rynn & Webb, 1981, p. 2): 

 

The study of seismic activity in the vicinity of large dams, which includes both the 

natural activity of the region and any that may be induced by the existence of the dam, 

and its extension to an assessment of the seismic risk of such an area is a major aspect 

of seismological research in the world to-day. 

 

Seismology was established at the University of Queensland as early as 1935. In the 1980s, the 

Queensland Government set up and funded the Queensland University Advanced Centre for 

Earthquake Studies (QUAKES) which was a world leader in seismic modelling and global 

seismology, even installing the first supercomputer in Queensland. It modelled the risk of 

induced seismic activity associated with Wivenhoe Dam. Cost-cutting and State departmental 

uninterest caused the University of Queensland to dismantle the Universityôs 75-year-old 

(1935-2018) seismograph monitoring capacity, with the loss of their experienced staff ï 

computer analysts, geophysicists and seismologists ï and monitoring stations 

(http://www.quakes.uq.edu.au/)2. There is currently no official Queensland Government 

definitive database of historically catalogued earthquakes. The history of the QUAKES 

research filed in the Co-Ordinator Generalôs Department (Rynn & Webb, 1981) and 

Queensland Government grants and some of the data are now stored on the Queensland Science 

Network public website (https://scienceqld.org/all-resources/qld-seismology/). ( 

 

A catalogue of Queensland earthquakes (1866-2007) has also been retrieved and published by 

the Queensland Science Network under Creative Commons conditions (Lynam, 2020; Bryan 

 
2 Co-author Col Lynam declares an interest in that he was one of the seismologists affected. 

http://www.quakes.uq.edu.au/
https://scienceqld.org/all-resources/qld-seismology/
https://scienceqld.org/all-resources/qld-seismology/
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et al., 2022). This University of Queensland Seismograph Stations (UQSS) (legacy) working 

catalogue has a list of 178 located epicentres, for the same areal grid as shown in Figure 2, with 

a date range of 1891 to 2005. By way of comparison, in Appendix 2 we have extracted the 98 

known and located earthquake epicentres around the Surat Basin 1891-2021 with the spatial 

extent illustrated in Figures 1A and 2, obtained by searching the earthquake catalogue on 

Geoscience Australiaôs website (Geoscience Australia, 2022a, 2022b). This discrepancy, a 

difference of some 80 events, indicates the variability in earthquake catalogues, which reflects 

seismometer coverage. óNo seismic monitoring eventsô does not equate to óno earthquakesô. 

Weatherley & Garnett (2019) catalogued known tectonic earthquakes (c.3000) for Queensland 

from 1866-2018. About 60 tectonic earthquakes are detected per year in the Queensland region, 

with about 16 in the Surat Basin region.  

  

The UQSS catalogue contains a more detailed and thereby accurate picture of local Queensland 

earthquake history, using data obtained from the UQSS observatories and temporary field 

stations, than the Geoscience Australia catalogue which provides a catalogue of the located 

earthquake epicentres only above the level of Richter magnitude Mb=3.5 for which the 

Queensland Government pays. UQSS data was provided to both State and Federal 

governments. Many smaller earthquakes go unlocated for lack of seismograph sensors 

(Weatherley & Garnett, 2019). There are only three permanent seismographs in South-east 

Queensland and no program to use temporary seismographs to capture locally reported 

aftershock sequences. 

 

 

 
 

Figure 2. Located earthquake epicentres specific to the Surat Basin area, selected from the GA 

earthquake database (1891-2020) (Geosciences Australia, 2022a, 2022b). Dots indicate 

location and magnitude of the earthquakes. (See Appendix 2 for details of each earthquake dot 

in graphic). 

 

More specifically, while the Geoscience Australia earthquake catalogue lists two documented 

tectonic earthquakes for this Dalby area (Table 1), the UQSS catalogue lists 16 located 

earthquakes (see Table 2) in the same search grid used to search the GA catalogue. Table 1 

data are anecdotal felt data. Table 2 data are recorded on a seismograph(s). Similarly, closer 

location of seismograph stations enables calculation of epicentre depth. Of the 5 September 
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1991 óSt Georgeô earthquakes recorded by the UQSS catalogue (felt around Roma), the GA 

catalogue makes no mention. Bock (1993, p. 277-278) analyses their depth and says:  

 

Two earthquakes took place northeast of St George (Queensland) in September 1991, 

the first one (ML = 4.3) on Sept. 24, 0436 UTC, and the second one (ML = 4.0) on 

Sept. 28, 1505 UTCé The epicentral area of the St George earthquakes lies in the Surat 

Basin near Riverslea. Sediment thicknesses there are about 1.5 km (Petroleum 

Resources Assessment and Development Subprogram, 1990). This suggests that the St 

George earthquakes took place near the top of the basement underlying the basin 

sediments. 

 

This reaffirms the contention by Babaahmadi et al. (2019) that the Surat basin is undergoing 

constant neotectonic extensional stress from far field subduction processes.  

 

The simple inference is that more earthquake monitoring sites detect more earthquakes. 

Because geological research shows contractional deformation in onshore basins, such as the 

Surat and Duaringa basins, and other parts of the Clarence-Moreton Basin, and is limited to 

mild partial inversion and reactivation of pre-existing faults i.e. seismically active (Babaahmadi 

et al., 2018), we believe such natural hazard information should be utilised by the energy 

companies and made publicly available by the Queensland Government, in the interest of 

public infrastructure duty-of-care. 

Table 1. The only two earthquakes located near Dalby, Surat Basin as per the Geoscience 

Australia database (2022b) showing restricted detectability of the National Catalogue. 

 

Origin time (UTC)  Latitude Longitude Preferred 

magnitude 

Magnitude 

type 

Location 

1992-07-

05T23:30:42 

-26.932 151.312 0.8 ML Walkers Ck 

1984-04-

05T00:00:07 

-27.379 151.492 1 ML ? 

 

Table 2. In comparison to Table 1, 16 earthquakes located near Dalby, Surat Basin, are 

included in the UQSS observatory database (Lynam, 2020; Bryan et al., 2022). 
 

Origin time (UTC)  Latitude Longitude Preferred 

magnitude 

Magnitude 

type 

Location 

1977-09-05T22:31:57.71 -26.969 151.219 1.1 ML CHINCHILLA  

1980-08-12T02:02:32.98 -26.995 151.222 1.1 ML CHINCHILLA  

1985-07-29T00:29:00:00 -26.955 151.247 1.3 ML WALKERS CK 

1989-02-02T20:57:22.83 -26.575 151.036 1 ML CHINCHILLA  

1990-12-08T13:41:58.17 -26.381 150.724 2.5 ML CHINCHILLA  

1992-03-21T22:37:53.17 -26.609 150.895 1.8 ML CHINCHILLA  

1992-03-24T21:08:40.42 -26.503 150.944 1.6 ML CHINCHILLA  

1992-03-29T08:38:15.69 -26.497 150.974 1.1 ML CHINCHILLA  

1992-03-29T00:32:05.99 -26.526 151.024 1.4 ML CHINCHILLA  

1992-04-06T17:30:28.32 -26.505 151.093 1.1 ML CHINCHILLA  

1992-03-22T17:50:03.36 -26.595 151.11 0.9 ML CHINCHILLA  

1992-08-10T03:28:26.15 -26.671 151.075 0.3 ML WALKERS CK 

1992-10-04T03:01:53.54 -26.714 151.81 1.3 ML WALKERS CK 
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1993-01-08T15:27:43.53 -26.516 151.02 1.5 ML CHINCHILLA/  

TANSEY 

1994-05-14T16:08:57.84 -26.257 150.878 2.3 ML DALBY 

1995-02-01T18:33:52.41 -26.59 151.016 0.7 ML DALBY AREA 

 

From Table 2, it would appear that the UQSS earthquake database has been recording the 

Leichhardt-Burunga Fault movement (Gonzales et al., 2019), possibly moving over 20 years, 

though given the lack of seismographs this is speculative. The ñFault System is a major 

deformation feature of the Bowen and Surat Basinsò, occurring across a large distance which 

ñcan also create pathways for vertical migration of fluids into and between aquifersò (Copley 

et al., 2017, p. 66 & p. iii ). The spread of earthquake origin times (column 1) could include 

local blasting events within the permitted time of 00:00h to 06:00h GMT) but that leaves the 

other 11 events as possible local micro-earthquakes, for this one selected Dalby region area, 

within Figures 1A and 2. 

 

International Experience 

Should fracking cause a fault to become re-activated over a period of months with ensuing 

earthquake swarms (100s/day) proportional to the amount of hydraulic fracking being 

permitted, the internationally used ñTraffic Light Protocolsò (based on the magnitudes of the 

induced seismic events) require the operator to react and reduce production, at different red-

light thresholds of seismic magnitude, which may be measured down to as little as a Richter 

magnitude Mb=0.5, as in the UK (International Association of Oil and Gas Producers, 2017; 

Kendall et al., 2019). 

 

To mitigate induced seismicity, probabilistic seismic hazard analysis (PHSA), as specified in 

the Traffic Light Protocols, has been used to develop maps of the probability of earthquake 

triggering by underground hydraulic fracturing activities in Korea (Grigoli et al., 2018) and the 

UK (Schultz et al., 2023) and fluid injection-induced seismicity around geothermal wells in 

Iceland (Broccardo et al., 2020; Cao et al., 2022) and in the Netherlands (Schultz et al., 2022). 

ñFracture criticality, defined as the gradient of critical fluid pressure change to trigger 

seismicityò and ñfault slip susceptibilityò are defined as components of the risk (Cao et al., 

2022, p.1). The desirability of thorough PHSA analysis as a component of a broader, multi-

environmental systems risk analysis to assess the cumulative effects of CSG mining is 

inescapable. 

 

Queensland Circumstances 

In principle the Traffic Light Protocols could be invoked should fracking cause a fault to 

become re-activated over a period of months with ensuing earthquake swarms (100s/day) 

proportional to the amount of hydraulic fracking being permitted. There is no such option 

available in Queensland, as there is apparently no requirement for the contractor to do anything 

in the case of seismic events caused by the CSG and other mining operations. However 

Geoscience Australia intends to develop them for the Beetaloo Basin gas development 

((Shamsalsadati et al., 2021). 

 

The strong possibility of induced micro-tremors resulting from CSG mining will add a further 

annoyance factor for locals who experience this phenomenon. The southern Surat oil fields 

have likely experienced such induced events. Lynam and Vaggelas (1998; p. 81) raised this 

issue in a report to the Queensland Government, stating: 
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Rutledge et al. (1998) note that in the Whittier Narrows (USA) oil production area, 3237 

micro-earthquakes were detected by a down-well seismometer array but not one of these 

was detected by a nearby surface seismometer (similar to those used by QUAKES). 

Recently (8 August 1998), QUAKES received three felt reports of an event near Roma 

although no event was detected by the single-component AGSO seismometer at Roma. 

 

Oil exploration or artesian water bore production (Anon., 1954) may well have been a factor 

in the St George 1954 earthquake (magnitude ML 5.3) (Figure 3), felt over a wide area of the 

oil and gas basin near Roma (Rynn et al., 1987) and also with a swarm of earthquakes between 

June 1963 to December 1967 that were detected by QUAKES with magnitudes varying from 

ML 2 to ML 4.5 (Lynam, 2020). The area is now seismically active. Pre-instrumental location 

of the St. George earthquake of 19-September 1954 is shown in the isoseismal map based on 

the Modified Mercalli earthquake classification scale (Roman Numeral) (see Figure 4) derived 

by seismologists from felt intensity public reports (MM 1,2,3 etc.) over a wide area, indicating 

a shallow epicentre depth for an earthquake of such small magnitude. 
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Figure 3. Pre-instrumental location of St. George earthquake, 1954. (See Figure 4 and Rynn 

et al., 1987). 
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Figure 4. Explanatory information for the Modified Mercalli Map (Fig. 3) showing the 

gradation of felt intensity used in earthquake surveys of the public (Rynn et al., 1987). 
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The Roma-Brisbane gas pipeline (Australiaôs first major one) was constructed in 1969 and 

since then three others have been built from the Surat Management Area to Gladstone  (AGPA, 

2023; Queensland Government, 2023). The local Maranoa Regional Council has a disaster 

management plan but not for outcomes from a large (Mb >5) earthquake which might disrupt 

production pipelines carrying methane or cause a well-head fire, such as the massive Roma 

1908 oil drilling rig gas fire (Sinnamon, 2012).  

 

The previously quoted ministerial statement would seem to give an explanation as to why no 

competent risk of seismic hazard/earthquake analysis has been undertaken by government 

entities in Queensland. There is no proactive safety culture being enforced. This hazard risk 

scenario lends itself to resilience engineering management rather than the currently observed 

reactive or, euphemistically, óadaptiveô approach to resolving issues. . The nuclear power 

generation industry is a major contributor to proactive safety management processes. It 

demands that considerable effort be spent up front, at the cutting and conflicted edge of 

knowledge about the system, to think about what could possibly happen, to prepare appropriate 

responses, to allocate resources, and make contingency plans, not reactively scrambling to 

collect the evidence after a major failure. Hollnagel & Fujita (2013) and Hollnagel (2013) 

explain how basic principles of hazard assessment should operate to mitigate risk and 

undesirable outcomes. The CSG industry should be subject to similar proactive management. 

 

Reports of a gas explosion at an Arrow Energy wellhead at Nandi west of Dalby came to public 

attention via a television news broadcast (Channel 7, the 6pm news on 30 November 2022). 

Arrow responded and issued a statement to Channel 7 News stating that safety is their highest 

priority and that the company is undertaking a thorough investigation to understand how the 

event occurred. This is indicative of the lack of public disclosure of CSG óeventsô by 

companies, inhibiting public scrutiny. 

 

Discussion 

 

The reviews by the Queensland Audit Office (2020; 2022) indicate that there are major issues 

of concern about the governance of CSG activities. The Nandi explosion, and fires in forests 

where many wells are installed, while themselves not disasters, suggest four fundamental 

propositions: that adequate layered safety systems are not in place; that the companies need 

continual oversight by technically competent authorities; that monitoring must be continual 

and intensive; that the light-touch regulatory approach by the Queensland Government is 

reprehensible.  

 

The extraction of CSG is embedded in the interaction between four complex systems, each of 

which is vulnerable to predictable and unpredictable hazards: 

 

1. The dynamic earth and environmental system(s) (tectonics, hydrosphere 

(fluvial/groundwater), lithosphere (rock, soil, moisture), biosphere (cultivated, non-

cultivated) and technosphere (man-made structures). 

2. Resource harvesting systems (agriculture and hydrocarbon oil and gas). 

3. Government regulatory apparatus (operating in three tiers of governance) to 

anticipate/prevent conflict and enhance production. 

4. Human cognitive processes (leading to vulnerability to errors in all of 1-3 above). 
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These are very complex, multi-parameter systems that challenge any simplistic and fragmented 

governance regime that attempts to impose set-and-forget processes of control. Even the first 

ï the dynamic earth and environmental system ï the biophysical elements of which each 

individually conform to the laws of nature, has no collective data-analytic indices suitable for 

ñbig dataô modelling. The complexity of the interactions needs trans-disciplinary analysis 

through multilateral forums which do not yet exist in suitable format (Edwards, 2020). 

Considering the internationally documented safety and environmental hazards, applying the 

óprecautionary principleô is an engineering and ethical imperative as well as a policy obligation. 

The precautionary principle ñis a principle of public decision-making that requires decision-

makers in cases where there are óthreatsô of environmental or health harm not to use ólack of 

full scientific certaintyô as a reason for not taking measures to prevent such harmò (Fisher et 

al., 2006, p. 2). Simply put, where ñpotential adverse effects are not fully understood, the 

activities should not proceedò (Taylor & Hunter, 2018, p. 56). The principle is embedded in 

the National Strategy for Ecologically Sustainable Development that was adopted by the 

Commonwealth and States in 1992 and remains in force. 

 

A significant source of risk is low financial profitability. The yield of gas from CSG wells 

drilled into the Surat Basinôs Walloons and Bowen Basinôs measures has turned out to be less 

than predicted and, prior to the war-induced spike in international prices in 2022, was bordering 

on being uneconomic (Rystad Energy, 2019). This lower yield coupled with increasing demand 

will require an increasing number of wells to be drilled at a faster rate than initially planned, to 

supply the requirements of the three large multi-billion-dollar investments in the Curtis Island 

liquid natural gas (LNG) liquefaction plants which process gas for contracted export by the 

four major gas companies holding petroleum tenures ï QGC (now Shell); Arrow (joint 

Shell/PetroChina); APLNG (Origin Energy, ConocoPhillips and Sinopec); and Santos (with 

Petronas, Total, Kogas). Also, Senex planned to increase its footprint to supply east coast 

Australian businesses and supply gas to Origin. These óCSG companiesô are predicted to 

increase their use of hydraulic fracking to open up more coal seams to gas extraction, especially 

as demand and prices have increased in the early 2020s (DES 2022a). 

 

Several gas companies (e.g. Shell, Arrow, Origin, Santos) have had multi-billion dollar write-

downs on their books, partly as a result of reduced gas availability in each well and partly 

because of the consequent cost in real terms of increased drilling required to keep the gas 

flowing to Curtis Island (Macdonald-Smith, 2020; Mazengarb, 2020). The competition that no 

doubt the Queensland Government intended to foster by permitting parallel pipelines and plants 

has turned out not only to be what is known in economics as ódestructive competitionô with 

colossal opportunity cost through the waste of private investment capital (Sharkey, 2009); it 

has also obliged the companies to press their gas-producing infrastructure harder. Financial 

pressure of this kind bodes poorly for a risk-adverse safety culture, adequate compensation for 

landholders and adequate set-asides for post-exploitation remediation. The detrimental flow-

on consequences of the governmentôs adherence to textbook economic theory of competition 

are likely to be immense. 

 

The Surat CMA, where most of the coal seam gas mining is occurring, contains some of the 

most productive farming lands in Australia, being farmed using the latest conservation and 

precision agriculture methods (e.g. Dart et al., 2022); State of Queensland, 2022). The risk of 

compromising the agricultural productivity of the fertile soils of the Darling Downs has been 

recognised publicly for many years, as evidenced by the Protection of Prime Agricultural Land 

and Other Land from Coal Seam Gas Mining 2013 Bill (Queensland Parliament, 2013), a 

private memberôs bill which was opposed by the governing party and did not proceed. 
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The GasFields Commission was established as an independent statutory body to foster co-

existence of these industries which underpin Queenslandôs economy. The Regional Planning 

Interests Act 2014 was established to enable local communities, councils, and landholders to 

have more of a say in the way this co-existence operates but does not challenge co-existence. 

It is not clear that co-existence is even feasible. 

 

The feasibility of onshore natural gas, coal seam and shale gas production in Gippsland, 

Victoria, Australia was analysed for the Victorian Government (2015). The analysis explained 

how aquifer depressurisation from gas extraction may cause land subsidence and induced 

seismicity; and that fracturing ñmay have the unintended consequence of contaminating water 

supplyéif there was a change in the connection between a gas source and the relevant 

groundwater resourceò (Victorian Government, 2015, p. 10). The report resulted in a 

permanent moratorium on fracking and coal seam gas extraction in Victoria (Victorian 

Government, 2017) although in 2020 new regulations permitted the production of conventional 

natural gas, although by 2022 this had not yet started (Victorian Government, 2022). This 

stands in stark contrast with the lack of caution demonstrated in Queensland despite a 

precautionary report prepared for the Department of Mines and Energy in 2006 (Edwards, 

2006). A report to the New South Wales Government outlined similar concerns (Gibson & 

Sandiford, 2013). 

 

The Queensland Governmentôs uninterest in the hazard of induced earthquakes associated with 

CSG mining is inconsistent with the attention given to monitoring seismic activity associated 

with shale gas mining in the Northern Territory Beetaloo Basin by Geoscience Australia 

(2021b) who will install a seismic monitoring network in the Beetaloo Sub-basin region. This 

network will detect and locate natural seismic activity (i.e., earthquakes) in the area, as well as 

human-induced seismicity as a result of hydrocarbon extraction activities. This information 

will be used by Geoscience Australia, the public and other organisations to build knowledge 

about potential human-induced seismic activity in the region that may be associated with 

hydrocarbon extraction activities (Shamsalsadati et al., 2021). We believe such monitoring 

should now commence in Queensland.  

 

The Stateôs own hazard document for earthquakes (Queensland Government 2019, p. 28) 

states: 

Information available to researchers or disaster management practitioners is highly 

dependent on output from Commonwealth Agencies, with few research opportunities 

available in Queensland. As shown earlier in [its Figure 4], Queenslandôs seismic 

records show a bias towards areas of settlement activity and placement of State and 

national seismic monitoring sites. An increase in the coverage of seismic monitoring 

sites coupled with research conducted at the State level would provide a more 

comprehensive understanding of Queenslandôs earthquake potential and risk. 

 

The analysis in this paper does not exhaust the detrimental and collateral effects of this industry. 

Warranting further analysis, for example, are the distress to First Nations people through the 

assaults deep into the land profile and the permanent scars in the landscape that the industry is 

leaving; and fire hazard (Currell et al., 2022). A major-out-of-control fire occurred on 9 

September 2023 in the Kumbarilla and Dunmore State Forests resulting in evacuations of 

residents from the Tara area (Nolan & Windsor, 2023). Both forests have large numbers of 

CSG wells. 
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Conclusions 

 

The reluctance of the Queensland Government to heed warning signals, even such as these 

ones from sister governments interstate, let alone from independent scientists and civil society 

groups in Queensland, will magnify the current farming and wider communityôs exasperation 

as comprehensively articulated by Espig (2021). In hydrology, extensive public, scientific and 

departmental concerns were documented in an internal report (Edwards, 2006) that reinforced 

those concerns. In seismology, there has been a wilful run down in capacity to monitor in the 

level of detail necessary to understand the geological implications of allowing this industry to 

continue. 

 

The number of fracked wells per unit area in the Surat Basin is already large and scheduled to 

increase markedly over the next 20 to 30 years (OGIA, 2022a). The resultant cumulative, poro-

elastic stresses that will be induced have the potential to mobilise the material within the 

existing many faults, across the Basin, and provide a seepage conduit for draining the ground 

water from the aquifer(s) through which the faults run. Although fracking is designed to induce 

horizontal fractures along the coal seam it can also induce vertically oriented fractures (Davies 

et al., 2013) into other aquifers. 

 

No quantum of royalties received by the State or taxes (if any ï see Armistead et al., 2022) 

received by any level of government can compensate for the loss of productivity from fertile 

cropping soils or the permanent destruction of the integrity of aquifers yielding life-giving fresh 

water to the surface. This is without even considering the risk of a catastrophic fire or 

earthquake. 

 

We propose three initiatives for the Queensland and Commonwealth Governments, essential 

to making prudent decisions. First, they would institute a comprehensive program of gathering 

and publishing before-and-after information across a range of natural resource parameters. 

Second, as a condition of any authority to prospect, mining or petroleum licence or lease, or 

other statutory permit, the relevant Minister would oblige the companies to place online all 

relevant technical information on a continuous disclosure basis. Legislation is not required: 

Ministers would have an entitlement under common law (royal prerogative) to oblige 

applicants to provide whatever information is reasonably needed to administer the portfolio. 

Third, the two governments would systematically apply the precautionary principle to which 

they committed themselves in 1992. No greater evidence is required of the irreparable damage 

being done to the public interest than that already revealed in this paper and the extensive 

scientific literature on which it is based. 
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