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Abstract

We review seismic hazard factors observed around the world resulting from mining coal seam
methaneby the process ab f r a cTke pnogeds diractuiing coal and sediment strattaen

pumping large volumes ofvater out of the welteduces hydrostatic pressure in the sgam
releasing more gashis has potential to induce leakage of water from other aquifers into this
zone, through existing or frackirggeateefissures in surrounding sediment layers. Fracking is

a microseismic event, which can activate stiig 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 anddad to concurrent micceei smi ¢ or continuous aseis
after the initial activity.Globally, it is well recognised that fracking causesrthquakes
Changes in pressure in the sediment layers arouneldcoal seamsalsoleads to subsilence

of overlying strata and depletion of water in the aquifers, with irreversible drastic negative
effects on farming.

In our study are&n Queensland, Australigas is extracted from thW&alloon Coal Measures

within the Surat Basin and Bandanna Coal Formation in the Bowen Bgsiifiersassociated

with the Grea#rtesian BasinThe Queensland Government stopped measuring seismic events

in 1986. Geoscience Australia provides located earthquake d&elger magnitudes Mb

>3. 5, meaning numerous more relevamaking mal | e
goodd the effects of CSG mi mpems@ion Agreaemeants q U i I €
between mining companies and landholders, cannot be readily fulfilled. Tolerating ignorance

of recognised seismic risk fackor s a br each of the Oprecaut.
commitment of the Queensland and Australian Governments since 1992 andestihmgat

obligation toprotectthe public interest.
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Introduction

This reviewpaperexamines 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:

Hydraulic Fracking and Aquifer Disruption

Fracking Fluid, Contamination, Induced Flowback and Produced Water
Frackinginduced Seismic and Aseismic Events

Wastewater Injectioimduced Seismic/Aseismic Events

Effect of Fracking orSurface Conditions and Agriculture

Too oo oo Too o

It thenassesse8 T HngpoverishedSt at e of Sei s mol selgnflictedweaQu e en s |
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.

Thereview is preceded by a description of shedy aregthose portions of the Surat and Bowen

Basins coered bythe Surat Cumulative ManagemeAtrea (CMA) (Geoscience Australia,

2021a; GFCQ, 2022a, 2022b; OGIA, 2022a; Towler et al., 2016; Dart et al., ZBBZIMA

is anadministrative are@ncompaseg ¢.327,000 ha of soutbast and central Queensland

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

in the south-eastern portion of the CMA some designated officia
agricul tural |l andd and O6strategic cropping |

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 thrélagsagricultural 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 providadthe EOS Data Analytics website (EOS,
2023).

Terms are explained in the glossary at Appendix lsadata set ofarthquakeespicentres
surroundingthe Surat Basin (180@021)is presented at Appendix 2.



The Study Area
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Figure 1A. Locality plan showing the Western Downsal 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 Cumulate Management Aredal he geyedline is the outline of the
Surat Basin, with the Clarene®oreton Basin covering thportion justwest of Toowoomba

The coal seam gd€SG)extractionindustryin Australia is currently concentrated in the Surat
Cumulative Management Aremn Queensland The industry has generated larggeale
community concern and protests. Concerns alealkbige between aquifers, contamination of
freshwater aquifers witlsalinised waters,unauthorised undetrilling of arable soils, land
subsidencandthe disposal of unwanted water associated with the extraction camasg
other detriments, werexplainedin Dart et al. (2022) Community concerrhas led the
Queensland @vernment to establish the Office of Groundwater Impact Assessment (OGIA,
2022b) under th&Vater Act 2000 throughthe Gasfields Commission Act 201&FCQ,
2022aa), with several government department&siakeholdei® The aim of the governing
party, of both major persuasionfyr many yearsh a s b eexi sft cEhis cadide.
challenges the policy of eexistence.



The hydrology of the Surat Basin has been outlined in dedtaivherd OGIA, 201G, 2016b

Pandey et al., 2020; OGIA, 2019, 2021b, 2022a; Vink et al., 202®). Walloon Coal
Measures (se@ppendix ) are strataof consolidated sedimentgithin the Surat Basimand

consist of a series of up to 10 tlwoalseams separated by lgyermeability rock with the coal

making up only a small proportion of the formation. The aquifere@nsidered to bpart of

the iconic Great Artesian Bas{®AB) aquifer(Monckton, 2018Monckton et al.2017 c.400

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

to 300mAHD depthnear Cecil PlainfOGIA, 2016). 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 Adodium
below, such as Hutton Sandstone and Precipice, which may be separated from thes\WWalloon
less rvious6 a q u i t aAppendix ) pud with faults, anticlines and synclines running
through them as potential sources of connectity.Copley et al., 201;Aink et al., 2020).

Along with the hydrostatic pressure in the coal measures, the aquitards limit leakage from the
aquifers into the Wallo®(OGIA, 2021; 2022a).

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

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

an undifferentiatedlay layer at the base of the @an operate as amuatard. Immediately

above the coalemams in places lies the Springbok Sandstone (OGIA,&0aBo part of the

GAB, which includes different classes of sar
maj or aquifer which also fAat many | ocati onseé
as an aquitard (Gaede et, @020, p 103). It occurs at depths 6f215 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 doadring 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 surrougchick formation (especially

coal) cracks or fracturemlong zones of weakness (Parliament of Australia, 2016; US EPA,
2019).The proppant is carried into the fracture and holds it opee the treatment is complete

and the external pressure is relea3dukse 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 pressuRumping out the flowback water derived from the
fracking injection and the water in the se
pressurgDepartment of Environment and Science (DES), 2022a, 2022b, 2023; Department of
Mines, Industry Regulation and Safety (DMIRS), 2022; Independent Expert Scientific
Committee [ESC), 2014a& b; Gas Fields Commission Queensland (GFCQ), BRZ;
Geoscience Australia, 2021a).

Originally the gas wells wereonstructed as straight, stéi@led tubes (vertical wells) but then

the new technique afeviated 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
gatheringholes drilled in the liner where it runs through each of the several coal layers (Arrow,
2020). During fracking, gagathering holes arelown out of the steel casing by strategically



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 coarstamperup a fracture
network (GFCQ, 2022b, c; DMIRS, 2022Zhe fractures run for up to 380from the well and

allow more gas to be extracted from an increased area and volume of the coghpeaeat

al., 2020; IESC, 2014b; Jeffrey, 2012; Jeffreylet2®17). 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
permeability (via O0but t santwatet Budher, whikepumpingc an o
and frackinginduced 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 stratalaguifers 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 othergas®ous compounds (Jacksoralet 2014; US

EPA, 2016).

Queensland Grcumstances

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 sech as th
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 Gasper

It is not necessary to fratk create risk. The production of a depressurised zone in the Walloon
Coal Measures by CSG miningith or without fracking,could also induce micreeismic
processes that either create new faults or activate existingéagdsthrough removal of fine
material that clogs faulf@ao & Eaton, 2016; Moein et al., 2023; Schultz et al., 20P0¢re

are many faults, already mapped in the parts of the Surat Basin licensed for gas extraction,
particularly around the Cecil Plains Dalby axis (OGIA, 2022a)

Slumping into the depressurised zone can itself induce fissures in aquicludes and bedding
planes abeethe CSGtargeted seams. If these fissures occur under a farm damm#yegsult
in leaks which drain the dam (Li et,&021).

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 aup 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 elusiv&imgasy put, the more
wells dug and frackedith an increase in the number of fracking events per tielmore the



volume of fracking liquigdproduced water and fugitive emissioie 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) . Il n the US the average nur
haveupto3® 0 frac stages .nowo (Enverus, 2024)

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

mud and some | iberated gas, flows up out of
cracks in the coal opened up by the fracking additionally induekease of gas and formation
brines which flow out of the well after the

wide range of chemicals which may incluskdt, BTEX (benzene, toluene, ethylbenzene and
xylene, from a natural origin even if theyearot used in the fracking fluid), a very wide range

of polyaromatic hydrocarbons, polyphenols;alkanes, terpenes and other aromatic
compounds along with radioactive materials, many of which have been shown to be toxic and
carcinogenic (whether or not Ioev the nominalsafety threshold levels for drinking water)
(Dart et &; 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 watevary with the coal seam (e.g. Apte et al., 2EmMmons et al., 202B8chinteie

et al., 2018;). The volumes per well are significant, varying over the production cycle with an
annual total ot.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 revessenosis watetreatment plant has been
demonstrated by infrared photography; and flaring (burning off) also occurs from the water
treatment plantdfougaltMolliwell & Evans, 208). 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% anvddféck and produced waters

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

to 69.4ML per well, a 390% increase. Much of this fluid was highly saline and was disposed
of through deejinjection wells (Kondasket 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. {2&i#he volumes
reported in Australia. While significant amounts can be withdrawn from aquifers and later from
gasproducing seamsn the overall industrial water cycle in the W3s hydraulic fracking
footprintwas 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 faacking
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 watesxpected tincrease a great
dealas more wells are drilled and more fracking events peravelindertaken to maximise
gas extractionit is usually stored in specially designed and constructed dams orgtoonel
tanks Dart et al.,, 2022DES, 202b). The gas companies Santos and Origin are exploring
Amanaged aquMARY injecting €®Gaorprpducediyids into saline aquifers or



aquifers which have been depleted of CSG orlgdyes et al., 2020GIA, 2022a).Since

2015 Origin has reinjected 37,000 megalitres of treatmsproducedCSG 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
COeinto aquifer voids which have been created by oil and gas extraction, near Moomba in the
Coopers BasiifReadfearn, 2021; Santos, 2020hile Mallants et al. (2018. 280 outline

pat hways for fApotenti al fluid migration pat
leakage into aquifers from coal seams as unlikely. Their optimism is contradicted by the
failures of good practice reported in Dart et(@022). Fracturing and disposal of fracking

fluids is very much a work in progress.

Fracking-induced Seismic and Aseismic Events

Explanation of SeismicProcesses

Earthquakes are m®proneto occurin highly stressed geolagal conditions An earthquake

is a sudden slip along a geological line of weakness, resulting in a fault plane (measured by
strike and diporstrike | i p) and in noticeable ground shal
deepest eart hqguak es -carechoundary, 800 knt Helew sartagcetGhobatk ma n
tectonic plate dynamic movements initiate them with bupdof dynamic stresses; eventually

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

They are calibrated in magnitudes and become hazardous to both built structures and geological
structures alikeEarthquakes are more prone to occur in highly stressed geological conditions.

Recent research by Babaahmadi et al. (2019) stimtthe causal stress of currently observed
intraplate tectonic earthquakes Queenslands neotectonic reactivation of peisting
structures ands the result of a far field subduction process (ongoing and-mresent),
primarily controlled by plate tectonic forces generated at the boundary of théustialian
Plate. This recent studxplains:

Late Cenozoic intraplate contractional deformation in eastern Queensland is expressed
by oblique reverse strikglip faults, such as the North Pine and West Ipswiciit fa
systems ( NP F S Thase dbsewhtibnS )indicate& that the intensity of
Cenozoic contractional deformation increases toward the continental ma&rgins
explained by the occurrence of preexisting crustal weakness zones in continental
margins, likely associated with late Mesozesrly Caozoic riftrelated structures.

€ Our paper alignghese 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 activeotectonic earthquake genera{@abaahmadi et al.
2019, p. 605, 615).

Babaahmadi et al. (2019) define two deformational zones for eastern Australia that are of
importance toesearch into Queensland earthquake hazards, because it explainepdrtee
earthquakes are occurring and wReferring to eeas of strong Cenozoic deformation

We suggest that these prristing marginal weakness zones were subjected to-large
displacement Cenozoic reactivation in response to horizontdiefdr stresses
transmitted from the plate boundarie€vidence for contractional deformation in the



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 NBiviking SW-dipping strikeslip reverse fault
(Boynedale Fault) with a maximum vertical thromod00 m. This deformation likely
occurred after late Oligocergarly Miocene time, in response to far field compressional
stresses transmitted from collisional events at the Australian plate boundaries
(Babaahmadi et al2019, p. 61516).

Referring to aeas of mild Cenozoic deformation

Similarly, contractional deformation in onshore basins, such as the Surat and Duaringa
basins, and other parts of the ClareMmmeton Basin is limited to mild partial
inversion and reactivation of pexisting faults, gentle folding and strisép reverg

faults with minor disfacement (e.g., <100 m throwBabaahmadi et a2019, p614

615).

Babaahmadi et al. (2019) uniquely superimpogeaphs ofold 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 AustraligGA) 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 foreactivated tectonic scenario:

1. Numerous large earthquakes §M) occurred in eastern Queensland, according to
the catalogue of historically and instrumentally recorded intraplate earthquake
epicentrs since 1875 (Rynn et al.987).

2. A relatively high density of these earthquakes occurred along major tendsz
such as the WIFS and NPFS.

3. There is gpossibility that these faults, including the Boynedale Fault and associated
thrusts, are neotectonic reactivated-gxesting structure¢Babaahmadi et al., p.
614).

Induced Seismicity

An earthquake or micreemor 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 songlérakcking and in
response to disposal of fracking fluids by pumping undergrdékinson et al., 2020;
Gambolati & Teatini, 2015; Schultz, 2026yacking can also induce a fault plane slip leading

to seismicity asbservedn the UKwhen three frackingvents in th@&owland Sha formation
Aproduced | evedesi omiédiithfduafedy €f fi ci ent magni
|l eading the government to i mpose fia further
(Nantonoi et al.2021, p. 1) A long fault slip will release seismic energy, transmitted in the

form of shockwaves. 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 thir 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 seismicitys aseismicreaction to a deliberate human activity, such as by building a
dam over a geologically faulted substratellapsng an underground mine or hydraulic



pumping of Iiquid waste into t hgprodugedtvated s cr u
or nuclear waste, triggering earthquakes as causal stress is rélEdsadrth, 2013; Ge &

Saar, 2022; Geoscience Australia, 2021aet al., 2021))A Special Sectiomof the Bulletin

of the Seismologic&@ociety of Americavas devoted tonducedseismicity (Eyre et al., 2020;

Savvadis et al., 2020: Wang et al., 2020). A recent revieMature (Moein et al., 2023, p.

847) outlines Athe physical mechani sms- of 1in
pressure diffusion, poroelastic coupling, thermoelastic stresses, earthquake interactions and
seismic slip. € So me tamirdoutectenic steia antd keap doaunavaye v e n t

ruptures. o

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.pUimeping of fluids into the well

during fracking can réubricate 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) tragp@ 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 arouh the fault zone, and a new plane of weakness (aisnin et al., 2022;
Schoenball & Ellsworth, 2017This 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 procbesag@atd,

and swarms of earthquakes can be generated over a period of feogtihgonin et al., 2022;
Schoenball & Ellsworth, 2017; Schultz et al., 2018; Schultz et al., 2G28¢kingcause
fracturescanvary 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 e dlie coal seams occur in relatively
unconsolidated sedimentseismicstress releasgithout observable release of energy is also
known and carresult in largescale creep movement stimulated by the fracking events
(Bhattacharya et al., 2019Cr eepi ng or 0sl owd earthquakes
Cascadia quakes in Canada, Pearl & Staisch, 2021).

International Experience

Fracking is used to extract fluids from geological formatiotiger than coal seamsiich as
oil-bearing shale in the USA armbnventional 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 (nmamypreviously documented), héeen
established by comprehensive studies of fracking in the Delaware Basin, Texas (Skoumal et
al., 2019), Oklahoma (Skoumal et al., 2018) and Western Canada SedimentarERaset

al.,, 2022; Ghofrani et al., 2019)n Texas widespread public concern resulted in the
establishment of the large dagathering USArray program which docanted earthquakes in

more detail and allowed comprehensive studies of the links with fradRiwey. 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 pa@klahoma, 274 fracking wells were

' inked to fibur st s otffronsteeiindurtedigorotlastic stredsaswite | v t o
c700 earthquakes with M 023% including 12 ev

10



Poroelastic stressefers to the strain in the rock &training the contained pores and their

induced pressur@usually fracking injectiorbased fluid pressure). The stress transfer results
from the pressurised increase in the rock vo
existing critically stressed fr dndividualease and |
examples of hydraulic frackirgduced seismicity have now been identified in Alberta (e.g.,

Wang et al., 2016), Arkansas (Yoon et al., 2017), British Columbia R&RdNewsletter 2012),

California (Kanamori & Hauksson, 1992), China (e.g.,dtal., 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).cpressure (induced)

change is likely the primary mechanism for injection induced seismicity, and poroelastic
coupling is the major mechanism of extractiomduced sei smi ci tyo. (Moei |

A recent study (Zhou & Paulsson, 2022) used a novel geogiasezl measurement method

to show the transmission of pore pressure changes associated with well drilling for gas
production from the Groningen reservoir in The NetherlaiMistendamBos et al., 2022;
ThienenVisser & Breunese, 20)5 They showed that the pressure changes were related to
pressure variations induced fdaytelag. Theeressuredr i | |
frontwasief f ecti vely propagated o wlsson 2022, lpdng di s
Increased leakage in aquifers resulting from -fosquency 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 & Afstdtah, 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 28IWilson et al., 2018) and led to banning of frackiagently
reinstatedy Prime MinisteiRishi Sunak(Stallard,2022. The British Geological Association

in a comprehensive review fordlJK Govenment onfunderstandingf induced seismicity

from hydraulicfracturingd, at the same timeoncludedilt is not possible to identify all faults

that could host earthquakes with magnésidf up to 3 prior to operations, even with the best
available data(Bapie et al, 2022,p. 1 & p. 16). Foulger et al. (2018) document many more
fault cases in the UK, USA and Canada.

Frackinginduced earthquakes have gradually become so severe in several states in the USA,
France, UK and particularly The Netherlandbat 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 award the potential damage they could generate. The earthquakes in the
Netherlands were also correlated with subsidenceafrgl by about 30 cm over a 350 square

mile regionand fault activationcausing an enormous insurance and rebuild cost to thousands
of households, resulting in sevecartailmentof production, due to have ended in 2022
(MutendamBos et al., 2022; Thieneviisser & Breunese, 2015)ith estimated ongoing costs

of managing actual and potential subsidence and earthquake damage of U@&3drBima

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 Hhonaed Earthquake
Database, HiQuakgttp://inducedearthquakes.oy(ased at Durham University, UK), which
holds records of more than 1235 hunrmatiuced seismic events worldwide). A third of these

are due to frackingFoulger et al., 2018; Wilson et al., 2018yacking wasalso usedin
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Switzerland where 340 earthquakes culminating in a Richter Mb ~3.5 eastinked to a
geothermal projedh which frackingfluid injection activagdfaults (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 hydraaking pressure, has
been demonstrated as:

1 a very close association (shale gas site) in Lancashire, England (Clark@ @t %)
1 up to 2% in Oklahoma (USGS, 2022)
1 a very close association in Alberta, Canada (Igonin et al., 288@)

1 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
activatesan existing geological fauleg. Schoenball & Ellsworth, 201 7)his likely happened

with Origin in their initial test drilling for shale methane gas in the BeetaloeBssin
conducted by Falcon at the Amungee NW gas well. That drilling failed to fradkeyond a
casing deformatiorapparently because a fault was activated distarthe deviated horizontal

well casing so that it leaked proppant, preventing budaf the pressure necessary to establish
the fracking in the section of the pipe beyond the f@dicon, 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 fraekisg as
indicated in overseas daia 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 preits)sedto 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 considerablyiply 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 extractigrer seto re-activate faults iparticular issudor the Hutton

Wallumbilla fault near Roma anthe Hor r ane f aul t near Ceci l f
geophysical at a ( Vil joen et al., 2020) indicate 1is
previousl y mappp4boltisad BdueAhecausd 2ich aeactivated 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 seamgaishextraction, for leakage into the seam.

Gas companyprovided 2D and 3eophysicas ur vey data i ndicate a f
faults and numerous faul't i ntersectionso 1in
Basin where most of the surveyave beermonducted OGIA, 2022a, p.4) Thirty-two faults

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

I 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.
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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 SMAtand this has
recently beerexpandedby Copley et al(2017) It remains to be proven th#tis faulted
geology is not related to thiectonic activity discussed earlier (Babaahmadi et al., 281@)
recorded infables 1& 2.

The 40 km long Horrane fault, with a vertical displacement of 108 m, connects the Walloon
Coal Measures to the Hutton Sandstone bdlo@IA, 2022a, p48). 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 fatdt the Walloon Coal Measures (OGI1202Q

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 (Migretral, 2021).Hydraulic frackingwasused to fracture granite
during geothermal energy exploration and developnmetite Innamincka geothermal mining
venture bythe Geodynamics Ltd consortiugpn10,000 microtremorsvererecordedresulting

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

Wastewater Injection-induced Seismic/AseismicEvents

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
distributedi as a result of variable geological conditions. Managed aquojéstion has been

shown to cause earthquakes in the US and the only public record in Australia of the, process
by Originoutlined earlier, shows thasitnfluencecan extend over a long distance. Hence one
cannot be sure of the effects of managed injection of produced water, or as@@oposed

further west in the Moomba CCS system by Safktb&ps//www.santos.com/news/santos
securesmoombacarboncaptureandstoragefinanceto-drive-decarbonisation/

International Experience

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

along withflowback and produced fluid after fracturiraye 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 byinjection into aquifers or the wells no longer proidg
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 useforu mp i n g 60 Storage af the large volumes prior to
treatment is highly problematic. Then once treated according to the requirementgVaistee
Reduction and Recycling Act 20through reverse osmosis (RO), (CSHEISERA, 2018;
GFCQ, 2022a; 2022 202z; DES, 202B) disposal of that water is also problematic because
of the volumes, location of the RO plants and proximityaniers wanting to useleansed

water for irrigation (Monckton, 2018; Monckton et al., 201)7/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 puntpe cleansedavateror the residual brinelsackinto the
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depressurised zone in the coal seam after gas extraction has fiwsthegh 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 teshandpRO-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 wateshich in Queenslands not
supposed to contain BTEXrom produced watehut whenwater flows to the surface from

the coal seant will containany BTEX/PAH (Poly Aromatic Hydrocarbongpntaminants in
theseam wateandnow contained irthe produced water. Sib matters little if the companies
simply separate fracking fluid water from the produced water as they will both be
compromised)To obviate this, Origirmanaged recharge into the Precipice Sandstone aquifer
injects@roducedvateb(seeAppendix ) decontaminated bRRO 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 earthquakespressure induced by

the MAR at Reedy Creek propagates rapidly to Mihesre tharl00 km away, inducing there

a piezometric head of 4m. The MAR pressure is propagated across much of the northern Surat
Basin and thdin situstresses and faultirekertscontrolon per meabi | i t29,0 ( Hay
p. 175) The HuttorWallumbilla fault has an influence dhe MAR-induced flow fromthe

Precipice aquifer into Hutton Creekhe transmissivity of this MARnhduced pressure and

hydraulic permeability is highly variable across the Precipice aquifer and isofrtayes et

al., 2020)

In 2020 the MAR datasevereda period not long enough to assess affects across the Surat
Basin and its aquifers (Hayes et, @020). The values used in tl&eat Artesian Basin and
Other Regional Aquifers Pla(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 theresponse to extraction of CR2G-producedvater (Hayes et al., 2020Until a satisfactory
solution to disposal of fracking fluid from other companies and locations is found, the fracking
wasteand the residual brenafter ROis stored in many large damsuphemistically alled

ponds (Dart et al., 2022), from whitie prospectof soil and aquifer contamination are high
(Apte et al., 2017; DES, 2022b; Leusch & Bartkow, 2010). Plasticloeensheets, even if
UV-stabilised, become brittle with age..

Openedup 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 CondawgnéhFough
existing and newly created fissures and faults in the impenrdaysy strata above the coal
seamand the sandy layer A abo{€SIRO-GISERA, 2017a; Dafny & Silburn, 2013; Mudd,
2012; Smee, 2023T.he gas bubbling has increaseeer thepastfew yearsand now runs for

50km with an increased intensifyepressusing the Walloon Coal measures by water and gas
extractionwould produce more free gas which would migrate to exigsmiCSGmining-
createdfissures in thalluvium and to the soil surfaggafleur & Sandiford, 2017)iAquifer
depressurization of CSG target formations may lead to greater gas transfer into the overlying
or underlying formations, and nearby surface water zZofhtkins et al, 2015, p.453). The

river bubbling is just a&isual manifestation of this phenonmrandit is likely that the CSG is
escaping just as vigorously throughuch of thelands wheremining occus. While the
Springbok Sandstone is an aquifer which might inhibi¢ rate of gas migration, thieicknes

14



of thetransition zone ofindifferentiated clayat the base of the Condamine Alluviumhich
might alsoinhibit some gas movemenaries across the landscg@GIA, 2016).

Such fugitive emissions have beapasured in the SurBasinby surface measure$ methane
andhave beemttributed to CSG wellfTait et al, 2013 CSIROGISERA, 2017a & b). Point
sourcedf methane emissioreanbe detected with infrared came@sdrecently bysatellites

which also includeletectors, but morglobalaerialmeasureseed to takinto accoungrazing

cattle andeedlot emissionéLuhar 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 Agecy 2023; Maguire2024).

Effect of Fracking on Surface Conditions and Agriculture

Explanation of Geophysical Processes

SubsidencéseeAppendix J is the process of compactionastructurally weakly supported
depressurised zone woid. It canoccurafter water is pumped out of aquifers or gas is pumped
out of reservoirs (Eck et al., 2006; Holland, 2013; Mutendsas et al., 2022)At first there
may be a shift along a fault as energy is released, heard as an earthquake-seismGm
event. Later settlement of the changeédtatallows for slow subsidence

Underground mining such as for natural gasiCSG creates zones of reduced pressure that
initiate collapses of the now meveeakly supported strata above and this ultimatatyresult

in surface subsidencas does longvall mining for coal (Dominique et al., 2022; Herrera
Garcia et al ., 2022). ASu-Bbystendstomage eaparie/rcanses e nt |
earth fissures, damages buildings and civil infrastructure, and increases flood susceptibility and
ri sko -Gafcearetrae202a, 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 gravitaabsubsidence (Hernand®farin & 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 seisméwents 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 @didlier, 2010)

The fibounding low perreability alluvial subunitd in the KumbarillaBeds comprising
Springbok and Gubberamund&andstone, siltstone and mudstonbich lie below the
Condamine Alluviumare offivariable spatial continuitgnd connectivityto thecoal measures
(Dafny & Silburn, 2013 p.iii, p. 7; OGIA, 2016, 201%, 20191. The rechargef the CAfrom

the Condamine River is alsariable spatially andn percolation rat¢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
undekrdrilling of paddocks. Establishing Conduct and Consad¢ion Agreements with farmers
whose fields are to be underilled 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 cldma tow sel
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insuring (AgForce, 2020; 2021; GFCQ, 2021; Nason, 2021). This gap in copeezgenably
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 thaing the pst decade in the Surat Basin there
hasbeers ubsi dence which cannot be fAexplained b\
water storage var i alt)i oannsdo f(iPnadns efté tahle ,s i2g0n2i2f,
across the southern part of the Surat Basin in Queensland which is spatially consistent with the
declining ofstorage otoal bed methanend groundwater. Typically, the land subsidence that

results from groundwater extraction is mainly related to the poroelastic deformation of shallow
sedi mentso (PHYn et al ., 2022, p.

Subsidence cannot be readily rectified, nor farmlandymiddty restored as aquiferscharge

only slowly after being deleted by drainage and leakagibsidence caused by dewatering of
aquifers causes uneveettlement of théand surface (g., Liu et al., 2022) and increases
susceptibility to flood and erosion damage (Bag@avkosh et al., 2021; Herrearcia et

al., 2021). Subsidence has a drastic effect on farming operations especially as it is not
necessarily even across the landscapetlagietly can affect machery movement into wet,
subsidedsoil zones, and the flow of irrigation wateks explained inDart et al.,(2022),
measurement of subsidence as reportedOIBIA (2022a 2022) in continually cropped
farmland based on use of Interferometric Synthetic Aperture Radar (INSAR), is not as accurate
on a local scale as needed to measure the dynamic surface changes oveMamerecent
reasgssnents by the OGIA2023) and Aghighi et al. (2023pdicatedthat subsidenci the
Condamine Alluvium in the Surat Basifhc.120mm has occurred in pladg€GIA, 2023 and

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

The Impoverished State of Seismology in Queensldrand its Consequences

In 2017, the then Queensland Minister for Natural Resources and Mines (Anthony Lynham)
was quoted in the Queensland metropolitan newspdpeCourier Mail

AThere has never been any problem with f
industry, despite the practice being banned in Victoria and the industry crippled in NSW
over environmental concerns. o0 He said the
very different from those in the US where fracking has been blamed for poisoning
underground watefLynham, 2017, 21 March)

What is known of the seismicity of the SuBssin area™ is curious that the OGIA20223)
makes little connection between drawdown of groundwatettanekistence of fault systems
movemenwith 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 conriectngty
example is in the Kenya East gas field, located between Chinchilla and Tara, wher
analysis of groundwater data suggests increased connectivity caused by(sedtah
5.6.2.2. (OGIA, 20223).

Another research study using exploration seismic data (Gonzales201#8, 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 Leictlhardt fault that propagates near to the surface. Further south in seismic line C11
03, achaotic 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 redme earthquake occurrence, possibly induced, but certainly
reactivaing of very old faultzonesbreaking thegeological stratdIESC, 2014c; Weatherley
and Garnett (2019, slide.9)

There is a glaring need for a publicly documented seismic risk an&lesatherley and Garnett
(2019 slide 9 summarised the paucity of data with a regional summary dsdinat Basid s
seismicity:

A approximately 16 fAearthquakeso recorded
44 earthquakes recorded with M >3.5

seismograph installations primarily to teast of the Basin

higher seismicity regionsre inthe North-eastCentral Burnett region and in the
South-eastNew England fold belt regign

snallmagnitude2#M<4 eart hquakes have been report
Basin region.

To o To Do

Capacity devalued and lost

The Queensland Government used to be quite aware of induced seisnfigitgietfa seismic
monitoring array in 1977 for theeismographmonitoring during the impoundment of the
Wivenhoe Dan{Rynn& Webb, 1981, p2):

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 appajor a

of seismological research in the worldday.

Seismology was established at the University of Queensland as early ak188%980s, 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 Queenslamdodelledthe risk of
induced seismic activitgssociated witWivenhoeDam Costcutting and State departmental

uni nterest caused the University 7xytarolQueens|
(19352018) seismographmonitoring capacity, with the loss of their experienced staff
computer analysts, geophysicists and seismologists and monitoring stations
(http://www.quakes.ug.edu.dfl/ There is currentlyno official Queensland Government
definitive database of historically catalogued earthquakes. The history of the QUAKES
researchfiled in the CeOr di nat or Gener al &sWehlb,el®&lyahdme nt
QueenslanGovernmengrants and some of the data are now stored on the Queensland Science
Network public websitéhttps://scienceqld.org/atesources/glkseismology). (

A catalogue of Queensland earthquakes (1B8%&/) haslsobeenretrieved angbublished by
the Queensland Science Netwankder Creative Commons conditioflsynam, 2020; Bryan

2 Co-author Col Lynam declares an interest in that he was one of the seismologists affected.
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et al., D22). This Wiversity of Queenslandeismograph StationdJQSS)(legacy) working
catalogue has a list of 178 located epicentres, for the same areal grid as dhigwreid with

a date range of 1891 to 20y way of comparison, il\ppendix 2we have extracted the 98
known andlocatedearthquake epicentres around the Surat Basin-2821with the spatal
extentillustratedin Figures 1A and 2, obtainedby searching the earthquake catalogue on
Geoscience Australiads we b202d).erhis(diScecpasaya e n c e
difference of some 80 evenisdicates the variability in earthquake catalogudsich reflects
seismometer coveragéNo seismic monitoringgevent® does not equate o earthquakés
Weatherley& Garnett (2019) catalogued known tectonic earthquak&8Qq0) for Queensland

from 18662018. 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 historyysing data obtained from the UQSS observatories and temporary field
stations, than the Geasnce Australia catalogue whighrovides a catalogue of the located
earthquake epicentresnly 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 seismogramdorse
(Weatherley& Garnett, 2019). There are only three permanent seismographs ireastth
Queensland and no program to use temporary seismographs to capture locally reported
aftershock sequences.

Lon: 147.76, Lat:

Figure 2. Located arthquake epicentres specificttee Surat Basirarea, selected from the GA
earthquake database (182D20) (Geosciences Australia, 20222022). Dots indicate
location and magnitude of the earthquak@&eeAppendix Zor 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
earthquakessgeTable 2) in the same search grid used to search the GA catal@hle 1
dataareanecdotal felt datarable 2 datarerecorded on a seismograph(S)milarly, closer
location of seismograph stations enaldakulation ofepicentre depthOf the 5 September

18



1991 &5t Georgé earthquakes recorded liye UQSS catalogue (felt around Romtje GA
cataloguemakesno mention. Bok (1998, p. 277278 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, THekgpicbntrdldrea éf the St George earthquakes lies in the Surat
Basin nearRiverslea. 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. (2@1# the Surat basin is undergoing
constant neotectonic extensional stress fronfiééa 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 ClaMaston Basinand is limited to

mild partial inversion and reactivation of pegisting faults i.e. seismically active (Batanadi

et al., 2018)we believe such natural hazard information should be utilised by the energy
companies andnade publicly available by the Queearsii Government, in the interest of
public infrastructure dutpf-care.

Table 1 The only two earthquakes located near Dalby, Surat Basin as per the Geoscience
Australia database (2022b) showing restricted detectabilith@National Catalogue.

Origin time (UTC) Latitude | Longitude | Preferred | Magnitude | Location
magnitude | type

199207- -26.932 | 151.312 | 0.8 ML Walkers Ck
05T23:30:42

198404 -27.379 | 151492 |1 ML ?
05T00:00:07

Table 2.In comparison to Table 116 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 | Location
magnitude | type

197709-05T22:31:57.71 | -26.969 | 151.219 1.1 ML CHINCHILLA
198008-12T02:02:32.98 | -26.995 | 151.222 1.1 ML CHINCHILLA
198507-29T00:29:00:00 | -26.955 | 151.247 1.3 ML WALKERS CK
198902-02T20:57:22.83 | -26.575 | 151.036 1 ML CHINCHILLA
199012-08T13:41:58.17 | -26.381 | 150.724 2.5 ML CHINCHILLA
199203-21T22:37:53.17 | -26.609 | 150.895 1.8 ML CHINCHILLA
199203-24T721:08:40.42 | -26.503 | 150.944 1.6 ML CHINCHILLA
199203-29T08:38:15.69 | -26.497 | 150.974 1.1 ML CHINCHILLA
199203-29T00:32:05.99 | -26.526 | 151.024 1.4 ML CHINCHILLA
199204-06T17:30:28.32 | -26.505 | 151.093 1.1 ML CHINCHILLA
199203-22T17:50:03.36 | -26.595 | 151.11 0.9 ML CHINCHILLA
199208-10T03:28:26.15 | -26.671 | 151.075 0.3 ML WALKERS CK
199210-04T03:01:53.54 | -26.714 | 151.81 1.3 ML WALKERS CK
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199301-08T15:27:43.53 | -26.516 | 151.02 15 ML CHINCHILLA/
TANSEY

199405-14T716:08:57.84 | -26.257 | 150.878 2.3 ML DALBY

199502-01T18:33:52.41 | -26.59 151.016 0.7 ML DALBY AREA

From Table 2,tiwould appear that the UQSfrthquakedatabase has been recording the
LeichhardtBurungaFaultmovement{Gonzalest al, 2019), possibly moving over 20 years,
though given the lack of seismographs this is speculafifie.fiFault Systemis a major
deformation featuref the Bowen and Surat Bastp®ccurringacrossa large distancehich

fi ¢ a n create pathways for verticaligration of fluids into and between aquife{€opley

et al., 2017p. 66 & p.iii). The spread oéarthquakeorigin times (column 1) could include
local blastingeventswithin the permitted timeof 00:00h to 06:00h GMT) but that leaves the
other 11 events as possible local mieaythquakes, for this one seleci2alby region area,
within Figures 1A and2.

International Experience

Should fracking cause a fault to becomectvated over a period of months with ensuing
earthquake swarms (100s/day) proportional to the amount of hydraulic fracking being
permitted, the internationally usadgsofither af f i c
induced seismic events) require the operator to react and reduce production, at déterent

light thresholdsof seismicmagnitude which may bemeasured down tas little as a Richter

magnitude Mb=0.5, as in tHéK (International Associationf Oil and Gas Producers, 2017;

Kendall et al., 2019)

To mitigate induced seismicity, probabilistic seismic hazard analysis (PHS#p)eeasiedin

the Traffic Light Protocols, has been used to develop maps of the probability of earthquake
triggering by undergrounllydraulic fracturingactivitiesin Korea(Grigoli et al., 2018andthe

UK (Schultzet al, 2023 andfluid injectionrinduced seismicity around geothermal wells in

Iceland Broccara et al., 2020Cao et al., 2022and in the NetherlandS¢hultz et al 2022).
AFracture criti gmdenttof criticall Bufd ipressute chamge tohtreggger
seismicityo and 0 éaradefinedssdmpgnents af she aggdoietbal.,| i t y O
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 theTraffic Light Protocols could be invoked should fracking cause a fault to
become reactivated over a period of months with ensuing earthquake swarms (100s/day)
proportional to the amount of hydraulic fracking being permitidtereis no such option
available in Queensland, as therapparentlyno requirementor the contractoto do anything

in the caseof seismic events caused by the CSG and other mining operationgver
Geoscience Australia intends to develop them for the Beetaloo Basindevelopment
((Shamsaladati et al., 2021).

The strong possibility of induced micteemors 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 (188;rpised 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 davetl 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 siegimponent AGSO seismometer at Roma.

Oil explorationor artesian water borggroduction(Anon., 1954)may well have been 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 etl#187) 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 acfreinstrumental location

of the St. Georgearthquakef 19-Septembefl954is show in the soseismal map based on

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

by seismologists from felt intensipublic reports (MM 1,2,3 etfrover a wide area, indicating

a shallow epicentre depth fan earthquake auch small magnitude.
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ISOSEISMAL MAP OF THE ST GEORGE EARTHQUAKE, QUEENSLAND,

19 SEPTEMBER 1954
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Figure 3. Preinstrumental location of St. Georgarthquake 1954 (See Figure 4 and Rynn

et al, 1987)
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APPENDIX 2: MODIFIED MERCALLI (MM) SCALE OF EARTHQUAKE
INTENSITY

(New Zealand version, 1965, after Eiby, 1966)

MM 1 Not felt by humans, except in especially Masonry C. Loose brickwork and tiles
favourable circumstances, but birds and dislodged. Unbraced parapets and archi-
animals may be disturbed. Reported tectural ornaments may fall. Stone walls
mainly from the upper floors of buildings cracked. Weak chimneys broken, usually
more than ten storeys high. Dizziness or at the roof-line. Domestic water tanks
nausea may be experienced. Branches of burst. Concrete irrigation ditches dam-
trees, chandeliers, doors, and other sus- aged. Waves seen on ponds and lakes.
pended systems of long natural period Water made turbid by stirred-up mud.
may be seen to move slowly. Water in Small slips, and caving-in of sand and
ponds, lakes, reservoirs, etc., may be set gravel banks.
into seiche oscillation. MM VIII  Alarm may approach panic. Steering of

MM II Felt by a few persons at rest indoors, motorcars affected. Masonry C damaged,
especially by those on upper floors or with partial collapse. Masonry B damaged
otherwise favourably placed. The long- in some cases. Masonry A undamaged.
period effects listed under MM T may be Chimneys, factory stacks, monuments,
more noticeable. towers, and elevated tanks twisted or

MM 111 Felt indoors, but not identified as an brought down. Panel walls thrown out of
earthquake by everyone. Vibrations may frame structures. Some brick veneers
be likened to the passing of light traffic. damaged. Decayed wooden piles broken.
It may be possible to estimate the dura- Frame houses not secured to the founda-
tion, but not the direction. Hanging ob- tion may move. Cracks appear on steep
jects may swing slightly. Standing motor- slopes and in wet ground. Landslips in
cars may rock slightly. roadside cuttings and unsupported exca-

MM 1V Generally noticed indoors, but not out- vations. Some tree branches may be
side. Very light sleepers may be awakened. broken off.

Vibration may be likened to the passing MM IX General panic. Masonry D destroyed.
of heavy traffic, or to the jolt of a heavy Masonry C heavily damaged, sometimes
object falling or striking the building. collapsing completely. Masonry B
Walls and frame of building are heard to seriously damaged. Frame structures
creak. Doors and windows rattle. Glass- racked and distorted. Damage to founda-
ware and crockery rattles. Liquids in open tions general. Frame houses not secured
vessels may be slightly disturbed. Stand- to the foundations shifted off. Brick veneer
ing motorcars may rock, and the shock fall and expose frames. Cracking of the
can be felt by their occupants. ground conspicuous. Minor damage to

MM V Generally felt outside, and by almost paths and roadways. Sand and mud
everyone indoors. Most sleepers awakened. ejected in alluviated areas, with the for-
A few people frightened. Direction of mo- mation of earthquake fountains and sand
tion can be estimated. Small unstable ob- craters. Underground pipes broken.
jects are displaced or upset. Some glass- Serious damage to reservoirs.
ware and crockery may be broken. Some MM X Most masonry structures destroyed, to-
windows cracked. A few earthware toilet gether with their foundations. Some well-
fixtures cracked. Hanging pictures move. built wooden buildings and bridges
Doors and shutters swing. Pendulum seriously damaged. Dams, dykes, and em-
clocks stop, start, or change rate. bankments seriously damaged. Railway

MM VI Felt by all. People and animals alarmed. lines slightly bent. Cement and asphalt
Many run outside. Difficulty experienced roads and pavements badly cracked or
in walking steadily. Slight damage to thrown into waves. Large landslides on
Masonry D. Some plaster cracks or falls. river banks and steep coasts. Sand and
Isolated cases of chimney damage. Win- mud on beaches and flat land moved hori-
dows, glassware, and crockery broken. zontally. Large and spectacular sand and
Objects fall from shelves, and pictures mud fountains. Water from rivers, lakes,
from walls. Heavy furniture moved. Un- and canals thrown up on the banks.
stable furniture overturned. Small church MM XI Wooden frame structures destroyed. Great
and school bells ring. Trees and bushes damage to railway lines. Great damage to
shake, or are heard to rustle. Loose underground pipes.
material may be dislodged from existing MM XII Damage virtually total. Practically all
slips, talus slopes, or shingle slides. works of construction destroyed or greatly

MM VII General alarm. Difficulty experienced in damaged. Large rock masses displaced.

standing. Noticed by drivers of motorcars.
Trees and bushes strongly shaken. Large
bells ring. Masonry D cracked and dam-
aged. A few instances of damage to

Lines of slight and level distorted. Visible
wave-motion of the ground surface re-
ported. Objects thrown upwards into the
air.

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 RomaBr i sbane gas pi ped&adrang wagoanstsuttedanl 1068 ansl  f |
since then three others have been built from the Surat Management Area to Gléd&BAe

2023 Queensland Governmer2023).The local Maranoa Regional Council has a disaster
management ph but not for outcomes from a large (Mb >5) earthquake which might disrupt
production pipelines carrying methane or cause a-hesd fire, such as the massive Roma
1908 oil drilling rig gas fire$innamon, 2012

The previously quoted ministerial statemem@uld seem t@ive 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 erggnng management rather than the currently observed
reactive or, euphemisticallyadaptivé approach to resolving issuesThe 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 tednéage of
knowledge about the system, to think about what could possibly happen, to prepare appropriate
responses, to allocate resourcasd make contingency plans, not reactively scrambling to
collect the evidence after a major failutéollnagel & Fujita (2013) and Hollnagel (2013)

explain how basic principles of hazard assessment should operate to mitigate risk and
undesirable outcomeshe CSG industry should be subject to similar proactive management.

Reports of a gas explosion at an Arrow Energy wellhe&thati west of Dalbgame to public
attentionvia a television news broadcast (Channel 7, the 6pm news on 30 November 2022)
Arrow respondecndissued atatement to Channel 7 Newtating that afety is thei highest
priority andthat the company igndertaking a thorough investigation to understand how the
event occurredThis is indicative of the lack of public disclosure of C®€&vent$ by
companiesinhibiting 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 activilié® Nandi explosiorand fires in forests

where many wells are installedihile themseles not disastes, suggestfour 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 th&ght-touch regulatoryapproach 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) andechnospherémanmade structures).

2. Resource harvestingsystems(agriculture andhydrocarbon oil and gas).

3. Government regulatory apparatus (operating in three tiers of governance) to
anticipate/prevent conflict and enhance production.

4. Human cognitive processegleading to vulnerability to erroiis all of 1-3 above).
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These are very complex, mufiarameter systems that challenge any simplistic and fragmented
governance regime that attempts to impssandforget processes of control. Even thiest

T the dynamic earth and environmental systénthe biophysical elements of which each
individually conform to the laws of nature,41ao collective datanalytic indices suitable for
fibigdat ad mohd edmplexity gof the interactions needs trdisiplinary analysis

through multilateral forums which do not yet exist in suitable format (Edwards, 2020).
Considering the internationally documented safety and environmental hazards, applying the
(precautionary principlis an engineering and ethical imperative as well as a pdiiayation

The precautionary principléii s a pr i nci p |l-neaking that pequbels decisiod e c i s i

makers in cases where there are O6threatsd of
full scientific certaintyd as a reason for 1
a . , 2006, p . 2) . Simply put, where Apotent.i

activities should not proceedo (Taylor & Hut
the National Strategy for Ecologically SustainabDevelopmenthat was adopted by the
Commonwealth and States in 1992 and remains in force.

A significant source of risk is low financial profitabilitfhe yield of gas from CSG wells
drilled into the Surat Basindés Walloons and
than predicted angrior to the wafinduced spike in international prices2022 wasbordering

on being uneconomic (Rystad Energy, 2019). Tdvieer yieldcoupled 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 rhillion-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 tentré@GC (now Shel); Arrow (joint
Shell/PetroChina); APLNG (Origin Energy, ConocoPhillips and Sinopec); and Santos (with
Petronas, Total, Kogas). Also, Senglanned to increasks footprint to supply east coast
Australian businesses and supply gas to Origin. THWESES companig€sare predictedo
increaseheir use of hydraulic fracking to open up more coal seams to gas extraction, especially
as demand and prices have increased in the early PDE&202a).

Several gas companies (e.g. Sh&ttow, Origin, Santos) have had muliillion 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 kland (Macdonak$&mith, 2020; Mazengarb, 2020)he competition that no

doubt the Queensland Government intended to foster by permitting parallel pipelines and plants
has turned out not only to léhat is known ineconomics asdestructive competitigdhwith

colossal opportunity cost through the waste of private investment c¢gliatkey 2009) it

has also obliged the companies to press thewpgaducinginfrastructureharder. Financial
pressure of this kind bodes poorly toriskadversesafety cultureadequate compensation for
landholders and adequate-astdes for poseéxploitation remediation. The detrimental flow

on consequences of t htextbgokecomomic theompf dorepetdiahh e r e n ¢
are likely to bammense.

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.g. Dart et al, 2022) State of Queensland, 2022he risk of
compromising the agricultural productivity of the fertile soils of the Darling Downs has been
recognised publicly for many years, as evidenced biPtbtection of Prime Agricultural Land

and Other Land from Coal Seam Gas Mining 2@iB (Queensland Parliament, 2013), a
private memberdéds bill whi ch was opposed by t
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The GasFields Commission was established as an independent statutory body to foster co
exi stence of these iIindustries RdgionallPlanmingder pi r
Interests Act 2014vas established to enable local communities, councils, and landholders to

have more of a say in the way thisexstence operates but does not challengexcstence.

It is not clear that cexistence igven 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 subsatehaeduced
seismicity; and that fracturing fimay have th
supplyéif there was a change in the connec
groundwat e (VictorimnsGovernmentd 2015,.pl0). The reprt 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, althoughy 2022this hal 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 SttuWales Government dirted similar concerns (Gibson &
Sandiford, 2013).

The Queensl and Governmento6és uninterest in th
CSG mining is inconsistent with the attention given to monitoring seismic activity associated

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

(2021b) whowill install a seismic monitoring network in the Beetaloo $alsin region. This

network will detect and locate natural seismic activity (i.e., earthquakes) in the area, as well as
humaninduced seismicity as a result of hydadoon extraction activities. This information

will be used by Geoscience Australia, the public and other organisations to build knowledge
about potential humaimduced seismic activity in the region that may be associated with
hydrocarbon extraction actties (Shamsalsadati et al2021). We believe such monitoring

should now commence in Queensland.

The Stateds own hazard document for 28art hqu
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[ita Figure 4, Queensl andds
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 wooldde@ a more
comprehensive understanding of .Queensl and

The analysis in this paper does not exhaust the detrimental and collateral effects of this industry.
Warranting further analysis, for example, are dimress 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 hazar@Currell et al., 2022) A majorout-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 &ndfsor, 2023). Both forests have large numbers of
CSG wells.
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Conclusions

The reluctanceof the Queensland Government to heed warning signals, &mdmas these

onesfrom sister governments interstate, let albmwen independent scientists and civil society
groups in Queensland;i | | magni fy the current farming al
as comprehensively articulated by Espig (20&1hydrology, extensive public, scientific and
departmental concerns were documented in an internal report (Edwards, 2006) that reinforced
those concerngn seismology, there has been a wilful run down in cap&eitgonitor inthe

level of detail necessary to understdihe 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 mothiksenaterial 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 faulin. Although fracking is designed to induce
horizontal fractures along the coal seiaan also induce vertically oriented fractures (Davies

et al., 2013) into other aquifers.

No quantum of royalties received by the State or taxes (ifi ssgeArmisteadet al, 2022
recaved by any level of government can compensate for the loss of productivityférala
cropping soils or the permanent destruction of the integrity of aquifers yieldirgivifeg fresh
water to the surface. This is withoaven considering theisk of a catastrophic firer
earthquake.

We proposehree initiativesfor the Queenslandnd Commonwealtibovernmerd, essential

to making prudent decisioniirst, theywould institutea comprehensive program of gathering
and publishing beforandafter information across a range of natural resource parameters.
Second, as a condition of any authority to prospect, mining or petroleum licence obtease,
other statutory permithe relevantMinister would oblige the companids place online all
relevant technical information on a continuous disate basis. Legislation is not required
Ministers would have an entitlementnder common law (oyal prerogative to oblige
applicantsto providewhatever information is reasonably needed to administer the portfolio.
Third, thetwo governmerd would systematically apply the precautionary principle to which
they committed themselvas 1992. No greater evidence is required ofitheparabledamage
being done to the public interest thdnat already revealed in this paper and the extensive
scientific literdure on which it is based.
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