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Abstract 

 

This thesis reveals atypical dynamic reservoir behaviour within Cooper Basin ultra-deep coal 

seams during gas production that calls for a paradigm shift in gas extraction technology, 

diametrically opposed to the evolutionary path of current drilling, wellbore completion, and 

reservoir stimulation practices. An anomalous geomechanical reservoir boundary condition is 

detected that is, by definition, mostly restricted to ultra-deep coal seams. The discovery has 

resulted in the formulation of a new coal seam reservoir concept - “Expanding Reservoir 

Boundary Theory”. 

 

Ultra-deep Permian coal seams of the Cooper Basin in central Australia represent a nascent 

thermogenic source rock reservoir play. Proof-of-concept gas flow occurred in 2007. The vast 

(100+ Tscf) potential resource is comparable in commercial significance, and technical 

challenge, to the shale gas plays of North America. As with shale, full-cycle, standalone 

commercial gas production from Cooper Basin ultra-deep coal seams requires a large, 

complex, permeable “stimulated reservoir volume” (SRV) domain having high fracture / fabric 

face surface area for gas desorption. This goal has not yet been achieved after 13 years of 

trials because, owing to the bipolar combination of coal-like geomechanical properties and 

shale-like reservoir properties, these poorly cleated, inertinitic coal seams exhibit “hybrid” 

characteristics. This is problematic for achieving effective reservoir stimulation, and poses the 

greatest immediate challenge. Stimulation techniques adopted from other play types are 

incompatible with the highly unfavourable combination of nanoDarcy-scale permeability, 

“ductility”, and high stress. The Cooper Basin Deep Coal Gas (CBDCG) Play commences 

6,000 feet (1,830 metres) below the “commercial permeability depth limit” for most shallow coal 

seam gas (CSG) reservoirs but this does not reduce gas flow potential. Shale gas industry 

technologies have, in principle, eliminated the requirement for naturally occurring coal fabric 

permeability. Optimum reservoir conditions occur at depths beyond 9,000 feet (2,740 metres), 

driven by very low water saturation, high gas content, gas oversaturation, overpressure, rigid 

host rock strata, and high deviatoric stress. 

 

The limited literature does not yet adequately characterise the physical response of ultra-deep 

coal seams, and the surrounding host rock strata, to production pressure drawdown. It remains 

to be established how artificial fracture and coal fabric aperture width change as a 

consequence of the dynamic, diametric competition between gas desorption-induced coal 

matrix shrinkage and the omnipresent tendency for reservoir compaction caused by increasing 

production pressure drawdown-induced effective stress. This technical impasse, inhibiting 

commercialisation, is addressed by analysing the atypical flowback behaviour of hydraulically 

fracture stimulated coal seams within a dedicated vertical wellbore at 9,500 feet (2,900 

metres). High-resolution, non-classical flowback analysis is performed on the pure dataset of 
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Australia’s first ultra-deep coal gas well. Wellhead and fracture network pressures are recorded 

continuously for 81/2 years, at a 10-minute sample interval, while flowing to atmosphere. 

Natural flowback behaviour is analogous to that of a mechanical gas plunger artificial lift 

system. A low but gradually increasing quasi-steady state base gas flow, free of produced 

formation water, is overprinted by a non-steady state, cyclical pressure signature that is 

diagnostic of dynamic reservoir behaviour during gas production. A total of 114 high-rate, 

“geyser-like” gas surge events, gradually increasing in duration from 2 hours to 2 weeks, and 

in reservoir equivalent volume from 360 to 20,000 rcf (10 to 570 rcm), suggest the gas 

headspace compartment of a “down-hole void space domain” is steadily increasing in size. 

The gas surge events result from intermittent release of fracture network gas, hydrostatically 

compressed by flowback fluid slowly accumulating within the wellbore. A production “history 

match” for the gas surge event pressure profile is obtained by designing, fabricating, operating, 

and data logging a computer-controlled hydraulic apparatus within The University of Adelaide’s 

experimental wellbore, at a depth of 230 feet (70 metres). This physically simulates open-

ended flowing manometer-like hydrodynamic behaviour of the wellbore-reservoir system. A 

postulated geological trigger mechanism for surge initiation is tested and validated; “wellbore 

hydrostatic back-pressure and reservoir stress-dependent leak-off”. Time-lapse pressure 

transient analysis (PTA) is performed on three extended wellbore pressure build-up tests, 

lasting 157, 259, and 295 days respectively. Increasing permeability is recognised within coal 

fabric surrounding the initial fracture network SRV domain. Time-lapse rate transient analysis 

(RTA) performed on the first two subsequent wellbore pressure “blow-down to atmosphere” 

(BDTA) gas flow rate decline profiles indicates that hydraulic fracture flow conductivity 

increased during the intervening 327-day flowback period. Interpreted dilation of hydraulic 

fracture apertures is supported by a 60% increase in the initial BDTA gas flow rates, from 7.5 

to 12.0 MMscfd (212.4 to 340.0 Mscmd). 

 

Cooper Basin ultra-deep coal gas reservoirs behave differently to other deep, thermogenic 

source rock reservoirs, and require a paradigm shift in reservoir stimulation technology that 

does not rely exclusively upon hydraulic fracture stimulation and the “brittleness factor”. 

Pressure arching may fill this role by neutralising the omnipresent tendency for reservoir 

compaction caused by increasing production pressure drawdown-induced effective stress. The 

combined, mutually sustaining actions of desorption-induced coal matrix shrinkage and 

sympathetic pressure arch “stress shield” evolution generate an “expanding reservoir 

boundary and decreasing confining stress” condition that allows producing ultra-deep coal 

seams, and adjacent strata indirectly (which may include other reservoir types), to 

progressively de-stress and “self-fracture” in an overall state of endogenous tensile failure. As 

with underground coal mine excavations, pressure arching will deflect maximum stress vectors 

around the dilating “dispersed coal fabric void space” domain of a growing fracture network 

SRV domain that has developed reduced bulk structural integrity, and reduced bulk 

compressive strength, compared to the surrounding native coal seam and host rock strata. 
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Size and effectiveness of pressure arching increases with depth. Cooper Basin ultra-deep coal 

seams, and adjacent “non-coal” reservoirs indirectly, may be effectively stimulated to flow gas 

on a large scale by harnessing this self-perpetuating, depth-resistant mechanism for creating 

coal fracture / fabric permeability and surface area for gas desorption. They may be induced 

to pervasively “shatter”, or “self-fracture”, naturally during gas production, independent of the 

lack of “brittleness”, analogous to the manner in which shrinkage crack networks slowly form, 

in a state of intrinsic, endogenous tension, within desiccating clay-rich surface sediment. Full-

cycle, standalone commercial gas production is considered likely to occur when “Expanding 

Reservoir Boundary Theory” is applied, so as to replicate the very large, complex fracture 

network SRV domain of commercial shale gas reservoirs. 
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Chapter 1: Introduction and Review of Chapters 

 

1.1 Introduction 

 

As is customary for investigations relating to deep, thermogenic source rock reservoirs, which 

are often referred to as “engineering plays”, the scope of this thesis straddles the boundary 

between petroleum geoscience and engineering. It also ventures into other technical 

disciplines, unrelated to the oil and gas industry. In doing so, it reveals a number of seemingly 

disparate processes that are collectively interpreted, using a first principles approach, to have 

a large influence on gas production from Cooper Basin Deep Coal Gas (CBDCG) reservoirs. 

The broad scope of the study means that, by necessity, a high-level, semi-quantitative, 

conceptual approach is generally adopted, albeit supported by a very detailed dataset. 

 

For over 45 years, the shallow coal seam gas (CSG) industry has been challenged by the task 

of effectively stimulating and de-watering coal seams below the lithostatic stress-induced 

“commercial permeability depth limit” that varies, according to the geological setting, from 

approximately 3,000 to 6,000 feet (920 to 1,830 metres). It is therefore unsurprising that the 

relatively recent (post-2006) concept of producing gas from Cooper Basin coal seams deeper 

than 9,000 feet (2,740 metres) has created significant technical difficulties and challenges. 

Without doubt, the high initial reservoir confining stress, which is greatly exacerbated by 

increasing production pressure drawdown-induced effective stress, is considered by most 

workers to be the greatest obstacle to achieving commercial gas flows. 

 

This thesis challenges the long-held industry perception that high initial reservoir confining 

stress, and high incremental pressure drawdown-induced effective stress, preclude 

commercial gas production from coal seams at extreme depth. Multiple lines of evidence are 

presented herein that counter-intuitively suggest that the gas flow potential of highly stressed 

Cooper Basin deep coal seams may actually be greater than low-stress commercial shallow 

CSG reservoirs, provided they are treated in accordance with a different geology-technology 

paradigm - one that accommodates the characteristics of not only coal gas reservoirs but also 

shale gas reservoirs, and the geomechanical behaviour of underground coal mine excavations. 

The unique “hybrid” coal-shale dynamic reservoir behaviour of Cooper Basin deep coal seams 

during gas production, described herein for the first time in detail, calls for a paradigm shift in 

gas extraction technology that is diametrically opposed to the evolutionary path of current 

drilling, wellbore completion, and reservoir stimulation practices. 

 

The Cooper Basin of central Australia is an elongate, south-west to north-east trending, 

intracratonic down warp, located 5,000 kilometres (3,000 miles) from the nearest tectonic plate 

boundary - the Indo-Australian Plate. It covers an area of approximately 130,000 km2 (50,000 
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square miles) in the north-eastern corner of South Australia and the south-western part of 

Queensland (Figure 1 of Dunlop et al. (2017) in Chapter 2). The Cooper Basin unconformably 

overlies the predominantly uneconomic Proterozoic and Cambro-Ordovician sediments and 

metasediments of the Warburton Basin (Figure 2 of Dunlop et al. (2017) in Chapter 2). The 

exclusively non-marine Cooper sequence comprises glacial, fluvial, and lacustrine sediments, 

together with fluvio-deltaic coal measures, ranging in age from Late Carboniferous / Early 

Permian to Late Triassic, and attains a maximum thickness of approximately 8,200 feet (2,500 

metres) in the eastern Nappamerri Trough. On average, the fluvio-deltaic sequence comprises 

70% shale and siltstone, 20% sandstone, and 10% coal. Pre-existing structural relief strongly 

influenced early sedimentation, with onlap onto structural highs being common. Across the 

Cooper Basin in general, the rate of deposition during the Permian coal measure sequence 

was relatively low, in the order of 30 to 60 feet (10 to 20 metres) per million years. This is 

demonstrated by the burial history plot for the Nappamerri Trough structural province shown 

in Figure 1.1 (Kuske et al., 2015). This area is representative of the high-temperature, 

overpressured, basin-centred settings where deep coal seam reservoir potential is interpreted 

to be highest. Formation temperature, and hence thermal maturity, is higher, for a given depth, 

than many basins worldwide. This is primarily a consequence of the Carboniferous radiogenic 

granodiorite basement terrain that directly underlies the Permian coal measure sequence in 

many areas. This results in a high geothermal gradient that may reach more than 3.5 °F / 100 

feet (6.4 °C / 100 metres). Differential compaction, and the reactivation of basement faults 

along pre-existing zones of weakness, caused earlier structural features to be accentuated. 

This was particularly evident at the end of the Early Permian, and in the Late Triassic, when 

two major unconformities were associated with tectonic activity that uplifted and truncated the 

Permian section in many areas. Over some of the major highs, and around the margin of the 

basin, severe erosion has resulted in the Permian sequence sub-cropping the overlying 

Eromanga Basin sequence, a major part of the 1.7 million km2 (660,000 square mile) Great 

Artesian Basin (Figures 1 and 2 of Dunlop et al. (2017) in Chapter 2). 
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Figure 1.1: A Cooper Basin burial history plot for the Nappamerri Trough structural province. This area is 

representative of the high-temperature, overpressured, basin-centred settings where deep coal seam reservoir 
potential is interpreted to be highest. Across the Cooper Basin in general, the rate of deposition during the Permian 
coal measure sequence (highlighted by the thick black boundary line) was relatively low, in the order of 30 to 60 
feet (10 to 20 metres) per million years. 
 
Modified from Kuske et al. (2015) with permission from Geoscience Australia. 

 
Source: Kuske, T.J., Hall, L.S., Hill, A.J., Troup, A.J., Edwards, D.S., Boreham, C.J. and Buckler, T., 2015. Source 
rocks of the Cooper Basin. In AAPG / SEG International Conference and Exhibition, Melbourne, Australia, 13 - 16 

September, 2015. American Association of Petroleum Geologists and Society of Exploration Geophysicists. 

 

The Cooper Basin is Australia’s largest onshore hydrocarbon producing province. The sparsely 

populated pastoral area consists mainly of sand dune, claypan, and gibber terrains, at an 

elevation close to sea level (Figure 1.2). Occasional broad, low-relief, Tertiary Period structural 

features punctuate the mostly flat landscape. There are no cities or towns - other than the small 

historic settlement of Innamincka, located near an ephemeral river named “Cooper Creek”. 

Owing to the hot, arid, desert environment, permanent surface water is very scarce, and there 

is limited vegetation. The vast, shallow freshwater aquifers of the Great Artesian Basin provide 

the bulk of water used for gas and oil operations. 
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Figure 1.2: Typical Cooper Basin topography in the vicinity of the Moomba gas and oil processing plant, in north-

eastern South Australia, where this study is focussed. The Cooper Basin is a sparsely populated pastoral area that 
consists mainly of sand dune, claypan, and gibber terrains, at an elevation close to sea level. Occasional broad, 
low-relief, Tertiary Period structural features punctuate the mostly flat landscape. Owing to the hot, arid, desert 
environment, permanent surface water is very scarce, and there is limited vegetation. The vast, shallow freshwater 
aquifers of the Great Artesian Basin provide the bulk of water used for gas and oil operations. 

 

Exploration for Cooper Basin hydrocarbons commenced in 1954, with the granting of a very 

large exploration licence to Santos Limited. A joint venture was subsequently formed between 

Delhi Petroleum Limited (“The Operator”), Santos Limited, and Frome-Broken Hill Company, 

to drill the first deep exploration wellbore to penetrate the Cooper Basin sequence. Hence, 

Innamincka 1 was spudded in 1959, on a large surface anticline, and reached a total depth of 

11,752 feet (3,582 metres). Unfortunately, no commercial hydrocarbons were encountered. 

Eventually, after several more “dry holes”, a gas discovery was achieved at Gidgealpa 2 in 

1963. Commercial gas production followed in 1969, via a 790 kilometre (491 mile) pipeline 

extending south to Adelaide. Cooper Basin oil was discovered in 1970. 

 

Most of the gas and oil accumulations, discovered so far, are interpreted within the literature 

to have been sourced from the abundant, inertinite-rich but nevertheless generative Permian 

coal seams (Taylor et al., 1988, Heath et al., 1989, Hunt et al., 1989, Kuske et al., 2015). 

These source rocks are dominated by inertinite (approximately 85%), and to a lesser extent 

vitrinite (approximately 15%), which collectively represent the gas-prone “Type III” kerogen 

category of Tissot and Welte (2013). Nevertheless, owing to the presence of minor oil-prone 

sporinite, cutinite, and alginite, which together amount to less than 10% by volume (Taylor et 

al., 1988, Hunt et al., 1989), there is a relatively low but significant oil-generative potential. 

These and other authors interpret that, despite the relatively limited proportion of labile, oil-

generative kerogen, the quantity of alginite within the very large total volume of coal is more 

than adequate to account for the oil accumulations discovered to date (Taylor et al., 1988, 

Kuske et al., 2015). Some of this Cooper Basin-sourced oil has leaked upwards, across the 

regionally extensive Basal Jurassic unconformity, and into the highly permeable sandstone 
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reservoirs of the overlying Eromanga Basin (Heath et al., 1989). Hence, Eromanga Basin oil 

was eventually discovered in 1978. There are now at least 180 gas fields and 130 oil fields 

discovered within the “Cooper-Eromanga” sequence (DSD, 2018). 

 

The Moomba / Big Lake Gas Field, in north-eastern South Australia, is Australia's largest 

onshore conventional gas field. It is responsible for a large proportion of the 6 Tscf of gas 

produced from the Cooper Basin to date. The Jackson Oil Field, within the Eromanga Basin 

sequence of south-western Queensland, is Australia’s largest onshore conventional oil field. 

Jackson contains approximately 40 MMstb (6,400,000 m3) of recoverable oil (Lowe-Young et 

al., 1997). 

 

Most of the gas and oil fields, discovered so far, rely upon anticlinal trapping mechanisms 

involving conventional sandstone reservoirs. Stratigraphic and fault traps are relatively 

uncommon. 

 

The large Moomba gas and oil processing plant is central to Cooper Basin operations (Figure 

1.2). It is surrounded by 24 smaller satellite production and processing facilities, the largest of 

which is the major gas processing plant at Ballera in south-western Queensland. An extensive 

production gathering system, comprising 5,600 kilometres (3,480 miles) of pipelines and 

flowlines, connects the oil and gas fields to Moomba. The supporting road network is quite 

dense in places but very few routes are sealed. Several major gas pipelines radiate outwards 

from the Moomba hub, extending mainly to coastal markets located in Brisbane, Sydney, 

Adelaide, and Gladstone. There is also an oil and gas liquids pipeline to Port Bonython (near 

Adelaide). Approximately 1,900 gas wells have so far penetrated the Cooper Basin sequence. 

Some of these, located within basin-centred settings such as the Nappamerri Trough, reach 

depths of as much as 14,000 feet (4,270 metres). In addition, ten geothermal wells have been 

drilled through the Cooper Basin sequence, and into the fractured Carboniferous “Big Lake 

Suite” granodiorite basement. Of these, Jolokia 1 is currently the deepest wellbore drilled in 

the Cooper Basin (and in Australia), reaching a depth of 16,112 feet (4,911 metres). More than 

80,000 kilometres (50,000 miles) of seismic data have been recorded. At least 6 Tscf of 

“conventional gas”, 80 MMbbl of condensate, and 200 MMbbl of “conventional oil” have been 

produced from the combined Cooper and Eromanga basin sequences over the past 50 years. 

Following the major acreage gazettal rounds between 1998 and 2000, the relinquishment of 

extensive portions of the initially very large historic exploration permits (PELs 5 & 6) has 

allowed the entry of numerous smaller exploration and production companies. 

 

Production from Cooper Basin conventional reservoirs (mainly permeable fluvio-deltaic 

sandstones) is currently in a state of slow decline. The long-term future of the Cooper Basin is 

therefore reliant upon the commercialisation of unconventional plays, facilitated by the 

extensive existing infrastructure, minimal land access issues, and the strong market demand. 
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This is proving to be a difficult task. No significant unconventional oil plays have yet been 

identified. Unconventional gas plays are abundant but commercialisation has so far been 

technically elusive. For example, the presence of a very large volume of “tight gas”, trapped 

outside structural closure within the low-permeability sandstones of deep, basin-centred gas 

(BCG) settings, has long been recognised (Hillis et al., 2001) but a technology has not yet 

been developed for economically extracting this high-temperature, high-pressure, high-stress, 

“water block” damage-sensitive contingent resource. 

 

In 2006, the rise of the shale gas industry in North America prompted the investigation of deep, 

thermogenic source rock reservoir plays in the Cooper Basin that involved shale and coal. As 

with tight gas, these plays also remain largely technology-stranded. The “ultra-deep coal gas 

play”, which is the topic of this thesis, is considered to have the greatest commercial potential. 

This is due primarily to the very high gas content, and critical matrix reservoir properties that 

are superior to most commercial shale gas formations. Owing to the very high internal surface 

area to bulk volume ratio of coal organic matrix, coal seams are capable of storing, by 

adsorption alone, 2 to 4 times more gas, per unit rock volume, than conventional sandstone 

reservoirs at the same depth and pressure (McElhiney et al., 1993). For Cooper Basin deep 

coal seams, which are gas-oversaturated, overpressured, and additionally contain a large 

amount of the free gas phase within meso- and macro-pores (similar to shale gas reservoirs), 

the gas storage capacity is several times higher than most shallow CSG reservoirs. On this 

basis, Cooper Basin deep coal seams are currently receiving the most attention. 

 

The Permian Cooper Basin coal measures (295 - 250 Ma) formed on the Gondwana super-

continent of the southern hemisphere. A cold, high latitude climate prevailed following the Late 

Carboniferous to Early Permian (300 - 290 Ma) Gondwana Glaciation (Veevers, 1984, 

Veevers, 2006). Summers were cool and wet. Winters were freezing (Taylor et al., 1989). 

Australia had not yet separated from the super-continent. The coal seams are generally 

accepted to have accumulated within freshwater mires associated with the large intracratonic 

sag basin. Low subsidence rate and water table fluctuations allowed periodic but extensive 

subaerial, and potentially subaqueous, peat oxidation (Hunt and Smyth, 1989). Variation in 

depositional environment may have occurred. Over Permian time, a very thick sequence of 

fluvio-deltaic cycles developed, comprising stacked coal seams, sandstones, siltstones, and 

shales. The coal measures generally have a high degree of lateral discontinuity, and may 

sometimes have a diachronous component. The variability in thickness and lateral continuity 

of Cooper Basin coal seams is likely to be a reflection of the depositional environment. This is 

influenced by relative rates of accommodation and sediment supply, similar to models 

proposed by McCabe (1991) and Bohacs and Suter (1997). 

 

The Cooper Basin Deep Coal Gas (CBDCG) Play concept, and its reservoir characteristics, 

are comprehensively reviewed by Dunlop et al. (2017) in Chapter 2. The Play exists in both 



 

7 

South Australia and Queensland but the majority of the resource and reservoir potential lies in 

South Australia (Figure 3 of Dunlop et al. (2017) in Chapter 2). CBDCG reservoirs are 

distributed throughout the Patchawarra, Epsilon, Daralingie, and Toolachee formations 

(Figure 2 of Dunlop et al. (2017) in Chapter 2), however the Patchawarra Formation contains 

the largest coal thickness, and the bulk of the gas resource. Individual Cooper Basin coal 

seams rarely attain a thickness greater than 100 feet (31 metres). The maximum reported to 

date is 148 feet (45.1 metres) within the Patchawarra Formation. The average thickness of 

individual “target coal seams” for reservoir stimulation purposes (i.e. arbitrarily greater than a 

minimum thickness cut-off of 10 feet / 3 metres) is approximately 20 feet (6 metres). In some 

areas, total coal seam thickness per wellbore may reach 360 feet (110 metres) or more over 

the full Permian section. 

 

Cooper Basin deep coal seams below 9,000 feet (2,740 metres) represent a nascent 

thermogenic source rock reservoir play. Technical proof-of-concept gas flow was achieved in 

2007 by the speculative application of slick-water hydraulic fracture stimulation technology 

adopted from the emerging North American shale gas industry (Santos Limited, 2008). From 

a source rock reservoir perspective, a combination of favourable rock property and 

environmental attributes exists within the CBDCG Play that is not present at shallower depth. 

The vast (100+ Tscf) potential resource is comparable in commercial significance and initial 

technical challenge to the well-known shale gas plays of North America. Apart from the 

extremely low native bulk permeability, and gas being stored in both the adsorbed and free 

states, there is minimal overall similarity to other source rock reservoir plays. From a rock 

property, geological setting, gas flow mechanism, and production technology perspective, 

CBDCG reservoirs, paradoxically, more closely resemble shale gas reservoirs than shallow 

CSG reservoirs. Similar to pure shale gas reservoirs, most Cooper Basin deep coal seams are 

interpreted to have no commercially significant natural flow rate capacity. The coal matrix 

permeability is measured in the “hundreds of nanoDarcies”, which is comparable to world-class 

shale gas reservoirs. In addition, unlike shallow CSG reservoirs, naturally occurring coal fabric 

permeability is interpreted to be very low or, from a practical perspective, effectively non-

existent. This means that, as with pure shale gas reservoirs, commercially viable CBDCG 

reservoir “domains” must be artificially created by some form of large-scale reservoir 

stimulation treatment that generates a very large, complex, permeable, high surface area 

fracture network system. The only significant disparity in reservoir character between shale 

gas reservoirs and CBDCG reservoirs is a strong contrast in their respective geomechanical 

properties. Commercial shale gas reservoirs are, by necessity, “brittle”, as a consequence of 

high silica and / or carbonate content (Jarvie et al., 2007, Rickman et al., 2008). Cooper Basin 

deep coal seams, which are clearly dominated by compliant organic matter, exhibit 

geomechanical properties that are typical for coal at the depth involved, and are far more 

“ductile” in comparison (Dunlop et al. (2017) in Chapter 2). Owing to the small number of 

definitive “pathfinder” field trials generating unambiguous gas production data, the limited 
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literature, and the lack of a satisfactory geological analog, a large knowledge gap currently 

inhibits full-cycle, standalone commercialisation of the CBDCG Play. In contrast, the 

understanding of shallow CSG reservoirs and shale gas reservoirs is relatively advanced, 

these having been produced on a large commercial scale, using fit-for-purpose technologies, 

since the early 1970s (Ayers Jr., 2002, Jeffrey, 2012, Pan and Connell, 2012) and early 

2000s (Martineau, 2007) respectively. It is estimated that there are now more than 90,000 

shallow CSG wells (Palmer, 2010), and at least 200,000 shale gas wells (US Energy 

Information Administration, 2018) in North America. 

 

Although many authors have comprehensively characterised Cooper Basin coal geology since 

the 1960s, there is currently a very limited literature base and general understanding relating 

to engineering aspects, such as reservoir properties, gas production behaviour, and reservoir 

stimulation treatment requirements. This is not unexpected, given the CBDCG Play concept, 

in its current form, did not exist prior to 2006. On a worldwide basis, the current state of 

research relating to the slowly emerging deep coal gas discipline is also one of relative 

immaturity. The literature base remains sparse, despite spanning at least two decades. This 

contrasts with the abundant literature for shallow CSG reservoirs and shale gas reservoirs - a 

reflection of their commercial success. Authors broadly describe the large gas resource 

potential of deep coal seams worldwide, and the unresolved technological challenge they 

represent, however the critical commercial issues of reservoir behaviour during gas production, 

and the stimulation technology requirements thereof, are not adequately addressed. 

Specifically, a consensus has not yet been reached relating to if, when, and for how long, in 

the production life of deep coal gas reservoirs, desorption-induced coal matrix shrinkage might 

lead to the enhancement of coal fabric permeability, as it does within the open, pervasive, 

regionally extensive cleat systems of some shallow CSG reservoirs during late-time 

production. A realistic geomechanical reservoir boundary condition, critical to the 

understanding of reservoir behaviour during gas production, remains to be established. 

Therein lies the large knowledge gap to be addressed by this thesis. 

 

In Table 1.1 below, an attempt is made to provide a high-level, indicative, relative comparison 

between critical geological and engineering characteristics of the three very different source 

rock reservoir play types; shallow coal seam gas (CSG), deep thermogenic shale gas, and 

Cooper Basin deep coal gas (CBDCG). It is anticipated that this comparison will “set the scene” 

for the Ph.D. project, by clearly demonstrating the unusual “hybrid” nature of the CBDCG Play, 

which incorporates characteristics from both shallow CSG reservoirs and deep, thermogenic 

shale gas reservoirs. 
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Coal Seam Gas (CSG) vs Shale Gas vs Cooper Basin Deep Coal Gas 
High-level, Indicative, Relative Comparison of Typical Characteristics 

PARAMETER 
SHALLOW  

COAL SEAM GAS 
DEEP 

SHALE GAS 
COOPER BASIN 

DEEP COAL GAS 

    

GEOLOGICAL SETTING 

Depth 

Shallow. 
Constrained by the 

“commercial permeability 
depth limit” at 

approximately 3,000 to 
6,000 feet (920 to 1,830 

metres). 

Deep to very deep. 
Up to approximately 

14,000 feet (4,270 
metres). 

Not a limiting factor. 

 
Deep to very deep. 

9,000 to 12,000 feet (2,740 to 
3,660 metres). 

Not a limiting factor. 

Temperature Low. High to very high. 
High to very high. 

Up to 450 °F (230 °C) or more. 

Geothermal gradient 
Variable according to the 

basin. 
Not a limiting factor. 

Variable according to 
the basin. 

Not a limiting factor. 

High to very high. 
Up to 3.5 °F / 100 feet (6.4 °C / 

100 metres) or more. 

Thermal maturity 
Typically low. 

Much variation. 
Not a limiting factor. 

High to very high. 
A requirement. 

High to very high. 
A requirement. 

Up to 8.0% VRo. 

Formation pressure 
Low. 

Typically normally 
pressured. 

High. 
Overpressured. 
A requirement. 

Up to 0.9 psi / ft (20.4 
kPa / m). 

High. 
Overpressured. 
A requirement. 

Up to 0.8 psi / ft (18.1 kPa / m). 

Mobile formation water 
within cleats, fractures, 

or other fabric 

Yes. 
Except when the coal 
seams lie within gas-
saturated host rock 

strata. 

No. 
Must be minimal or 

absent.  
Disconnected from the 
normal hydrodynamic 

regime. 

No. 
Must be minimal or absent. 

Disconnected from the normal 
hydrodynamic regime. 

MATRIX PROPERTIES 

Matrix porosity 
Low. 

Vitrinite-dominated. 
Not critical. 

High. 
Organic porosity up to 

10% or more. 

High. 
Inertinite-dominated. 

Inertinite porosity up to 10% or 
more. 

Comparable to some of the best 
North American shale gas 

reservoirs. 

Matrix permeability 

Low. 
Vitrinite-dominated. 
NanoDarcy scale. 
Less than 100 nD. 

Low. 
NanoDarcy scale. 

Several hundred nD. 

Low. 
Inertinite-dominated. 

NanoDarcy scale. 
Several hundred nD. 

Comparable to some of the best 
North American shale gas 

reservoirs. 

Transport mechanism Diffusion. 
Diffusion. 

Possible Darcy flow 
contribution. 

Diffusion. 
Possible Darcy flow 

contribution. 

ROCK FABRIC PROPERTIES 

Rock fabric type 

Butt and face cleats. 
Natural fractures. 

All typically open to a 
variable extent. 

Natural fractures. 
Typically closed by 

high stress, or 
cemented with 

minerals. 
Requires artificial 
reactivation (i.e. 

opening). 

Multiple orientation planes of 
weakness. 

Bedding planes. 
Natural fractures. 
Minimal cleating. 

Typically closed by high stress, 
or cemented with minerals. 

Requires artificial reactivation 
(i.e. opening). 

GAS STORAGE PROPERTIES 

Gas storage 
mechanism 

Mainly adsorbed gas. 
Occasional free gas 

contribution. 
Minor solution gas. 

Mainly free gas. 
Minor adsorbed gas. 

Multi-layer adsorption? 
Capillary 

condensation? 
Insignificant solution 

gas. 

Comparable amounts of free 
and adsorbed gas. 

Multi-layer adsorption? 
Capillary condensation? 

Insignificant solution gas. 

Total gas content 

Low to moderate. 
May be high within gas-

saturated host rock 
strata. 

Ave 300 scf / short ton. 
(9.4+ cc / g). 

 

Moderate. 
100+ scf / short ton. 

(3.1+ cc / g). 

High to very high. 
700 - 1,000+ scf / short ton. 

(21.9 - 31.2+ cc / g). 
Raw basis. 

At least half likely to be stored 
as free gas. 
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Adsorbed gas content 

Typically undersaturated. 
May be oversaturated 

within gas-saturated host 
rock strata. 

Oversaturated. 
A requirement. 

Oversaturated. 
A requirement. 

~350+ scf / short ton. 
(10.9+ cc / g). 

Possible multi-layer adsorption 
and capillary condensation. 

Free gas content 

Typically absent. 
May be present within 

gas-saturated host rock 
strata. 

High. 

High to very high. 
~350+ scf / short ton. 

(10.9+ cc / g). 
Free gas dominates the coal 

matrix porosity and any 
remnant coal fabric apertures 

that may exist. 

GAS COMPOSITION AND PROPERTIES 

Origin 

Typically biogenic. 
Catalytic? 

Thermogenic influence in 
deeper areas, or within 
gas-saturated host rock 

strata. 

Thermogenic. 
Catalytic? 

Thermogenic. 
Catalytic? 

Methane Dominant. Dominant. Dominant. 

Carbon dioxide Typically low. Typically low. 

May be so high as to be 
commercially detrimental. 

Highly variable. 
May reach 40% or more. 

Ethane Typically low to absent. 
Commercially 

significant. 
Commercially significant. 

Propane Typically low to absent. 
Commercially 

significant. 
Commercially significant. 

Higher molecular 
weight hydrocarbon 
gases (condensate) 

Typically low to absent. May be very high. Commercially significant. 

COAL PROPERTIES - ( ) denotes shale equivalent 

Coal rank 

Low to moderate. 
Typically high- to 
medium-volatile 

bituminous. 

(High to very high.) 
High to very high. 

Low-volatile bituminous to 
semi-anthracitic. 

Bulk density Low. (High.) 
Low. 

Influenced by high-density 
siderite cementation. 

Moisture Typically high. (Low.) Very low. 

Total Organic Carbon 
(TOC) 

Very high. 
Up to ~90%. 

(Low.) 
Typically less than 

~10%. 

Very high. 
Up to ~90%. 

Dominant maceral Vitrinite. 
(Marine or lacustrine 

kerogen, depending on 
the play type.) 

Inertinite 

Cleating High. Absent. Low. 

Desorption rate 
Low. 

Full-hole core desorption 
may take several months. 

Moderate. 
High to very high. 

Full-hole core desorption 
typically takes several days. 

GEOMECHANICAL PROPERTIES 

“Brittleness” Low. High. Low. 

Young’s Modulus Low. High. Low. 

Poisson’s Ratio High. Low. High. 

Compressibility High. Low. High. 

Matrix shrinkage 
capacity 

1 - 4% Negligible. Up to 1% 

Geomechanical 
reservoir boundary 

condition 

Typically “uniaxial strain 
and constant vertical 

confining stress”. 
- 

Postulated “expanding 
reservoir boundary and 

decreasing confining stress”. 
 This thesis. 

Pressure arching 
“stress shield” 

potential 

Low. 
Transient effects in 
suitable settings. 

Low. High. 

STRESS STATE - HOST ROCK STRATA 
 
 
Initial Confining Stress 
 
 

 
 

Low. 
 
 

 
 

High to very high. 
 
 

 
 

High to very high. 
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DRILLING, WELLBORE COMPLETION, AND RESERVOIR STIMULATION 

Drilling 
Mainly vertical. 

Some horizontal. 
Horizontal. 

A requirement. 

Horizontal. 
A requirement. 

Current technology trials are 
within vertical wellbores. 

Wellbore completion Open-hole, casing. Casing. 
Currently casing. 

Open-hole required. 

Reservoir stimulation 

Not always required. 
Cavitation, under-
reaming, hydraulic 

fracture stimulation, 
pinnate multi-laterals. 

Always required. 
Multi-stage hydraulic 
fracture stimulation. 

Always required. 
Currently hydraulic fracture 

stimulation. 
A more compatible technique is 

required. 

Onset of gas 
production 

Typically requires 
extensive de-watering. 
May take several years. 

Immediate. Immediate. 

 
Table 1.1: A high-level, indicative, relative comparison between critical geological and engineering characteristics 
of the three very different source rock reservoir play types; shallow coal seam gas (CSG), deep thermogenic shale 
gas, and Cooper Basin deep coal gas (CBDCG). 

 

It is well established, as shown in Figure 1.3, that the native fabric permeability of coal seams 

that relates to cleats and other natural fracture-related apertures, decreases exponentially with 

increasing depth of burial, and hence lithostatic reservoir confining stress (McKee et al., 

1988a, Kuuskraa and Wyman, 1993, Moore, 2012, Pan and Connell, 2012). This is because 

the coal matrix, which consists mainly of structurally weak organic material, is relatively 

“ductile”. The coal matrix blocks bounding the fabric apertures deform in a plastic manner that 

leads to a reduction in the void space aperture width that controls permeability (McKee et al., 

1988a, Kuuskraa and Wyman, 1993, Moore, 2012, Pan and Connell, 2012). This reservoir 

compaction process has a detrimental impact on gas extraction efficiency. Deep, highly 

stressed coal seams are unlikely to yield commercial gas production without some form of 

large-scale artificial permeability enhancement. 
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Figure 1.3: A permeability versus depth plot for a wide depth range of North American coal seam reservoirs, within 

three different basins. This shows how the native fabric permeability that relates to cleats and other natural fracture-
related apertures, decreases exponentially with increasing depth of burial, and hence lithostatic reservoir confining 
stress. 
 
Redrawn from Kuuskraa and Wyman (1993) with permission from Society of Petroleum Engineers. 

 
Source: Kuuskraa, V.A. and Wyman, R.E., 1993. Deep coal seams: an overlooked source for long-term natural gas 
supplies. In SPE Gas Technology Symposium, Calgary, Alberta, Canada, 28 - 30 June, 1993. Society of Petroleum 
Engineers. 
https://doi.org/10.2118/26196-MS 

 

Gas extraction technologies currently being applied by the shallow CSG industry are only 

effective within relatively low-stress settings, where there is an open, pervasively permeable, 

regionally extensive coal fabric network. Failure of shallow CSG plays is generally a 

consequence of low coal fabric permeability, resulting in low gas flow rate, or even the inability 

to effectively de-water the reservoir in the first instance, rather than low gas content (Clarkson 

and Bustin, 2011). An overview of basic shallow CSG reservoir principles and practices is 

https://doi.org/10.2118/26196-MS
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provided in Chapter 3, Section 3.2. For a more comprehensive source of background 

information, the reader is referred to Rogers et al. (2007). 

 

It is important to appreciate that, while the shallow CSG industry justifiably labels its “frontier” 

reservoir targets as “deep”, most of the properties, principles, and practices prevailing within 

this challenging “deep CSG” realm are considered to be largely inapplicable to CBDCG 

reservoirs, which lie much further below, and within a very different geological setting that 

commences at a depth of approximately 9,000 feet (2,740 metres). This setting is 

characterised by high temperature, high confining stress, very low water saturation, high gas 

content, gas oversaturation, overpressure, rigid host rock strata, and high deviatoric stress 

(Dunlop et al. (2017) in Chapter 2). From a coal evolution perspective, Cooper Basin deep 

coal seams are essentially “over-mature” compared to shallow and “deep” CSG reservoirs. A 

fundamentally different play concept and reservoir stimulation paradigm occurs that bears little 

resemblance to other source rock reservoirs, and a new set of rules applies for gas extraction. 

In accordance with the well-established, worldwide coal permeability versus depth trend 

(McKee et al., 1988a, Kuuskraa and Wyman, 1993, Moore, 2012, Pan and Connell, 2012), 

the native fabric permeability of Cooper Basin deep coal seams is interpreted to be far below 

the 0.1 mD (100,000 nanoDarcy) cut-off that defines tight gas within Cooper Basin sandstone 

reservoirs. There is currently no evidence for an open, pervasively permeable, regionally 

extensive coal fabric network that is characteristic of shallow CSG reservoirs. Three factors 

are responsible for this. Firstly, and most obviously, the high initial reservoir confining stress is 

likely to have closed most of the coal fabric apertures that may have once existed at shallower 

depth. Secondly, the examination of full-hole core indicates that the limited remnant coal fabric 

apertures are largely occluded by authigenic siderite and kaolinite mineralisation. Thirdly, 

Cooper Basin coal seams are very poorly cleated in the first instance. There is an insufficient 

amount of vitrinite, the bright, low-strength, “glassy”, gel-like coal maceral that is primarily 

responsible for the fine-scale “butt” and “face” cleat systems that are characteristic of shallow 

CSG reservoirs. Instead, inertinite forms the bulk of the coal matrix volume. This gives Cooper 

Basin coal seams their characteristic dull, massive, “shale-like” appearance. Although inertinite 

does not form classical cleat systems per se, it may accommodate other natural fractures, and 

low tensile strength planes of weakness. Master joints are present rather than fine-scale cleats. 

Master joints form on a larger scale, with wider spacing than vitrinite cleats, and extend across 

multiple inertinite and vitrinite bands, similar to those in the Bowen Basin described by Dawson 

and Esterlé (2010). The rare classical cleat systems within Cooper Basin coal seams are 

confined to thin, pervasively distributed vitrinite laminations and lenses, collectively accounting 

for less than 30% of the total coal matrix volume. In many full-hole cores, there is less than 

10% visible vitrinite. Nevertheless, abundant, multiple orientation planes of weakness remain 

within both maceral systems as complex, fine-scale coal fabric, available as preferential sites 

for future reactivation (i.e. opening) by a variety of potential reservoir stimulation techniques. 
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The term “deep coal” has been used loosely within the international literature since the 1970s. 

In the majority of cases, it refers to “deep” CSG reservoirs that approach or exceed the 

commercial permeability depth limit for that particular play type. This creates a play 

classification and nomenclature dilemma. Hence, to distinguish the more recently prospective, 

and far deeper coal seam reservoirs of the Cooper Basin from this historical paradigm, the 

prefix “ultra-” has been applied in the Title, Abstract, and Conclusion sections of this thesis to 

emphasise the fact that there is no conceptual overlap with shallow or “deep” CSG plays. 

Reservoir characteristics, and the controls on gas production for Cooper Basin coal seams 

deeper than 9,000 feet (2,740 metres) are fundamentally different to both the shallow and the 

“deep” CSG play types. Shallow CSG reservoirs are typically pervasively permeable over an 

extensive area, contain mobile formation water, and are gas-undersaturated, whereas Cooper 

Basin deep coal seams are pervasively impermeable, have very low water saturation, and are 

gas-oversaturated, similar to shale gas reservoirs (Table 1.1). As a consequence, both shallow 

and “deep” CSG reservoir principles and gas-extraction technologies are almost invariably 

inapplicable to CBDCG reservoirs. Having highlighted the paradigm shift between the two 

separate reservoir concepts, the author reverts to the use of the term “deep coal” for the 

remainder of the thesis for simplicity. Implicit in the use of the term “ultra” is the intention of 

highlighting that, despite its rigour and sophistication, the specialised literature for both shallow 

and “deep” CSG reservoirs is of limited assistance to the task of understanding CBDCG 

reservoirs. In fact, shallow and “deep” CSG reservoir-related teachings may be very misleading 

and “opportunity limiting”, particularly with respect to mathematical reservoir modelling and 

simulation, upon which far-reaching commercial decisions may be based. Shallow CSG 

reservoir base input assumptions cannot be assumed by default. Without a good 

understanding of the actual reservoir behaviour of Cooper Basin deep coal seams during gas 

production, these activities carry an unacceptably high level of uncertainty. Fundamental to the 

reliability of all coal seam mathematical reservoir models and simulations is a valid set of 

geotechnical base input assumptions, supported by empirical data (Pan and Connell, 2012). 

This is particularly important when considering the geomechanical reservoir boundary 

condition that controls production behaviour. The current lack of such information for CBDCG 

reservoirs is addressed by this thesis. 

 

No specific mathematical modelling and simulation process has been identified within the 

literature for Cooper Basin deep coal gas reservoirs that reflects the form in which they are 

defined within this thesis. 

 

As with shale and other deep, thermogenic source rock reservoirs, gas from Cooper Basin 

deep coal seams will not flow into a wellbore at a full-cycle, standalone commercial rate unless 

some form of large-scale reservoir stimulation treatment is applied, so as to create a very large, 

complex, high surface area, permeable fracture network domain that is well connected to the 

wellbore. This expectation is consistent with the behaviour of all other fractured media, for 
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which the flow capacity depends almost entirely upon the number and width of fractures, and 

their continuity in the direction of flow (Somerton et al., 1975). For coal and shale gas 

reservoirs, high fracture / fabric face surface area (either natural, or artificially created) is 

essential for creating a large gas desorption surface that compensates for the absence of 

Darcy flow within the very low permeability matrix (where various forms of diffusion prevail). 

Existing technologies adopted from other source rock reservoir play types, and even 

sandstone reservoirs, have not yet achieved this outcome for CBDCG reservoirs. 

Nevertheless, shale gas industry techniques do provide valuable insight into the benefit and 

general ideology of large-scale reservoir surface area creation. An overview of basic shale gas 

reservoir principles and practices is provided in Chapter 3, Section 3.3. For more 

comprehensive sources of background information, the reader is referred to Jarvie (2011), 

King (2012), Ma and Holditch (2015), Rezaee (2015), and Ahmed and Meehan (2016). The 

obvious question that continually arises is: how can a similarly effective artificial reservoir 

permeability system be created within Cooper Basin deep coal seams which, despite 

satisfying, or even surpassing, many of the screening criteria for commercial shale gas 

reservoirs, are not sufficiently “brittle” to be “shattered” in the same manner? The predicament 

is exacerbated by the fact that, owing to the bipolar combination of coal-like geomechanical 

properties and shale-like reservoir properties, these poorly cleated, inertinitic coal seams 

exhibit “hybrid” characteristics. This is problematic for the design of “shale-like” drilling, 

wellbore completion, and reservoir stimulation strategies. In the short term, achieving effective 

reservoir stimulation poses the greatest technical challenge. Placing a large, permeable 

hydraulic fracture stimulation treatment is not difficult. Generating the essential complex, very 

high fracture / fabric face surface area for gas desorption is the critical issue that is yet to be 

resolved. The modest initial gas production rates achieved from CBDCG trials to date (Camac 

et al., 2018, Fraser and Johnson Jr., 2018) confirm that the required combination of fracture 

/ fabric flow conductivity and fracture / fabric face surface area has not yet been achieved. It is 

becoming increasingly apparent that reservoir stimulation techniques adopted from other play 

types, such as shallow CSG, tight sandstone, and shale gas formations, are incompatible with 

the highly unfavourable combination of nanoDarcy-scale permeability, “ductility”, and the high 

initial reservoir confining stress of Cooper Basin deep coal seams, which is greatly exacerbated 

by increasing production pressure drawdown-induced effective stress. As a consequence, the 

CBDCG Play has been technology-stranded for the past 13 years and, as with “deep CSG” 

plays, is interpreted to have reached a geology-technology impasse. No full-cycle, standalone 

commercial gas production has yet been achieved (Dunlop et al. (2017) in Chapter 2). 

 

An overview of progress to date relating to the commercialisation of CBDCG reservoirs is 

provided by Dunlop et al. (2017) in Chapter 2, Bowker et al. (2018), Camac et al. (2018), 

Cooper et al. (2018), and Fraser and Johnson Jr. (2018). It is apparent that the standalone 

shale gas reservoir paradigm of North America has not yet been emulated. There are two main 

geotechnical reasons for this; a) the inability to routinely drill and complete horizontal wellbores 
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within deep, highly stressed coal seams, and b) the inability of past and present reservoir 

stimulation techniques to generate very large, complex, permeable fracture network SRV 

domains having the required high fracture / fabric face surface area for gas desorption. Owing 

to unstable hole conditions, no horizontal wellbores have been successfully drilled and 

completed within Cooper Basin deep coal seams. A single horizontal multi-stage hydraulic 

fracture stimulation project has recently been executed in the southern Cooper Basin, within a 

gas-undersaturated “deep CSG” reservoir at 6,700 feet (2,040 metres). However, this is 

significantly shallower than the CBDCG Play depth window. Additionally, the horizontal section 

was not drilled within the target coal seam but within the upper part of a thick shale interval 

immediately below it (Strike Energy Limited, 2018). The originally intended horizontal coal 

section was abandoned after a penetration distance of only 335 feet (102 metres). This 

represents the longest horizontal coal seam section drilled in the Cooper Basin to date. 

 

Instead of standalone horizontal drilling in the Cooper Basin, an alternative approach to 

commercialisation is currently being implemented. Small but incrementally economic gas flow 

rates are generated from opportunistic “add-on” hydraulic fracture stimulation treatments. 

These are performed within selected thick coal seams encountered by routine vertical 

development wellbores, drilled inside the anticlinal closure of conventional sandstone reservoir 

gas fields (Camac et al., 2018). The gas flow rate contribution of the individual target deep 

coal seams to the commingled sandstone-coal production stream is determined by production 

logging. During this campaign, there has been a trend away from the original application of low 

proppant concentration slick-water treatments (adopted from the shale gas industry) towards 

the high proppant concentration “conductive” cross-linked gel treatments traditionally applied 

to sandstone reservoirs. The term “slick-water” refers to hydraulic fracture stimulation fluids, 

typically used for shale gas reservoirs, that contain chemicals for reducing viscosity and 

friction. This means that the fluid may be injected into the formation at a much higher rate than 

the high-viscosity cross-linked gel treatments typically applied to sandstone reservoirs. 

Another benefit is that the fluid can more readily penetrate the very narrow, tortuous rock fabric 

apertures that are being targeted for reactivation (i.e. opening). 

 

In combination with the “new-generation” cross-linked gel treatments, high-strength, 

lightweight ceramic proppant is also being trialled, in an attempt to minimise perceived 

proppant crushing in response to hydraulic fracture closure stress during flowback (Fraser and 

Johnson Jr., 2018). The main focus of this strategy appears to be on creating maximum 

hydraulic fracture flow conductivity for long-term productivity, rather than optimising the more 

critical source rock reservoir stimulation process of fracture / fabric face surface area creation. 

Results to date suggest, to those involved in the “add-on” hydraulic fracture stimulation 

campaign (Camac et al., 2018, Fraser and Johnson Jr., 2018), that the use of cross-linked 

gel, combined with a high concentration of ceramic proppant, yields gas flow rates from the 

target coal seams that are higher than those achieved by the previously trialled slick-water 
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treatments that utilised low-concentration sand as the proppant. In October, 2018, Fraser and 

Johnson Jr. (2018) reported that a total of 68 individual Cooper Basin coal seams had been 

hydraulically fracture stimulated within 60 vertical wellbores, resulting in highly variable initial 

gas production rates ranging from 0.05 to 0.8 MMscfd (1.4 to 22.7 Mscmd), and averaging 

0.25 MMscfd (7.1 Mscmd). Since 2007, over 130 individual deep coal seams have now been 

stimulated in this manner (B.A. Camac pers. comm. 2019). An updated average gas flow rate 

per treatment stage has not yet been reported. Despite these incrementally economic, “add-

on” gas flow rates being achieved, a geology-technology impasse continues to preclude the 

ultimate goal of achieving full-cycle, standalone commercial gas production (outside 

conventional gas-filled structural closure), similar to that experienced by shale gas reservoirs 

in North America, where gas flow rates of up to 72.9 MMscfd (2.064 MMscmd) have been 

achieved from multi-stage hydraulically fracture stimulated horizontal wells (EQT Press 

Release, 2015). The impasse is highlighted by the observation that no “gas reserves” have 

yet been formally booked for CBDCG reservoirs, despite project operators being 13 years 

along the “learning curve”. Insight into the upside gas flow rate potential of CBDCG reservoirs 

is provided by the fact that key reservoir parameters influencing stimulated gas flow rate 

capacity, such as gas content, matrix permeability, and formation pressure, are generally even 

more favourable than for most commercial shale gas reservoirs (Dunlop et al. (2017) in 

Chapter 2). 

 

A wide review of data and cross-industry literature suggests that the root cause of the 

prevailing geology-technology impasse is the apparent inability of current reservoir stimulation 

techniques, adopted from other source rock reservoir play types, and even sandstone 

reservoirs, to generate the large-scale fracture / fabric face surface area and flow conductivity 

that is essential for high gas flow rate and gas extraction efficiency. The combination of coal 

“ductility”, high initial reservoir confining stress, increasing production pressure drawdown-

induced effective stress, and the high sensitivity of coal fabric permeability to that stress is 

interpreted to be responsible. The impasse may be overcome by developing a greater 

understanding of the geological factors controlling the reservoir behaviour of Cooper Basin 

deep coal seams during gas production, and how they may be harnessed to commercial 

advantage, working in cooperation with the inherent dynamic reservoir behaviour rather than 

against it. Development of an optimal reservoir stimulation technology must be undertaken 

from a “first principles” perspective, without bias from other play types, using empirically 

validated deep coal-specific geotechnical and engineering insight. The large knowledge gap 

inhibiting the full-cycle, standalone commercialisation of Cooper Basin deep coal seams is 

interpreted to be not only a consequence of the limited deep coal-specific field trials, data, 

literature, and analogs but also the current inability to recognise and cater for the multi-faceted 

reservoir stimulation treatment requirements of this “hybrid” coal-shale reservoir type. It is 

essential that a compatible, holistic drilling, wellbore completion, and reservoir stimulation 

technology be developed that accommodates the reservoir characteristics of both coal and 
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shale. The fundamental principles controlling the reservoir behaviour of Cooper Basin deep 

coal seams during gas production have not yet been collectively harnessed. 

 

This thesis challenges the perception that exponentially decreasing coal fabric permeability, 

with increasing depth and stress, progressively reduces the gas flow potential of CBDCG 

reservoirs. Multiple lines of evidence are presented that suggest large-scale reservoir de-

stressing and coal fabric permeability creation have a tendency to occur naturally, as a 

consequence of desorptive gas production, and that these effects, and hence gas flow 

potential, become more pronounced with increasing depth. The evidence strongly suggests 

that such dynamic behaviour may eventually be harnessed by fit-for-purpose drilling, wellbore 

completion, and reservoir stimulation practices, which are capable of delivering high gas flow 

rate capacity, full-cycle, standalone commercial outcomes, on a scale comparable to the North 

American shale gas industry. 

 

Although the CBDCG Play commences 6,000 feet (1,830 metres) below the commercial 

permeability depth limit for most shallow CSG reservoirs, the high initial reservoir confining 

stress and the lack of significant naturally occurring coal fabric permeability should, in principle, 

no longer negatively impact on its reservoir potential. This is because technical advances, 

upon which the highly successful shale gas industry has evolved, have effectively eliminated 

the requirement for pre-existing Darcy flow capacity - in all source rock reservoirs, not just 

shale. The gas flow rate capacity of source rock reservoirs is now primarily a function of 

artificial permeability and, in particular, fracture / fabric face surface area. In principle, these 

attributes may now be artificially created, on a massive scale (similar to shale gas reservoirs), 

subject to the development of an appropriate reservoir stimulation technology. As a 

consequence, the optimum depth for prospective Cooper Basin deep coal seams is currently 

interpreted to range from 9,000 to 12,000 feet (2,740 to 3,660 metres). As with other successful 

deep, thermogenic source rock reservoirs, the prospectivity depth window for Cooper Basin 

deep coal seams is driven not by the requirement for naturally occurring coal fabric 

permeability but rather by the combination of; a) high gas content - in this case typically several 

times higher than most shallow CSG reservoirs, b) gas oversaturation - i.e. the presence of a 

free gas phase, c) overpressure - i.e. “reservoir energy”, d) the absence of mobile formation 

water, and e) highly consolidated, geomechanically competent host rock strata, comprising 

highly cemented sandstone, siltstone, and shale. Commercial permeability may be 

manufactured later. 

 

The controls on gas production from Cooper Basin deep coal seams are interpreted to be 

fundamentally different to other source rock reservoirs. The extreme depth and the lack of a 

permeable native coal fabric network immediately rule out any practical resemblance to 

shallow or “deep” CSG reservoirs. Shale gas reservoirs are the most comparable but a 

fundamental discrepancy still remains. That is, Cooper Basin deep coal seams do not satisfy 
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the “brittleness” requirement that is essential for the application of current, best practice shale 

gas reservoir hydraulic fracture stimulation techniques. An alternative reservoir stimulation 

technique is required that is capable of creating optimum fracture / fabric face surface area for 

gas desorption (Dunlop et al. (2017) in Chapter 2). This is the dominant factor responsible 

for the geology-technology impasse. Indeed, during initial play screening, many shale gas 

reservoir candidates do not pass the rigorous “brittleness test” either, for example if they are 

too shallow and poorly consolidated, or if clay content is too high. Such “ductile” shale gas 

formations invariably prove to be uneconomic. It is therefore considered unlikely that sufficient 

“shattering” can be achieved within Cooper Basin deep coal seams exposed to high initial 

reservoir confining stress using existing best practice shale gas reservoir stimulation 

technologies, or variations thereof. The relatively high “ductility” of Cooper Basin deep coal 

seams should, under the shale gas reservoir stimulation paradigm, preclude the generation of 

large, complex, permeable, high surface area fracture network domains, resulting in sub-

commercial gas flow rate and gas extraction efficiency. The modest results of CBDCG field 

trials to date (Camac et al., 2018, Fraser and Johnson Jr., 2018) are consistent with this 

prediction. 

 

Having downgraded the applicability of both shallow / “deep” CSG and shale gas reservoir 

stimulation practices, a paradigm shift in gas extraction technology appears necessary - one 

that is analogous to the ideology of surface area creation devised for North American shale 

gas reservoirs in the late 1990s but that does not rely exclusively upon large-scale, multi-stage 

hydraulic fracture stimulation treatments (Warpinski et al., 2009, Mayerhofer et al., 2010) 

and the “brittleness factor” (Jarvie et al., 2007, Rickman et al., 2008). A wide, cross-industry 

literature review has identified the mutually sustaining combination of “gas desorption-induced 

coal matrix shrinkage” and “pressure arching” as being a potential “missing link” that is capable 

of fulfilling this role. These mechanisms are described in detail in Chapter 3, Section 3.4 and 

3.6 respectively. The means by which the collective permeability creation capacity of these 

phenomena may be harnessed to greatly facilitate gas flow rate and gas extraction efficiency 

from CBDCG reservoirs is embodied within a hypothesis, described in Chapter 4. 

 

In summary, it is clear that commercially viable shallow CSG reservoirs, shale gas reservoirs, 

and CBDCG reservoirs all require some form of complex, permeable, high surface area 

fracture / fabric network system that may be either natural, or artificial. Shallow CSG reservoirs 

are naturally cleated, and typically require minimal intervention for gas to flow. In contrast, 

“brittle” shale gas formations, which typically have no significant naturally occurring 

permeability, must be artificially “shattered” by large-scale hydraulic fracture stimulation 

treatments, in an overall state of endogenous reservoir compression, so as to generate an 

artificial fracture network “stimulated reservoir volume” (SRV) domain that contracts and 

decreases in permeability over production time. For Cooper Basin deep coal seams, emulating 

a shale fracture network SRV domain is essential for full-cycle, standalone commercialisation. 
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However, this outcome must be achieved in a different manner that accommodates the 

inherent “ductility” of coal. This thesis reveals a fundamentally new reservoir stimulation 

mechanism by which Cooper Basin deep coal seams may be induced to pervasively “shatter”, 

or “self-fracture”, naturally during gas production, on a massive scale, in an overall state of 

progressive endogenous reservoir tension, without the requirement for “brittleness”, so as to 

generate a fracture network “dilated reservoir volume” (DRV) domain that expands outwards 

from the initial fracture network SRV domain, whilst increasing in permeability and fracture / 

fabric face surface area over production time. 

 

1.2 Review of Chapters 

 

This thesis aims to fill the large knowledge gap associated with understanding the reservoir 

behaviour of Cooper Basin deep coal seams during gas production, and hence their reservoir 

stimulation treatment requirements, by identifying the fundamental controls on the gas 

production. 

 

Firstly, the current state of knowledge and issues relating to technical and commercial progress 

of the CBDCG Play at the commencement of research are comprehensively reviewed by 

Dunlop et al. (2017). This peer-reviewed technical paper, published in The APPEA Journal, 

forms the entire content of Chapter 2. The paper represents the formal literature review for the 

thesis, and provides detailed background and context for the hypothesis formulation and 

testing process to follow. Owing to the large size, Dunlop et al. (2017) has been included as 

Appendix 1, in the form in which it was published. The body text of Chapter 2 sensu stricto 

contains only a brief contextual statement. 

 

Chapter 3 reviews five well-established fundamental concepts that are critical to hypothesis 

formulation. These are: 

 

1. Shallow CSG reservoir principles. 

 

2. Shale gas reservoir principles. 

 

3. Coal matrix shrinkage. 

 

4. The geomechanical reservoir boundary condition. 

 

5. Pressure Arch Theory. 

 

The wide, cross-industry literature review associated with Chapters 2 and 3 reveals that the 

well-published properties, principles, and practices of shallow CSG reservoirs and shale gas 
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reservoirs, together with specific geomechanical principles originating from the underground 

mining industry, may be combined (as a set of “first principles”) to deduce the fundamental 

controls on gas production from CBDCG reservoirs. A working hypothesis (“The Hypothesis”) 

is formulated on this basis. This is described in Chapter 4. A number of predictions and 

implications are then discussed. A hypothesis testing rationale is also provided. The relative 

merits and feasibility of 11 diverse hypothesis testing methodologies are considered. These 

are: 

 

1. Time-lapse material balance wellbore flowback analysis. 

 

2. Time-lapse pressure transient analysis (PTA) of gas production data. 

 

3. Time-lapse rate transient analysis (RTA) of gas production data. 

 

4. Wellbore flowback physical simulation and production “history matching”. 

 

5. Time-lapse monitoring of mudlogging data. 

 

6. Pressure arch modelling. 

 

7. Time-lapse wellbore hydraulic impedance testing and resonant frequency analysis. 

 

8. Time-lapse monitoring of microseismic data. 

 

9. Time-lapse monitoring of wellbore sonic transit time log data, or density log data. 

 

10. Time-lapse cased-hole drill-stem testing. 

 

11. Time-lapse earth tide effects. 

 

Following a screening and selection process, hypothesis testing methodologies #1, #2, #3, and 

#4 were chosen for application to the pure, high-resolution, long-term flowback dataset of 

Moomba 77, a vertical wellbore in the Cooper Basin that hosted Australia’s first deep coal 

“pathfinder” hydraulic fracture stimulation trial in 2007. This work is documented in Chapters 

5 and 6. The 81/2-year flowback pressure dataset of Moomba 77, upon which most of the 

hypothesis testing is based, is summarised in Appendices 2 and 3. 

 

Although hypothesis testing methodology #5 (“time-lapse monitoring of mudlogging data”) was 

not selected for application to The Hypothesis, a peer-reviewed technical paper relating to 
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the general technique was independently published in The APPEA Journal by Salmachi et al. 

(2018), and this is included, in the form in which it was published, as Appendix 4. 

 

The successful outcome of hypothesis testing methodology #2 (“time-lapse pressure transient 

analysis (PTA) of gas production data”) was published as a peer-reviewed technical paper in 

the AAPG Bulletin by Salmachi et al. (2019), and this is included, in the form in which it was 

published, as Appendix 5. 

 

The successful outcome of hypothesis testing methodology #3 (“time-lapse rate transient 

analysis (RTA) of gas production data”) was published as a peer-reviewed technical paper in 

the International Journal of Coal Geology by Dunlop et al. (2020), and this is included, in the 

form in which it was published, as Appendix 6. 

 

The remaining hypothesis testing methodologies #6 to #11 were technically, financially, and 

from a general logistical resourcing perspective, beyond the scope of this thesis, and remain 

as future work. 

 

Moomba 77 is the only standalone Cooper Basin deep coal wellbore identified as having 

sufficient data quality and resolution for the hypothesis testing process. 

 

Chapter 5 primarily describes the outcome of hypothesis testing methodology #1 - “time-lapse 

material balance wellbore flowback analysis”. High-resolution flowback analysis is performed 

on the Moomba 77 dataset. Subsequent to a relatively small multi-stage slick-water hydraulic 

fracture stimulation treatment within the vertical wellbore, wellhead and fracture network 

pressures are recorded continuously for 81/2 years, at a 10-minute sample interval, while 

flowing to constant atmospheric pressure drawdown. A low but gradually increasing quasi-

steady state base gas flow rate, below the minimum rate required to lift flowback fluid up the 

wellbore to surface, is overprinted by a non-steady state, cyclical pressure signature that is 

diagnostic of dynamic reservoir behaviour during gas production. A total of 114 high-rate, 

naturally occurring, “geyser-like” gas surge events, gradually increasing in duration from 2 

hours to 2 weeks, and in reservoir equivalent volume from 360 to 20,000 rcf (10 to 570 rcm), 

suggest the gas headspace compartment of a “down-hole void space domain” is steadily 

increasing in size. The isolated, well-defined “natural surge events” result from the intermittent 

release of fracture network free gas, compressed by a hydrostatic column of flowback fluid, 

slowly accumulating within the wellbore’s production tubing string. This dynamic production 

behaviour is interpreted to be symptomatic of a dilating and expanding deep coal fracture 

network SRV domain. The Hypothesis in Chapter 4 is supported. Chapter 5 also introduces 

hypothesis testing methodologies #2 and #3, “time-lapse pressure transient analysis (PTA) of 

gas production data” (Section 5.21 and Appendix 5) and “time-lapse rate transient analysis 

(RTA) of gas production data” (Section 5.22 and Appendix 6) respectively. 
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Appendix 5 (relating to Chapter 5, Section 5.21) is a peer-reviewed technical paper, 

published in the AAPG Bulletin by Salmachi et al. (2019). This paper describes the outcome 

of hypothesis testing methodology #2 - “time-lapse pressure transient analysis (PTA) of gas 

production data”. 

 

Time-lapse PTA is performed on three extended wellbore pressure build-up tests conducted 

at Moomba 77, lasting 157, 259, and 295 days respectively. Increasing permeability is 

recognised within coal fabric surrounding the initial fracture network SRV domain over 

flowback time. The Hypothesis in Chapter 4 is supported. 

 

Appendix 6 (relating to Chapter 5, Section 5.22) is a peer-reviewed technical paper, 

published in the International Journal of Coal Geology by Dunlop et al. (2020). This paper 

describes the outcome of hypothesis testing methodology #3 - “time-lapse rate transient 

analysis (RTA) of gas production data”. 

 

Time-lapse RTA is performed on two wellbore pressure “blow-down to atmosphere” (BDTA) 

gas flow rate decline tests conducted at Moomba 77, separated by a flowback period of 327 

days. Both commenced from the same initial Shut-in Tubing Head Pressure (SITHP) of 2,500 

psi (17,240 kPa) and, owing to the mostly “dry” wellbore, from the same initial Shut-in Bottom-

hole Pressure (SIBHP) of 3,200 psi (22,060 kPa). These flow tests were initiated immediately 

after corresponding wellbore pressure build-up periods, which are the first two extended 

wellbore pressure build-up tests previously investigated by the PTA study of Salmachi et al. 

(2019) in Appendix 5. Increasing hydraulic fracture flow conductivity is recognised within the 

initial fracture network SRV domain over flowback time. This is supported by a 60% increase 

in the initial gas flow rate from “fracture network storage”, from 7.5 to 12.0 MMscfd (212.4 to 

340.0 Mscmd). The Hypothesis in Chapter 4 is supported. 

 

Chapter 6 documents the “laboratory experiment” component of the thesis. It describes the 

outcome of hypothesis testing methodology #4 - “wellbore flowback physical simulation and 

production history matching”. The results of this in-wellbore experiment support The 

Hypothesis in Chapter 4 by validating a postulated geological mechanism for the triggering 

of cyclical “natural surge events” observed throughout the long-term, 81/2-year flowback period 

of Moomba 77. A “wireline-conveyed”, computer-controlled, open-ended flowing manometer 

apparatus is designed, fabricated, and operated within The University of Adelaide’s 

experimental wellbore, at a depth of 230 feet (70 metres), to physically simulate the open-

ended flowing manometer-like hydrodynamic behaviour of the Moomba 77 wellbore-reservoir 

system. An accurate flowback pressure profile “history match” is obtained between the 

physically simulated data and the actual flowback pressure profile. The postulated natural 

surge event trigger mechanism of “wellbore hydrostatic back-pressure and reservoir 
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stress-dependent leak-off” can only occur if the reservoir confining stress of an isolated 

Cooper Basin deep coal fracture network SRV domain decreases over production time. This 

is a key aspect of The Hypothesis. As a producing deep coal seam shrinks, de-stresses, and 

becomes more geomechanically compliant, an increasing wellbore hydrostatic pressure head, 

generated by slowly accumulating flowback fluid, may cause sudden fluid leak-off events at 

gradually decreasing initiation (i.e. “trigger”) pressure. This leak-off pressure is interpreted to 

be proportional to the minimum stress at the outer boundary of the fracture network SRV 

domain. An existing hydraulic fracture may extend or, alternatively, a new fracture may be 

created by the hydraulically assisted dilation of closed or cemented coal fabric planes of 

weakness. 

 

Chapter 7 summarises the overall outcome of all four hypothesis testing methodologies and 

provides some conclusions. 
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Chapter 2: Cooper Basin Deep Coal Gas (CBDCG) Play: Reservoir 

Description and Review of Current Industry Status 

 

Contextual Statement 

 

This Chapter takes the form of the following peer-reviewed technical paper that was published 

in The APPEA Journal in May, 2017: 

 

Dunlop, E.C., Warner, D.S., Warner, P.E.R. and Coleshill, L.R., 2017. Ultra-deep Permian 

coal gas reservoirs of the Cooper Basin: insights from new studies. The APPEA Journal, 

57(1), pp. 218 - 262. 

https://doi.org/10.1071/AJ16015 

 

The paper represents the formal literature review for the thesis and, as such, provides detailed 

background and context for the hypothesis formulation and testing process to follow. 

 

Although focussing specifically on the Cooper Basin Deep Coal Gas Play, the content of the 

paper does not directly contribute to the component of the research project that addresses the 

knowledge gap identified by the thesis literature review. Instead, it highlights the current 

technical and commercial status of The Play, and identifies the issues that must be addressed 

before full-cycle, standalone commercial gas production can be achieved. For this reason, and 

also because of its large size, the paper has been included, in the form in which it was 

published, as Appendix 1. As such, it represents a detailed repository of historical reference 

material that underpins and helps justify the thesis hypothesis. The standard, routine play 

concept and reservoir property characterisation within the paper provides the background 

(rather than the specific subject matter) upon which the thesis hypothesis is formulated and 

tested. 

 

The paper was written in the early stages of the Ph.D. project, as the product of an extensive, 

cross-disciplinary literature review that assessed the current state of technical understanding 

and commercial progress relating to deep coal gas reservoirs worldwide. One of the 

conclusions reached is that the deep coal gas discipline is still in an emergent state. This is 

despite the very large resource potential of deep coal seams having been recognised for 

decades. Consistent with this is the observation that no full-cycle, standalone commercial gas 

production has been achieved from the Cooper Basin Deep Coal Gas Play since the first trial 

was conducted in 2007. There is currently no widely accepted understanding relating to the 

most appropriate gas extraction technique, nor to the subsequent reservoir behaviour during 

gas production. This represents the knowledge gap addressed by the thesis. An attempt is 

also made in the paper to compare and contrast deep coal gas reservoirs with shallow CSG 

https://doi.org/10.1071/AJ16015
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reservoirs and shale gas reservoirs. This exercise highlights the fact that Cooper Basin deep 

coal seams represent a unique play type, which appears to be incompatible with many of the 

best practice commercial processes applied to other source rock reservoir plays. 

 

In summary, Chapter 2 “sets the scene” for the remainder of the thesis. 

 

Since the work presented in Dunlop et al. (2017) was published, the following technical 

papers, relating specifically to the Cooper Basin Deep Coal Gas Play, have added to the 

knowledge base. These have not significantly influenced the technical direction of the thesis 

because different aspects of The Play were investigated. 

 

1. Bowker et al. (2018) 

 

Bowker, C., Camac, B.A. and Fraser, S.A., 2018. Predicting structural permeability in the 

deep coal play, Tirrawarra-Gooranie fields, Cooper Basin. ASEG Extended Abstracts, 

2018(1), pp. 1 - 9. 

https://doi.org/10.1071/ASEG2018abM3_2A 

 

2. Camac et al. (2018) 

 

Camac, B.A., Benson, J.M., Chan, V. and Goedecke, A., 2018. Cooper Basin deep coal - 

the new unconventional paradigm: deepest producing coals in Australia. ASEG Extended 

Abstracts, 2018(1), pp. 1 - 7. 

https://doi.org/10.1071/ASEG2018abM3_1A 

 

3. Cooper et al. (2018) 

 

Cooper, G.T., Lockhart, D.A. and Walsh, A., 2018. The Permian deep coal play, Cooper 

Basin, Australia. Unlocking the next gas giant. In SPE Asia Pacific Oil and Gas Conference 

and Exhibition, Brisbane, Queensland, Australia, 23 - 25 October, 2018. Society of 

Petroleum Engineers. 

https://doi.org/10.2118/191963-MS 

 

4. Fraser and Johnson Jr. (2018) 

 

Fraser, S.A. and Johnson Jr., R.L., 2018. Impact of laboratory testing variability in fracture 

conductivity for stimulation effectiveness in Permian deep coal source rocks, Cooper Basin, 

South Australia. In SPE Asia Pacific Oil and Gas Conference and Exhibition, Brisbane, 

Queensland, Australia, 23 - 25 October, 2018. Society of Petroleum Engineers. 

https://doi.org/10.2118/191883-MS 

https://doi.org/10.1071/ASEG2018abM3_2A
https://doi.org/10.1071/ASEG2018abM3_1A
https://doi.org/10.2118/191963-MS
https://doi.org/10.2118/191883-MS
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No publications relating to other deep coal gas plays worldwide have been identified since the 

material in Dunlop et al. (2017) was published. 
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Chapter 3: Fundamental Conceptual Elements of The Hypothesis 

 

3.1 Introduction 

 

This Chapter identifies five broad fundamental concepts that are later combined to formulate 

The Hypothesis in Chapter 4. They are an outcome of a wide literature review that was 

performed to identify, using a first principles approach, any key concepts, however disparate, 

which might potentially assist in furthering the understanding of the reservoir behaviour of 

Cooper Basin deep coal seams during gas production. 

 

The five concepts are: 

 

1. Shallow coal seam gas extraction. 

 

2. Shale gas extraction. 

 

3. Coal matrix shrinkage. 

 

4. The geomechanical reservoir boundary condition. 

 

5. Pressure Arch Theory. 

 

The relevance of each concept to CBDCG reservoirs and their basic principles are described 

in the following Sections. 

 

3.2 Shallow Coal Seam Gas Extraction 

 

3.2.1 Relevance to Cooper Basin Deep Coal Gas Reservoirs 

 

As shallow CSG reservoirs transition, with increasing depth, into deep, overpressured BCG 

geological settings, a paradigm shift in reservoir character occurs, to the extent that a very 

different play concept emerges. Nevertheless, shallow CSG reservoirs still provide a valuable 

shallow end-member reference point for predicting the behaviour of CBDCG reservoirs during 

gas production. Four inherent reservoir-related characteristics of coal remain directly 

transferable to CBDCG reservoirs, regardless of depth. These are: 

 

1. Gas storage by adsorption. 

 

2. Coal matrix shrinkage. 
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3. The stress-dependency of coal fabric permeability. 

 

4. Geomechanical properties. 

 

All are well understood. The challenge that now arises is to characterise their impact within a 

very different geological environment. 

 

In contrast to deep coal gas reservoirs worldwide, the literature for shallow CSG reservoirs, 

and the closely related discipline of coal seam carbon dioxide sequestration, is extensive and 

technically very advanced. This is particularly the case with respect to mathematical reservoir 

modelling and simulation. As such, it provides background and context for the new principles 

and gas extraction techniques being investigated for CBDCG reservoirs. Nevertheless, caution 

should be exercised. In the same way that the literature for conventional Darcy-flow reservoirs 

is misleading and opportunity limiting when applied to shale gas reservoirs, the literature for 

shallow CSG reservoirs is interpreted to be potentially misleading and opportunity limiting 

when applied to deep coal gas reservoirs. This is particularly the case for mathematical 

reservoir modelling and simulation, upon which major commercial decisions are often based. 

 

It is important to appreciate that CBDCG reservoirs are fundamentally different to shallow CSG 

reservoirs in many and varied ways. The distinction between the two play concepts has major 

implications for the application of drilling, wellbore completion, reservoir stimulation, post-

stimulation flowback, production, and reservoir modelling / simulation practices. The Cooper 

Basin Deep Coal Gas Play, like most other deep, thermogenic source rock reservoir plays, is 

a “technology play”. Selecting the most appropriate “technology for the geology” is critical for 

commercial success. This is unlikely to occur until the fundamental reservoir characteristics 

and production behaviour are understood. 

 

Shallow coal seams, from which gas is extracted using existing conventional technology, are 

referred to within the literature by a number of equivalent terms. Those encountered in the 

course of the literature review include: 

 

1. Coal seam gas (CSG). 

 

2. Coal seam methane (CSM). 

 

3. Coalbed methane (CBM). 

 

4. Coalbed gas (CBG). 
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5. Coal mine methane (CMM). 

 

For the purpose of this study, the term “shallow coal seam gas” (CSG) is applied throughout. 

 

3.2.2 Basic Principles 

 

Shallow CSG is a mature and well-understood source rock reservoir play type. It has been 

produced on a commercial scale since the 1970s, using an array of well-established, fit-for-

purpose technologies. 

 

The gas stored within shallow CSG reservoirs is typically biogenic in origin and composed 

primarily of methane. It may have a significant thermogenic component within deeper areas, 

where the coal seams have been exposed to higher temperature for a longer period of time. A 

good example is the northern, thermally mature part of the San Juan Basin in Colorado and 

New Mexico, U.S.A., where the thermal maturity ranges from 0.8 to 1.5% VRo. This includes 

the well-known “fairway” sweet spot, which is the most productive area of the basin. In most 

cases, shallow CSG reservoirs are “self-sourcing” but, owing to their high gas adsorption 

capacity, may also accumulate gas from external sources, acting as “molecular sponges”. A 

good example is the Gunnedah Basin of New South Wales, Australia, where shallow CSG 

reservoirs located near igneous bodies have an elevated carbon dioxide content, adsorbed 

from the surrounding rocks (Faiz and Hutton, 1992, Bocking and Weber, 1993, Gurba and 

Weber, 2001). The effect is also observed in the Bowen Basin of Queensland, Australia (Gray, 

1987). 

 

In most cases, the gas storage mechanism for shallow CSG reservoirs is dominated by 

molecular adsorption. Free gas and solution gas may play a role in some geological settings. 

Adsorption is very efficient because the micro-pore and micro-capillary surface area upon 

which the gas is adsorbed is very large per unit mass of coal. For high-rank coal seams, this 

may be in the order of 1 million ft2 / lb (200 m2 / g) of coal (McElhiney et al., 1993, Clarkson 

and Bustin, 2011). No stable free gas phase can exist within the matrix and fabric porosity 

until the matrix adsorption sites become saturated. Owing to the low reservoir pressures 

involved, no significant multi-layer adsorption or capillary condensation of gas occurs within 

the matrix micro-porosity. The coal seams are typically gas-undersaturated to varying extents. 

The average gas content of shallow CSG reservoirs worldwide is approximately 300 scf / short 

ton (9.4 cc / g) (Warner, 2007). 

 

The shallow CSG reservoir geology-technology paradigm generally requires the presence of 

naturally occurring, commercially accessible coal seam reservoir permeability within a 

pervasive, regionally extensive coal fabric network. This is normally manifested in the form of 

an open cleat system (Laubach et al., 1998, Schweinfurth and Finkelman, 2003, Dawson 
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and Esterlé, 2010). Optionally, there may be a complimentary, laterally extensive, pervasively 

permeable natural fracture system caused by tectonic activity. The closely spaced cleats form 

a Darcy-flow reservoir that is, from a production perspective, effectively equivalent to the well-

connected pore system of conventional sandstone reservoirs. Such good reservoir quality 

almost invariably occurs only at relatively shallow depth. Coal seam cleat permeability 

decreases exponentially with increasing depth, and hence reservoir confining stress (McKee 

et al., 1988a, Kuuskraa and Wyman, 1993, Moore, 2012, Pan and Connell, 2012). The 

compressibility of coal is up to 1,000 times greater than clastic and / or carbonate rocks 

(McKee et al., 1988b). Hence, coal seams are far more stress-sensitive than other reservoirs. 

As a consequence, shallow CSG reservoir production is generally restricted to a lithostatic 

stress-related commercial permeability depth limit of approximately 3,000 to 6,000 feet (920 to 

1,830 metres), depending on local conditions, and the type of gas extraction technology 

applied (Enever and Henning, 1997). Gas extraction techniques for shallow CSG reservoirs 

are constrained by the fact that coal seams are too “ductile” for commercially effective coal 

fabric to pre-exist, or artificially created fracture permeability to be maintained during 

production, under the high initial reservoir confining stress, and subsequent increasing 

production pressure drawdown-induced effective stress conditions prevailing beyond this 

depth threshold. The commercial permeability depth limit principle for shallow CSG reservoirs 

has, in the past, been applied to all coal seams, thereby resulting in the historical, industry-

wide perception that deep coal seams have no significant commercial potential. The advent of 

the “modern” shale gas industry in the early 2000s changed this. 

 

Most successful shallow CSG reservoirs have a high proportion of vitrinite. This is a bright, 

low-strength, “glassy”, gel-like coal maceral, which is far more prone to cleat formation than 

other maceral types. The propensity of vitrinite to preferentially accommodate classical cleat 

systems is interpreted by most workers to be a consequence of its amorphous, low-strength, 

gel-like nature. Vitrinite lacks the “structural reinforcement” that is a feature of other more “well-

bound” macerals (J.S. Esterlé pers. comm. 2019). It is suggested that a good example is the 

semifusinite sub-maceral of the inertinite group, which contains “fibrous” phyteral (plant) 

material that tends to resist tensile parting, and hence cleat formation. Cleats are a specific 

type of natural fracture, unique to coal seams. They are effectively systematic “tension 

fractures”. Coal matrix shrinkage mechanisms (assisted by internal fluid pressures) play a 

fundamental role in the formation of cleats by generating intrinsic, “endogenous” tensile 

stresses that cause the coal matrix to “self-fracture” in a characteristic manner. Extrinsic, 

“exogenous” tectonic stresses determine the orientation of the cleats as they form. There is 

typically a dense, orthogonal geometry to the cleating pattern. Orthogonal “butt” and “face” 

cleat systems typically provide most of a shallow CSG reservoir's permeability. The dominant, 

sheet-like “face cleats” extend parallel to the direction of maximum in situ stress at the time of 

coalification, when the cleats formed, which may not necessarily be the same as the present-

day stress orientation. The shorter “butt cleats”, which connect the more continuous face cleat 
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surfaces, extend parallel to the original direction of minimum in situ stress. Other coal fabric 

apertures may also play a role in providing permeability, depending on the amount of structural 

activity, and preservation of the resultant natural fractures. Interaction between the regional 

stress regime and cleat direction may cause permeability anisotropy (Chaianansutcharit et 

al., 2001, Gu and Chalaturnyk, 2010, Wu et al., 2010a, Burra et al., 2014). Another benefit 

of vitrinite within shallow CSG reservoirs is that it has the highest matrix micro-porosity (pores 

less than 2 nanometres / nm in diameter) and internal surface area to bulk volume ratio of all 

coal macerals. Vitrinite is therefore primarily responsible for providing shallow CSG reservoirs 

with their high capacity for adsorbing gas. 

 

To simplify further discussion in this Chapter, and the remainder of the thesis, cleats are 

incorporated into the more general term “coal fabric”. This refers to all natural fracture-related 

apertures, as well as to all low tensile strength planes of weakness, such as bedding planes. 

The reason for applying this generalisation is that, owing to the low vitrinite content of Cooper 

Basin deep coal seams (approximately 15% of the total coal matrix volume), cleat development 

within them is poor. Other forms of coal fabric dominate (particularly the abundant bedding 

planes of weakness), and these may be more important for reservoir flow potential. 

 

Most shallow CSG reservoir fields occur within basin-scale synclinal settings, outside 

conventional gas accumulations. Prior to production, the coal seams typically contain no 

significant free gas. Apertures of the permeable coal fabric are filled with mobile formation 

water. The coal matrix is generally gas-undersaturated with respect to its full adsorption 

capacity to varying extents. In other words, not all of the available coal matrix adsorption sites 

are occupied by gas molecules. The coal seams are typically normally pressured, and in 

communication with the local hydrodynamic pressure regime. Departure from this 

generalisation may occur as a consequence of structural and hydrological effects, which may 

result in underpressure or overpressure (Ayers Jr., 2002). Before gas will desorb from the coal 

matrix, and flow to the wellbore, pore pressure within the coal fabric network must be reduced 

to below the critical pressure for initiating gas desorption from the coal matrix by de-watering 

the reservoir. This is a relatively time-consuming and expensive process, which is often 

accompanied by perceived environmental concerns. In some cases, gas may not be produced 

to surface until several years after reservoir de-watering commences. When the desorption 

pressure is reached, gas molecules detach from their adsorption sites and then migrate slowly 

through the micro-porous coal matrix blocks, by different forms of concentration gradient-

driven diffusion. These include; a) bulk diffusion, which relies exclusively upon the 

intermolecular interactions between one migrating species and others, b) Knudsen diffusion, 

where molecular and pore-wall interactions are dominant, and c) surface diffusion, which 

occurs in the semi-liquid adsorbed state rather than in the free gas state (Cussler, 2009, 

Clarkson and Bustin, 2011). The overall diffusion process is generally described by Fick’s 

Law (Fick, 1995), which is based on the mass flow rate being proportional to the surface area 
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of desorption and the diffusion coefficient of the matrix. Upon reaching the outer boundary of 

the coal matrix block, the gas molecules are then liberated, as free gas, into the meso- and 

macro-porous coal fabric apertures, where flow occurs more rapidly to the wellbore, driven by 

a pressure gradient in accordance with Darcy’s Law (Whitaker, 1986). 

 

The shallowest, and therefore the lowest stress coal seams typically require minimal or no 

reservoir stimulation treatment for gas to flow. De-watering of the pervasively permeable, 

regionally extensive coal fabric network, so as to reduce reservoir pressure and initiate gas 

desorption, is generally sufficient for achieving commercial gas production. Unfortunately, coal 

seam reservoir permeability diminishes exponentially with increasing depth, and resultant 

reservoir confining stress, primarily via the gradual “ductile” closing of coal fabric apertures 

(McKee et al., 1988a, Kuuskraa and Wyman, 1993, Moore, 2012, Pan and Connell, 2012). 

This may be accompanied by the additional problem of decreasing adsorbed gas capacity with 

increasing depth, and hence temperature (Hildenbrand et al., 2006). With increasing depth, 

and the exponentially decreasing permeability, a range of increasingly expensive permeability 

enhancement technologies must be progressively applied. These are typically; a) cavitation or 

under-reaming for coal seams of permeability greater than 100 mD, b) cavitation, “surface to 

in-seam” horizontal wellbores, or high-permeability hydraulic fracture stimulation treatment 

between 100 and 20 mD, c) single laterals or standard hydraulic fracture stimulation treatment 

between 20 and 3 mD, and ultimately d) radial jetting or pinnate multi-laterals for “tight” coal 

seams of permeability less than 3 mD (Palmer, 2010). Reservoir de-watering and gas 

production pressure drawdown must be carefully managed, so as to avoid high effective stress-

induced collapse of the permeability system, and the generation of detrimental “coal fines” that 

occlude flow paths within both the coal seam and the wellbore. Unfortunately, experience in 

many basins worldwide indicates that even the most sophisticated of these techniques mostly 

fail beyond a depth range of approximately 3,000 to 6,000 feet (920 to 1,830 metres). This is 

commonly referred to as the shallow CSG reservoir “commercial permeability depth limit”. The 

result is a stranded “deep CSG” resource. Commercialisation then becomes contingent upon 

a new technological approach. In the Cooper Basin, a project is currently underway to extend 

this limit by the application of horizontal wellbore multi-stage hydraulic fracture stimulation 

within a gas-undersaturated “deep CSG” reservoir, at a depth of 6,700 feet (2,040 metres) 

(Strike Energy Limited, 2018). If successful, this project will represent the deepest standalone 

commercial CSG production worldwide - outside gas-filled structural closure. For a particular 

shallow CSG play, the actual depth limit for existing technology is dependent upon wellbore 

cost (driven mainly by depth and water disposal requirements) and gas price. 

 

When most shallow CSG reservoirs (stimulated or otherwise) are de-pressurised during initial 

reservoir de-watering, and subsequent gas production, the increasing effective stress on the 

coal seam generates a tendency for compaction, overburden down warping, and resultant 

subsidence at surface. A well-known example is the Powder River Basin in Wyoming, U.S.A., 
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where subsidence at surface has been particularly significant (Grigg and Katzenstein, 2013). 

Early compaction is frequently manifested as an initial decline in coal fabric permeability 

(Harpalani and Schraufnagel, 1989). However, during late production time, when low 

reservoir pressure causes gas desorption to accelerate, coal fabric aperture width, and hence 

coal seam permeability, may recover and potentially increase, as a consequence of coal matrix 

shrinkage overtaking compaction strain. Gas-undersaturated shallow CSG reservoirs are more 

susceptible to the initial loss of coal fabric permeability caused by increasing effective stress 

during reservoir de-watering. This is because desorption-induced coal matrix shrinkage, and 

hence permeability enhancement, cannot commence until the gas desorption pressure 

threshold is reached. This may not occur until years after compaction of the coal seam has 

commenced. 

 

For marginally permeable, gas-undersaturated “deep CSG” reservoirs, the narrow coal fabric 

aperture width may not provide a sufficient buffer for withstanding the omnipresent tendency 

for reservoir compaction that occurs as a consequence of increasing effective stress during 

the reservoir de-watering process. Hence, during de-watering, the pre-existing coal fabric 

permeability typically decreases. With reservoir pressure still being above the gas adsorption 

isotherm curve, and gas production not yet initiated, there is no desorption-induced coal matrix 

shrinkage effect to counteract the initial decline in coal fabric permeability. It may therefore be 

appreciated that, for gas-undersaturated shallow CSG reservoirs, an initial coal fabric 

permeability threshold exists, below which the reservoir may never recover from the initial 

compaction effect caused by reservoir de-watering. Coal fabric apertures are likely to gradually 

decrease in width, to below their original native state, to the point where no further 

commercially effective reservoir de-watering is possible. Without the ability to continue 

reducing reservoir pressure, the critical desorption pressure cannot be reached. The highly 

stress-sensitive fabric network of the coal seam becomes irreversibly damaged, and 

commercial gas production will not be achievable using the standard reservoir de-watering 

approach. Having exhausted all options of the shallow CSG reservoir stimulation repertoire, 

such wellbores must be abandoned. For high-quality shallow CSG reservoirs that exceed the 

initial coal fabric permeability threshold, the coal fabric network does not deteriorate to the 

extent that further reservoir de-watering is impractical. Under this condition, gas production will 

eventually commence, and desorption-induced coal matrix shrinkage may recover part or all 

of the coal seam’s initial permeability. Indeed, in some shallow CSG fields, where coal matrix 

shrinkage capacity is high, and / or the surrounding host rock strata are sufficiently competent 

to shield the coal seam from compaction, the rebound in coal fabric permeability may 

significantly exceed the native state. Exponential, orders of magnitude permeability increase 

have been reported within the Upper Cretaceous Fruitland Formation coal seams of the San 

Juan Basin in Colorado and New Mexico, U.S.A. (Gierhart et al., 2007, Palmer, 2009), at a 

depth of 1,000 to 3,500 feet (300 to 1,070 metres). Here, the amount of coal fabric permeability 

rebound during reservoir pressure depletion is very sensitive to the initial coal fabric porosity 
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(Moore et al., 2011). Low porosity coal seams experience the greatest permeability 

enhancement. Clearly, this insight has significant implications for the commercialisation of 

Cooper Basin deep coal seams. 

 

Interestingly, coal fabric permeability enhancement in the San Juan Basin appears to 

commence as soon as gas desorption is initiated (Palmer, 2009). This departs from the 

behaviour of most other shallow CSG reservoirs, where it tends to be a late-time production 

effect. It is suggested that this observation provides insight into the geomechanical reservoir 

boundary condition that may be operating. Perhaps the physical response of the surrounding 

host rock strata is immediately inhibiting the reservoir compaction effect. Could this also apply 

to Cooper Basin deep coal seams? 

 

A variety of sophisticated mathematical models have been published since 1987 to 

characterise the dynamic permeability of shallow CSG reservoirs, and also for coal seam 

carbon dioxide sequestration. Critical to each model are the impacts on coal fabric permeability 

of desorption-induced coal matrix shrinkage and production pressure drawdown-induced 

effective stress. Pan and Connell (2012) provide a comprehensive review of the following 

well-known shallow CSG reservoir mathematical models. Some of these, and others, were 

earlier compared and contrasted by Palmer (2009): 

 

1. Gray (1987) 

2. Sawyer et al. (1987), Sawyer et al. (1990) 

3. Seidle and Huitt (1995) 

4. Harpalani and Chen (1995) 

5. Levine (1996) 

6. Palmer and Mansoori (1998) 

7. Gilman and Beckie (2000) 

8. Shi and Durucan (2004), Shi and Durucan (2005) 

9. Cui and Bustin (2005), Cui et al. (2007) 

10. Robertson and Christiansen (2006) 

11. Liu and Rutqvist (2010) 

12. Liu et al. (2010) 

13. Connell et al. (2010b) 

 

Some of the more recent shallow CSG reservoir mathematical models accommodate 

permeability anisotropy. These include: 

 

1. Gu and Chalaturnyk (2005), Gu and Chalaturnyk (2010) 

2. Wang et al. (2009) 

3. Liu et al. (2010) 
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4. Wu et al. (2010b) 

5. Pan and Connell (2011) 

 

The two most widely used shallow CSG reservoir mathematical models are those of Palmer 

and Mansoori (Palmer and Mansoori, 1998) and Shi and Durucan (Shi and Durucan, 2004, 

Shi and Durucan, 2005). 

 

No specific mathematical modelling and simulation process has yet been identified within the 

literature for Cooper Basin deep coal gas reservoirs, as they are defined within this study. 

 

A more comprehensive overview of shallow CSG reservoir principles and practices is provided 

by Rogers et al. (2007). 

 

3.3 Shale Gas Extraction 

 

3.3.1 Relevance to Cooper Basin Deep Coal Gas Reservoirs 

 

From a rock property, geological setting, gas flow mechanism, and production technology 

perspective, CBDCG reservoirs are interpreted to more closely resemble world-class shale 

gas reservoirs than shallow CSG reservoirs. Hence, there are many aspects of the advanced, 

and rapidly growing shale gas reservoir literature that have application to this study, particularly 

with respect to reservoir gas storage mechanisms, reservoir gas transport mechanisms, 

reservoir stimulation principles, and the associated technology. 

 

The industry-transforming success of shale gas reservoirs in North America demonstrates 

unambiguously that a deep, thermogenic source rock reservoir having no naturally occurring, 

commercially significant matrix or fabric permeability, is capable of flowing gas to surface at 

very high rates if large-scale fracture / fabric face surface area for gas desorption is created by 

some form of large-scale reservoir stimulation treatment. The concept is, in principle, directly 

transferable to CBDCG reservoirs. Indeed, it is considered to be essential. As with shale, gas 

production from coal seams is proportional to the amount of coal matrix surface area exposed 

to production pressure drawdown. However, in practice, evidence presented within this thesis 

suggests that the effective stimulation of CBDCG reservoirs must be achieved in a different 

manner to shale, using a fracture / fabric face surface area creation technique that departs 

from what has become the most effective and “traditional” approach for shale gas reservoirs - 

multi-stage hydraulic fracture stimulation. 
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3.3.2 Basic Principles 

 

Deep, thermogenic shale gas plays typically lack a significant naturally occurring open natural 

fracture system. In most cases, no commercially significant permeability, and hence gas flow 

rate capacity exist. For a “pure” shale gas reservoir, native fabric permeability is effectively 

absent. This is despite the fact that, in many cases, fabric planes of weakness may be 

abundant. The problem is that the apertures are either closed by high stress, or occluded by 

authigenic mineralisation, which typically involves silica or carbonate. For gas to flow into a 

wellbore at a commercially significant rate, the fabric must be reactivated (i.e. opened) by some 

form of large-scale reservoir stimulation treatment. 

 

The matrix permeability of thermogenic shale gas plays is typically measured in the hundreds 

of nanoDarcies. Such a condition does not allow significant Darcy flow to occur. Gas must 

travel through the shale matrix, mainly by various forms of molecular diffusion. 

 

Although commercial shale gas reservoirs are organic-rich, and store gas by adsorption in the 

same manner as coal seams, the total gas content is typically dominated by the free gas phase. 

This is because the process of thermogenic hydrocarbon generation creates significant 

amounts of free gas storage capacity, in the form of secondary “organic porosity” (Loucks et 

al., 2009, Wang and Reed, 2009). Matrix “vugs” are clearly identified by the scanning electron 

microscope (SEM) imaging of focussed ion beam (FIB) ablated samples. 

 

Shale gas reservoirs may produce not only gas but also large amounts of condensate and oil. 

Since these hydrocarbons are generated and trapped in situ (i.e. in the manner of a source 

rock reservoir), the type of hydrocarbon produced is directly controlled by the thermal maturity 

of the shale. For the purpose of comparing and contrasting shale gas reservoir principles with 

CBDCG reservoir principles, all discussion relating to shale gas reservoirs within this thesis is 

in the context of high thermal maturity shale gas reservoirs that produce mainly “dry gas” (i.e. 

dominated by methane, and to a lesser extent ethane, propane, and butane, with no significant 

gas-condensate liquids). 

 

For gas to flow from a shale gas formation into a wellbore at a commercial rate, a complex, 

permeable, very high surface area artificial reservoir must be created by some form of large-

scale reservoir stimulation treatment. The surface area is essential because, similar to shallow 

CSG reservoirs, this compensates for the absence of significant Darcy flow through the matrix. 

Throughout North America, and in a limited number of basins worldwide, this is now routinely 

achieved by the application of large-scale, multi-stage, slick-water hydraulic fracture 

stimulation treatments within horizontal wellbores. The initial technical breakthrough occurred 

in the Barnett Shale of the Fort Worth Basin, Texas, U.S.A. in 1997, with the replacement of 

high proppant concentration cross-linked gel treatments with low proppant concentration slick-
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water treatments (Martineau, 2007). This new technique was initially performed within vertical 

wellbores but rapidly progressed to horizontal drilling. Very high flow rates are now achievable. 

For example, in 2015, a 3,221-foot (980-metre) horizontal wellbore within the Utica Shale of 

Pennsylvania, U.S.A., having 18 hydraulic fracture stimulation stages, is reported to have 

flowed gas at an initial rate of 72.9 MMscfd (2.064 MMscmd) (EQT Press Release, 2015). 

More recently, horizontal wellbore lengths have increased significantly. They are now 

approaching 20,000 feet (6 kilometres), and may include over 100 fracture stimulation stages 

(Pickett, 2017, Doak et al., 2019). This specialised technique effectively “shatters” a very large 

volume of shale, so as to create an artificial, high fracture / fabric face surface area reservoir 

where none previously existed. Reactivation (i.e. opening) of the initially closed and cemented 

shale fabric occurs in a state of shear-mode failure. This generates large numbers of small 

“micro-earthquake” (“microseismic”) events. Most of these normally have a magnitude of less 

than -2 or -3 on the logarithmic Richter Scale. A Richter magnitude of approximately 3 is 

required for an event to be physically perceived at surface. The 3D spatial extent of the 

stimulated reservoir volume (SRV) domain of a shale gas reservoir may therefore be 

conveniently monitored by microseismic recording (Maxwell et al., 2002). The massive 

hydraulic fracture stimulation process is highly effective but this remains strictly contingent 

upon the shale being “brittle”. This important geomechanical property is a function of 

mineralogy (Jarvie et al., 2007, Rickman et al., 2008). “Brittleness” is optimised ideally by 

high silica (e.g. quartz) content, or alternatively by high carbonate content. Clay-rich shales, 

which are more “ductile”, do not fracture in the required complex manner. Nor do they retain 

sufficient fracture flow conductivity during production. The prerequisite “brittleness” of 

commercial shale gas reservoirs means that not only can a complex maze of conductive 

hydraulic fractures be easily created but also that a significant amount of the fracture 

complexity and flow conductivity is retained over the production life of wellbores, even within 

high-stress settings, at depths of potentially 14,000 feet (4,270 metres) or more (Fan et al., 

2010). 

 

Overpressuring is a key attribute of successful shale gas reservoirs. It primarily enhances gas 

storage capacity, and enables a higher production pressure drawdown, which increases gas 

flow rate capacity. 

 

A more comprehensive overview of shale gas reservoir principles and practices is provided by 

Jarvie (2011), King (2012), Ma and Holditch (2015), Rezaee (2015), and Ahmed and 

Meehan (2016). 
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3.4 Coal Matrix Shrinkage 

 

3.4.1 Relevance to Cooper Basin Deep Coal Gas Reservoirs 

 

The concept of coal matrix shrinkage increasing the width, and hence permeability of cleat and 

other coal fabric apertures during gas production was first hypothesised and modelled by Gray 

(1987). It has since played a fundamental role in forecasting the production performance of 

shallow CSG reservoirs (Pan and Connell, 2012). Coal fabric permeability is invariably 

dynamic over production time. Within favourable shallow CSG geological settings, coal fabric 

permeability has been observed to increase exponentially, by as much as two orders of 

magnitude (Gierhart et al., 2007, Palmer, 2009, Moore et al., 2011). This must be associated 

with some form of reservoir confining stress reduction. Within other, less favourable settings, 

coal fabric permeability decreases over production time, despite coal matrix shrinkage 

occurring. This indicates increasing reservoir confining stress. Clearly, other factors contribute 

to whether coal fabric permeability increases or decreases. The most important of these is the 

large-scale physical response of the coal seam, and the surrounding host rock strata, to 

increasing production pressure drawdown-induced effective stress. The importance of this so-

called “geomechanical reservoir boundary condition” is later investigated in Section 3.5. It may 

therefore be appreciated that, given the very low initial fabric permeability of Cooper Basin 

deep coal seams, the de-stressing capacity of coal matrix shrinkage could potentially be 

harnessed as a natural mechanism for stimulating coal seams, in an overall state of 

progressive endogenous tensile failure during gas production, provided a favourable 

geomechanical reservoir boundary condition exists, or can be created. This is highlighted by 

the observation of Moore et al. (2011) that coal seams having the lowest initial coal fabric 

porosity typically experience the greatest permeability enhancement in response to desorption-

induced coal matrix shrinkage. 

 

Current reservoir stimulation techniques being applied to Cooper Basin deep coal seams that 

rely upon large-scale shale gas reservoir hydraulic fracture stimulation techniques, or 

variations thereof, have so far yielded only limited success. A state of incremental, endogenous 

compression is initially created around the hydraulic fracture (Palmer, 1993, Palmer et al., 

2005, Palmer, 2010). This practice is considered to be incompatible with the fundamental 

controls on efficient gas extraction at this depth and stress, and may not be the optimal 

approach. By forcibly injecting additional mass into a deep coal seam, in the form of large 

quantities of fluid, gel, and proppant, confined within the wedge-like geometry of a relatively 

simple, planar hydraulic fracture system, an initial local increase in the already high reservoir 

confining stress is likely to occur (Palmer, 1993, Palmer et al., 2005, Palmer, 2010, Ren et 

al., 2018). This may irreversibly damage the deep coal seam’s highly stress-sensitive natural 

fabric, endogenously compressing it to a state that is beyond the finite capacity of desorption-

induced coal matrix shrinkage to regain or enhance the original coal fabric aperture width. In 
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reservoir engineering terms, a zone of “skin damage” may be created around the hydraulic 

fracture system. Minimising proppant size and concentration within the treatment fluid may 

provide some benefit in this regard. However, this is not the current strategy of Cooper Basin 

project operators (Camac et al., 2018). Reducing proppant pack width of the hydraulic fracture 

system would minimise the initial incremental, endogenous compression effect (Palmer et al., 

2005), and result in a shorter “stress recovery time”, as the coal fabric permeability attempts 

to rebound to its original state in response to desorption-induced coal matrix shrinkage. 

Excessive proppant-induced endogenous compression may result in the deep coal seam’s 

desorption-induced coal matrix shrinkage capacity being insufficient for regaining the native 

coal fabric permeability, let alone enhancing it. Should the deep coal seam recover during gas 

production from the hydraulic fracture stimulation-induced “damage”, extensive de-stressing, 

and resultant fine-scale endogenous tensile opening, dilation, and expansion of the adjacent 

coal matrix and fabric may eventually exceed the void space volume, permeability, surface 

area, and complexity created by the original hydraulic fracture stimulation treatment. The 

proppant pack of the initial fracture network SRV domain may become progressively redundant 

for maintaining hydraulic fracture flow conductivity as the fracture network SRV domain 

apertures dilate in response to gas desorption, to create incremental flow conductivity. 

Ironically, a large, well-propped, highly conductive hydraulic fracture system may not achieve 

the overarching objective of effectively reactivating (i.e. opening) the coal fabric, so as to 

generate a complex, shale gas reservoir-like, high surface area desorption surface. High 

proppant and cross-linked gel loading tends to promote low hydraulic fracture complexity. 

Viscous cross-linked gelled proppant slurry does not readily penetrate narrow apertures of the 

complex, fine-scale, tortuous coal fabric. It prefers to follow the widest and least tortuous flow 

path of least resistance through the coal seams. This leads to the formation of a less complex 

fracture network geometry than for low-viscosity treatments. In the Cooper Basin, the 

occasional, anomalously high gas flow rates reported from some target coal seams (Camac 

et al., 2018, Fraser and Johnson Jr., 2018), resulting from high-proppant, high-viscosity 

treatments, may instead be a result of cross-flow, arising from the contact with, or penetration 

of, adjacent sandstone gas reservoirs (King, 2010, Dunlop et al., 2017, Salmachi and 

Karacan, 2017). Less of the coal may be stimulated and more of the surrounding sandstone 

reservoirs. Indeed, two thick, hydraulically fracture stimulated Patchawarra Formation deep 

coal seams shown in Figure 1 of Fraser and Johnson Jr. (2018) are both in direct contact 

with gas-saturated conventional sandstones. Production pressure drawdown within the coal 

seams after hydraulic fracture stimulation treatment should reasonably be expected to 

generate a potentially significant gas contribution from these sandstone reservoirs, as per 

Darcy’s Law. It is interpreted that such cross-flow effects may be responsible for some of the 

anomalously high upward departures in initial gas flow rate relative to the average 0.25 MMscfd 

(7.1 Mscmd) initial gas flow rate reported for all Cooper Basin trials to date. 
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For gas to flow from a Cooper Basin deep coal seam into a wellbore at an optimum rate, a 

reservoir stimulation approach is required that does not induce a state of incremental, 

endogenous compression that leads to the destruction of coal fabric permeability. The 

Hypothesis, described in Chapter 4, predicts that, within an appropriate geological setting, 

coal matrix shrinkage provides a natural reservoir stimulation mechanism that instead induces 

a state of progressive endogenous decompression that leads to immediate coal fabric 

permeability enhancement. Hence, it is capable of enhancing, or substituting for, the other 

thermogenic source rock reservoir stimulation techniques currently being applied, such as the 

standard shale gas industry practice of large-scale, multi-stage hydraulic fracture stimulation 

treatment within horizontal wellbores. A fit-for-purpose reservoir stimulation technique that 

harnesses coal matrix shrinkage-induced endogenous tensile failure is advantageous because 

the “brittleness factor”, upon which effective shale gas reservoir stimulation is based, may not 

be a requirement for the “shattering” of relatively “ductile” Cooper Basin deep coal seams. 

 

From a practical perspective, coal matrix shrinkage is important because it provides an 

ongoing, inherently non-damaging reservoir stimulation mechanism that has the capacity to 

de-stress and increase the permeability of deep coal seams during gas production. It is a 

potential means by which relatively “ductile” Cooper Basin deep coal seams, which do not 

qualify for the shale gas reservoir simulation techniques that rely upon “brittleness”, may be 

encouraged to progressively “self-fracture” during gas production, thereby replicating the 

stimulated reservoir volume (SRV) domain of shale gas reservoirs. 

 

3.4.2 Basic Principles 

 

Coal is a labile, dynamic material that is capable of both decreasing and increasing in organic 

matrix volume over time, in response to a variety of geological- and production-related 

mechanisms. Coal fabric permeability changes accordingly, as the coal fabric apertures open 

and close with shrinkage and swelling respectively (Levine, 1996). This phenomenon is unique 

to coal seams (Pan and Connell, 2012). In both the long-term geological and the short-term 

production realms, the geomechanical boundary condition (described in Section 3.5 to follow) 

strongly modulates the impact of coal matrix shrinkage, and ultimately determines the stress 

path (Gray, 2010), which, in turn, controls whether coal fabric permeability increases or 

decreases. Hence, the “permeability path” of a coal seam is a “coupled” process (Connell, 

2009). It is the net effect of coal matrix shrinkage and the induced physical response of both 

the coal seam and the surrounding host rock strata. 

 

The literature suggests that the geomechanical boundary condition and stress path of a 

specific coal seam are variable, dependent upon the time scale. The geomechanical boundary 

condition and stress path experienced by a coal seam during transient, non-steady state 

production conditions is significantly different to that experienced over a geological time frame. 
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Similarly, a coal seam from which gas is being extracted as rapidly as possible, at maximum 

production pressure drawdown, is likely to experience a different geomechanical boundary 

condition and stress path to that of a coal seam being produced slowly, at a lower pressure 

drawdown. 

 

The most well-understood mechanism for changing coal matrix volume is the desorption and 

adsorption of gas molecules, under the combined influence of changing pressure and the 

electrostatic van der Waals forces between the gas molecules and the coal matrix (Rogers et 

al., 2007). This process is best illustrated by the intensely studied dynamic permeability 

behaviour of shallow CSG reservoirs. 

 

Gas desorption-induced coal matrix shrinkage is the primary mechanism responsible for the 

well-known dynamic permeability behaviour of coal seam reservoirs during gas production. It 

is very well described within the literature and plays a fundamental role in most shallow CSG 

mathematical reservoir models and simulations (Harpalani and Schraufnagel, 1990, Seidle 

and Huitt, 1995, Levine, 1996). The lower the initial fabric permeability of the coal seam, the 

more relevant to production performance desorption-induced coal matrix shrinkage becomes 

(Moore et al., 2011). Coal matrix volume decreases when gas is removed (desorbed) from the 

macro-molecular structure. In contrast, coal matrix volume increases when native or foreign 

gas species are incorporated into the macro-molecular structure (adsorbed). Decreasing coal 

matrix volume is referred to as “shrinkage”. Increasing coal matrix volume is referred to as 

“swelling”. Coal matrix swelling is unlikely to occur during “normal”, standalone gas production 

from coal seam reservoirs that are free of extrinsic influences. This is likely to be the case for 

most CBDCG reservoirs. Hence, coal matrix swelling is not considered further in the context 

of this thesis. The coal matrix swelling process is more relevant to activities that involve the 

injection of foreign gas species having higher adsorption affinity than the native hydrocarbon 

gas, such as the “enhanced coalbed methane” (ECBM) process, and carbon dioxide 

sequestration. 

 

For the purpose of mathematical modelling and simulation, the physical response of the coal 

seam to desorption / adsorption-induced shrinkage and swelling is analogous to the thermal 

contraction and expansion of rock (Palmer and Mansoori, 1998). 

 

Coal matrix shrinkage, in the broad generic sense, may occur on both the geological and 

production time scales, and in a variety of different forms, via a continuum of overlapping 

processes. To fully appreciate the potentially large impact that coal matrix shrinkage may have 

on the reservoir behaviour of Cooper Basin deep coal seams during gas production, it is 

beneficial to first consider the full suite of mechanisms and their respective time scales. It is 

postulated that “standard” gas desorption may not be the only process that causes coal matrix 

to shrink during gas production. The generation of “new gas” from “unspent” kerogen that has 
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not yet experienced full thermogenic conversion, may also contribute to the effect. In essence, 

catalytic and thermogenic hydrocarbon generative reactions that have been retarded by high 

formation pressure may potentially be “re-started” by production pressure drawdown. This 

concept is described in Sections 3.4.4.2 and 3.4.4.3. 

 

Real-time generation of biogenic gas has been invoked as a possible explanation for apparent 

over-production within shallow CSG reservoirs of the Powder River Basin in south-eastern 

Montana and north-eastern Wyoming, U.S.A. (Pratt et al., 1999, Ayers Jr., 2002). 

 

3.4.3 Geological Time Scale 

 

Commencing at the time of deposition, and under anoxic geological conditions, accumulated 

peat organic matter continually decreases in volume. Its physical and chemical characteristics 

change over time, as a consequence of increasing depth of burial (lithostatic confining stress) 

and temperature, to form coal (“coalification”), and eventually graphite (“graphitisation”). During 

this evolution, hydrocarbons are generated. A variety of complex processes are involved that 

collectively result in coal matrix shrinkage. 

 

The most distinctive and well-known manifestation of coal matrix shrinkage on a geological 

time scale is the formation of cleats, as described in Section 3.2.2. 

 

Throughout the evolution of a coal seam, at least seven coal matrix shrinkage processes may 

occur. These are, in approximate order of occurrence: 

 

1. The coalification process. 

 

The gradual lithostatic compaction of accumulated organic matter with increasing depth of 

burial, and the associated physical expulsion of connate water, together lead to 

peatification, and ultimately coalification. Some clean, high-rank coal seams may have 

compacted by a factor of approximately 10 to 1 (Massarotto, 2002, Massarotto et al., 

2009). As might be expected, much of this occurs in the very early stages of burial. Cleat 

formation is part of the coalification process. 

 

2. Biogenic gas generation. 

 

Biogenic gas is generated by methanogenic bacteria within stagnant, anoxic water systems 

where organic matter accumulates. It also forms within shallow sediments that are rich in 

organic matter. Hence biogenic gas is common in both shallow coal seams (Faiz and 

Hendry, 2006, Strąpoć et al., 2011) and shales (Rice and Claypool, 1981, Martini et al., 

1996, Cokar et al., 2010). The gas generation process ceases when the organic matter 
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becomes buried to a depth at which the temperature tolerance of the methanogenic biota 

is exceeded. This is often colloquially referred to as the “pasteurisation temperature” 

(Bowden et al., 2019). As thermogenic gas generation commences at greater depth, the 

pre-existing biogenic gas is either diluted, or purged from the system. Loss of structural 

mass from the organic matter results in coal matrix shrinkage. 

 

3. Catalytic hydrocarbon generation. 

 

On a geological time scale, coal matrix shrinkage may occur as a consequence of the 

temperature-independent generation of hydrocarbons via the natural catalytic conversion 

of large, complex, high molecular weight organic molecules (kerogen) into smaller 

molecular weight hydrocarbons (Mango and Jarvie, 2009, Mango et al., 2009, Mango et 

al., 2010). Workers in this area have concluded that natural catalytic activity is another 

mechanism for the generation of hydrocarbons, in parallel with biogenic and thermogenic 

processes. The kerogen loses structural mass as newly generated hydrocarbons are 

expelled, and this causes the coal matrix to shrink. 

 

The catalytic agents responsible for kerogen transformation are interpreted by some 

workers within the literature to be transition metals. These may be derived from a variety 

of sources, including bacterial enzymes, which are typically concentrated and preserved 

within organic-rich, anoxic source rock sediments. Transition elements are well known for 

their catalytic activity. This is attributed to their ability to adopt multiple oxidation states, 

and to form complexes, resulting in a decrease in the activation energy required for a wide 

variety of reactions. Within the geological realm, this includes the breakdown of complex 

organic molecules (kerogen) into smaller species. Based on laboratory experiments, 

catalytic activity is highly variable between different formation types. 

 

4. Thermogenic hydrocarbon generation. 

 

This involves the high-temperature conversion of large, complex, high molecular weight 

organic molecules (kerogen) into smaller, mobile species (notably hydrocarbons). For a 

comprehensive description of thermogenic hydrocarbon generation, the reader is referred 

to Tissot and Welte (2013). 

 

5. Thermogenic bound water expulsion. 

 

Bound water is expelled from the coal matrix structure in parallel with thermogenic 

hydrocarbon generation. This also reduces coal matrix volume, and contributes to the coal 

matrix shrinkage effect. 
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6. Rearrangement of macro-molecular structure into a more compact form, without the 

expulsion of mobile molecules. 

 

Molecular rearrangement mechanisms that result in a decrease in matrix volume are well 

documented within the literature (Tissot and Welte, 2013). Graphitisation is a good 

example. It is sufficient to state that, throughout the full extent of its geological evolution, 

the complex macro-molecular structure of coal seam organic matter remains labile. 

 

7. Gas desorption from the coal matrix caused by natural geological events. 

 

Desorption-induced coal matrix shrinkage is generally considered by the literature in the 

context of the de-pressurisation of producing coal gas reservoirs. For this reason, the 

principle is described in the next Section (Section 3.4.4). However, the phenomenon also 

occurs on a much larger scale, in any geological scenario where coal seams containing 

adsorbed biogenic, catalytic, or thermogenic gas are exposed to a regional reduction in 

pressure, or an increase in temperature. Most commonly, de-pressurisation would be 

caused by a natural breach of subsurface conditions, for example by structural uplift and 

erosion. Very large volumes of desorbed gas may be released in this way, resulting in a 

tendency for coal matrix shrinkage. A possible manifestation of this effect occurs in the 

Cooper Basin, where widespread structural uplift and tilting was experienced over major 

highs, and around the basin margin during the Tertiary Period (Dunlop et al. (2017) in 

Chapter 2). Similarly, a significant increase in temperature caused, for example, by an 

igneous intrusion, may also trigger a gas desorption event that leads to coal matrix 

shrinkage. 

 

3.4.4 Production Time Scale 

 

On a production time scale, coal seams may experience a further decrease in coal matrix 

volume, incremental to the long-term geological effects, as a consequence of the following 

processes: 

 

1. Gas, oil, and water desorption (Section 3.4.4.1). 

 

2. The resumption of catalytic hydrocarbon generation (Section 3.4.4.2). 

 

3. The resumption of thermogenic hydrocarbon generation (Section 3.4.4.3). 

 

These three coal matrix shrinkage mechanisms are all a direct result of production pressure 

drawdown. 
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Quantitative investigation into the possible contribution of resumed catalytic and thermogenic 

hydrocarbon generation is well outside the scope of this study. Hence, from a practical 

perspective for the remainder of this thesis, all coal matrix shrinkage behaviour during gas 

production is assumed to be a consequence of the “standard” gas desorption process, as 

described in Section 3.4.4.1 to follow. 

 

3.4.4.1 Desorption-induced Coal Matrix Shrinkage 

 

While natural, geological time scale coal matrix shrinkage processes may, in principle, 

continue to varying minor extents, “standard” gas desorption-induced coal matrix shrinkage, 

caused directly by the pressure reduction associated with commercial gas extraction, is by far 

the primary and most rapid mechanism for coal matrix volume reduction, and hence 

permeability enhancement, on a production time scale. It is of critical importance to 

understanding coal reservoir behaviour during gas production. Although coal matrix shrinkage 

is most commonly associated with the desorption of gas, the desorption of bound oil and water 

molecules during production may also contribute to a minor extent (Pan et al., 2010b). 

However, in the context of this thesis, oil and water desorption are considered to be relatively 

minor effects that may be disregarded for simplicity. 

 

The organic fraction of coal comprises a macro-molecular, cross-linked polymeric matrix that 

decreases in volume in response to the desorption of gas molecules from micro-porosity or 

micro-capillary adsorption sites. When adsorbing gas molecules pack within a micro-pore or 

micro-capillary, a large force is exerted on the walls (Rogers et al., 2007). This causes the 

micro-pore or micro-capillary to expand. On a larger scale, the effect is manifested by swelling 

of the coal matrix. It follows that desorption of the gas molecules, as a consequence of 

production pressure drawdown, will cause the micro-pore or micro-capillary to shrink back 

towards its original size, thereby restoring the original coal matrix volume. This process is not 

perfectly elastic, so there is normally a degree of hysteresis (Seidle, 2011, Pan and Connell, 

2012, Wang et al., 2014b). Laboratory measurements indicate that the coal matrix volume 

loss attributable to desorption-induced coal matrix shrinkage may, in some coal seams, be as 

high as 4% (Pan and Connell, 2007). 

 

As coal matrix shrinks during gas production, there is a tendency for intrinsic, endogenous 

tensile stresses to develop within the coal seam. If the rate of desorption-induced coal matrix 

shrinkage exceeds the rate of increasing geological confinement (down warping of the 

overburden strata, or horizontal deformation in the maximum horizontal stress direction), these 

endogenous tensile forces may lead to the de-stressing, and resultant tensile dilation of pre-

existing coal fabric apertures, thereby increasing permeability. In the same manner, 

desorption-induced coal matrix shrinkage may also create new aperture void space by the 

endogenous tensile opening, dilation, and extension of pre-existing, low tensile strength, 
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multiple orientation coal fabric planes of weakness. A simple, conceptual analogy is the 

manner in which shrinkage crack networks slowly form, in a state of intrinsic, endogenous 

tension, within desiccating, clay-rich surface sediment (Figure 3.1). 

 

 

Figure 3.1: A simple, conceptual analogy for gas desorption-induced coal matrix shrinkage. The initial evaporation 

of “free water”, and ultimately the desorption of “water of hydration” from desiccating, clay-rich surface sediment 
causes shrinkage crack networks to form in a state of intrinsic, endogenous tension. 

 

Desorption-induced coal matrix shrinkage during gas production, leading to an increase in coal 

fabric permeability is a well-documented process. It has been conclusively demonstrated by 

both laboratory testing (Gray, 1987, Harpalani and Chen, 1993, Barakat, 1999, Massarotto, 

2002, Connell et al., 2016) and by field observation (Gray, 1987, Mavor and Vaughn, 1998, 

Gierhart et al., 2007, Mazumder et al., 2012). 

 

Within suitable geological settings, and particularly during late-time gas production, when 

reservoir pressure may become very low, coal fabric permeability may increase considerably. 

At low reservoir pressure, the rate of gas desorption, and hence coal matrix shrinkage, is 

highest. The permeability increase is a consequence of the rate of desorption-induced coal 

matrix shrinkage exceeding the rate of reservoir compaction strain caused by increasing 

production pressure drawdown-induced effective stress. The best example of such 

permeability enhancement, within both hydraulic fractures and the native coal fabric occurs 

within the shallow Upper Cretaceous Fruitland Formation CSG reservoirs of the San Juan 

Basin in Colorado and New Mexico, U.S.A. (Ayers Jr., 2003), at a depth of 1,000 to 3,500 feet 

(300 to 1,070 metres). It was observed by McElhiney et al. (1993) that these coal gas 

reservoirs display variable amounts of resistance to increasing production pressure drawdown-
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induced effective stress, to the point where coal matrix shrinkage reduces reservoir confining 

stress sufficiently for hydraulic fractures, and native coal fabric apertures, to dilate in an overall 

state of endogenous tensile failure. At the Cedar Hill Field, one of the largest shallow CSG 

fields in the U.S.A., it was reported in 1992 that no producing wellbores had yet experienced 

a decline in coal fabric permeability (Seidle et al., 1992). This observation was repeated for a 

number of other fields. Instead, exponential increases in coal fabric permeability of as much 

as two orders of magnitude were measured by independent time-lapse wellbore pressure 

build-up (PBU) tests (Gierhart et al., 2007, Palmer, 2009, Moore et al., 2011). The rate of 

permeability rebound is most pronounced during late-time production, when reservoir pressure 

is very low, often only 200 to 300 psi (1,380 to 2,070 kPa). This is consistent with the fact that 

effective stress increases linearly with reservoir pressure depletion, whereas the rate of 

desorption-induced coal matrix shrinkage increases exponentially (Shi and Durucan, 2010), 

in accordance with the asymptotic shape of the gas adsorption isotherm curve. Fundamentals 

of the gas adsorption isotherm process are provided by Rogers et al. (2007). A typical 

methane gas adsorption isotherm for a relatively high-rank (medium-volatile bituminous) 

Cooper Basin deep coal seam is shown in Chapter 5, Figure 5.30. Of particular relevance to 

the investigation of changing hydraulic fracture and coal fabric aperture width within Cooper 

Basin deep coal seams is the observation by Okotie and Moore (2011) that in some San Juan 

Basin wellbores, where hydraulic fracture stimulation had initially been applied, proppant was 

subsequently produced back into the wellbore many years later. This was most apparent for 

those wellbores exhibiting the greatest permeability enhancement, as a consequence of 

desorption-induced coal matrix shrinkage. A reasonable interpretation made by Okotie and 

Moore (2011) was that desorption-induced coal matrix shrinkage had caused the aperture 

width of the hydraulic fractures to increase, in a similar manner to the native coal fabric, to the 

extent that proppant was no longer held in place. A similar proppant flowback event has 

recently occurred in the southern Cooper Basin, early in the flowback of the previously 

mentioned hydraulically fracture stimulated pilot “deep CSG” horizontal wellbore, when flowing 

bottom-hole pressure (FBHP) was less than 300 psi (2,070 kPa) (Strike Energy Limited, 

2019). 

 

Shallow CSG reservoirs of the Fairview Field in Queensland, Australia, are also reported to be 

exhibiting significant permeability enhancement as a consequence of desorption-induced coal 

matrix shrinkage (Belushko et al., 2014, Yarmohammadtooski et al., 2017, Salmachi and 

Barkla, 2019). 

 

Desorption-induced coal matrix shrinkage is reversible (albeit with some hysteresis), so 

reservoir changes caused by adsorption-induced coal matrix swelling are critical to the 

management of activities that involve gas injection. Reinstating the initial gas saturation by the 

injection and adsorption of native gas tends to restore the original coal matrix volume, and 

hence the initial coal fabric permeability. Exceeding the initial gas saturation, for example by 
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“over-injecting” into an originally gas-undersaturated coal seam, will most likely reduce 

permeability to below the native state. Similarly, injection of a foreign gas species having higher 

adsorption affinity is likely to swell the coal, and reduce its permeability to below the native 

state. This is the main challenge associated with the process of carbon dioxide sequestration 

within coal seams. Carbon dioxide has a higher adsorption affinity than methane (which forms 

the bulk of the native adsorbed gas), and hence will cause coal matrix swelling, and coal fabric 

permeability reduction, to the detriment of injection efficiency. 

 

3.4.4.2 Catalytic Hydrocarbon Generation Rebound during Production 

 

Natural catalytic hydrocarbon generation (Section 3.4.3) is interpreted within the literature to 

be retarded, or even terminated, when formation pressure becomes too high, as a 

consequence of both increasing depth of burial over geological time and overpressuring 

effects. It follows that, should the formation pressure be reduced by production pressure 

drawdown, the catalytic reaction may re-start. Workers in the field refer to catalytic gas 

generation on a production time scale as “Alpha Gas” (Mango and Jarvie, 2009, Mango and 

Jarvie, 2010). The generation and expulsion of Alpha Gas during production may, in principle, 

result in coal matrix shrinkage behaviour similar to that caused by gas desorption sensu stricto. 

 

The concept of Alpha Gas generation is somewhat analogous to industrial catalytic processes. 

A relevant example (in the reverse sense) is the Fischer-Tropsch process (Hall, 1950). This 

converts, via hydrogenation, a synthetic mixture of carbon monoxide and hydrogen (referred 

to as “synthesis gas” or “syngas”) into a range of ultra-pure synthetic liquid hydrocarbons, 

alcohols, and fertilisers in the presence of a variety of catalysts - most commonly the transition 

metals cobalt, iron, and ruthenium. Reaction rate and efficiency are governed by process 

conditions such as temperature, pressure, and the local concentration of reaction products. 

Being, in most cases, an equilibrium system, catalytic conversion may slow down, stop, or be 

reversed in response to changing process conditions. In the case of Alpha Gas, formation 

pressure is interpreted within the literature to be the process condition primarily controlling the 

rate of catalytic gas generation, there being a critical formation pressure threshold, above 

which the forward reaction effectively stops. 

 

Release of formation pressure to below some critical level, for example by drilling and 

producing a wellbore, may allow the catalytic gas generation reaction to resume, uninhibited, 

eventually declining to a long-term, quasi-steady state level. 

 

It is noteworthy that Cooper Basin coal seams contain high levels of the transition metal 

catalyst Fe++, in the form of pervasively distributed siderite (FeCO3). This makes the CBDCG 

Play well qualified for the catalytic conversion of kerogen to gas. 
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Should Alpha Gas generation be occurring within Cooper Basin deep coal seams subjected 

to production pressure drawdown, it is reasonable to conclude that it may also contribute to 

coal matrix shrinkage. 

 

The concept of catalytic gas generation during production introduces perplexing implications 

for the determination of resource gas-in-place volumes. 

 

3.4.4.3 Thermogenic Hydrocarbon Generation Rebound during Production 

 

There is growing acceptance within the literature that thermogenic hydrocarbon generation 

(Section 3.4.3), and all other aspects of organic matter metamorphism on a geological time 

scale, may be inhibited when formation pressure becomes too high, as a consequence of both 

increasing depth of burial and overpressuring effects (Price and Wenger, 1992, Hao Fang et 

al., 1995, Osborne and Swarbrick, 1997, McTavish, 1998, Carr, 1999, Carr, 2000). A 

common form of evidence for this is the phenomenon of “vitrinite reflectance retardation”. Note 

that this is different to “vitrinite reflectance suppression”, which refers to abnormally low vitrinite 

reflectance readings caused by anomalously high hydrogen content. This may result from a 

variety of factors, which include high liptinite content, and the presence of derived aliphatic 

lipids and bitumens (Carr, 2000). 

 

“Vitrinite reflectance retardation” refers to the situation where vitrinite reflectance (a standard 

thermal maturity indicator for terrestrial organic matter) is abnormally low, compared to the 

expected thermal maturity profile that is driven by increasing depth, temperature, and time. 

The kerogen maintains a state of low apparent thermal maturity that is inconsistent with its 

thermal history. The most common explanation is that kerogen conversion has slowed, in 

response to the increasing formation pressure that generally corresponds to increasing depth. 

The transformation reaction that converts the macro-molecular polymeric matrix of kerogen to 

mobile hydrocarbons is inhibited. This is consistent with Le Chatelier’s Principle of chemical 

reactions (Le Chatelier, 1884), which states that if a constraint (such as a change in pressure, 

temperature, or concentration of a reactant) is applied to a system in equilibrium, the 

equilibrium will shift, so as to tend to counteract the effect of the constraint. Hao Fang et al. 

(1995) indicate that “the degree to which the organic-matter maturation is retarded, expressed 

as the difference between predicted and measured vitrinite reflectance, increases 

exponentially with increasing fluid pressure, confirming that pressure increases the activation 

energies of organic-matter maturation reactions”. It is noted that overpressure retardation of 

kerogen conversion appears to be conditional upon other factors, and does not always occur, 

even if ideal overpressure conditions appear to be present. 

 

Should the retardation of thermogenic gas generation be occurring within Cooper Basin deep 

coal seams, it is reasonable to conclude that, if the constraint of high formation pressure is 
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removed by production pressure drawdown, a rebound in the conversion of kerogen to gas 

may occur. This may result in a coal matrix shrinkage effect that is incremental to that caused 

by the “standard” gas desorption process. 

 

As with the resumption of catalytic gas generation during production (Section 3.4.4.2), a 

potential rebound of thermogenic gas generation during the production of CBDCG reservoirs 

would also introduce perplexing implications for the determination of resource gas-in-place 

volumes. 

 

3.4.5 Coal Matrix Shrinkage Capacity of Cooper Basin Deep Coal Seams 

 

Prospective Cooper Basin deep coal seams (i.e. deeper than 9,000 feet / 2,740 metres) have 

significantly higher thermal maturity (at approximately 1.2 to 8+% VRo) than most of those coal 

seams worldwide that are classified as conventional shallow CSG reservoirs (for which thermal 

maturity is typically less than 0.7% VRo, and the gas is mainly biogenic in origin). The coal 

“rank” of prospective Cooper Basin deep coal seams ranges from medium-volatile bituminous 

(mvb) at a depth of approximately 9,000 feet (2,740 metres), to semi-anthracitic at depths 

approaching 12,000 feet (3,660 metres). At extreme depths, the coal seams appear to become 

mildly graphitised (Dunlop et al. (2017) in Chapter 2). 

 

The obvious question that arises is: do Cooper Basin deep coal seams exhibit significant 

shrinkage during desorptive gas production? The capacity for coal matrix shrinkage is clearly 

an important factor to be considered for The Hypothesis in Chapter 4. 

 

In 2014, shortly before commencing this Ph.D. project, the author arranged for comprehensive 

coal matrix shrinkage testing to be performed on full-hole core samples recovered from a 32-

foot (9.8-metre) target coal seam within the lower Patchawarra Formation of Roswell 1, a 

vertical wellbore located 22 kilometres (13.7 miles) east of the Moomba 77 experimental 

wellbore that is studied in Chapter 5. At the time of writing, the Roswell 1 testing results appear 

to represent a unique dataset. No other such shrinkage testing has been identified for Cooper 

Basin coal seams. 

 

The Roswell 1 target deep coal seam is estimated to be low-volatile bituminous (lvb) to semi-

anthracitic in rank. At a depth of 10,057 feet (3,065.4 metres), and with a geothermal gradient 

of 3.52 °F / 100 feet (6.41 °C / 100 metres), the temperature of the Roswell 1 target coal seam 

is 424 °F (218 °C). 

 

In comparison, the Moomba 77 target coal seams are medium-volatile bituminous (mvb) in 

rank. At an average depth of 9,500 feet (2,900 metres), and with a geothermal gradient of 2.59 
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°F / 100 feet (4.72 °C / 100 metres), the average temperature of the Moomba 77 target coal 

seams is 320 °F (160 °C). 

 

Intact full-hole core samples from Roswell 1 were sent to two separate laboratories: 

 

1. Commonwealth Scientific and Industrial Research Organisation (CSIRO) in 

Melbourne, Australia. 

 

2. Sigra Pty. Ltd. in Brisbane, Australia. 

 

The primary objective of both testing programmes was to determine if, and to what extent, the 

coal samples exhibited coal matrix shrinkage and swelling when they desorbed or adsorbed 

methane gas respectively. The programmes also included methane gas adsorption isotherms, 

and the determination of geomechanical elastic properties. 

 

The reports for both testing programmes are included in the Roswell 1 Well Completion Report 

(Santos Limited, 2013): 

 

Santos Limited, 2013. Roswell 1 Well Completion Report. WCRF2012/000/763. South 

Australian Department of State Development. 

http://mer-wcr.s3.amazonaws.com/ROSWELL 001.zip 

 

Details of the unpublished CSIRO report are as follows: 

 

Connell, L.D., Lupton, N., Camilleri, M. and Down, D., 2014. Characterisation and 

modelling of matrix shrinkage in Cooper Basin coals. CSIRO Energy. Report number 

EP147675, 23 October, 2014. 

 

The methodology and results of the CSIRO testing programme for Roswell 1 are complex, 

and beyond the scope of this thesis to adequately describe. The conclusions, however, are 

clear, and best summarised by quoting directly from the report. 

 

With respect to the methane gas adsorption isotherm testing: 

 

“The adsorption isotherm measured for this coal found it has a significant capacity for methane, 

at the reservoir pressure of 27 MPa (3,915 psi) the gas content was up to 39 m3 / tonne (1,250 

scf / ton) at 50 °C and 27 m3 / tonne (865 scf / ton) at 150 °C (as received basis); on a dry ash 

free basis 28 m3 / tonne (903 scf / ton) at 27 MPa (3,915 psia) and 150 °C (302 °F). Due to the 

high pressures used with these measurements, the measured adsorption departed noticeably 

from the relationship with respect to pressure defined by the Langmuir model.” 

http://mer-wcr.s3.amazonaws.com/ROSWELL%20001.zip
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With respect to the coal matrix shrinkage testing: 

 

“In terms of the matrix shrinkage behaviour with respect to gas content, at low gas contents, 

the rate of change is approximately 0.03% / m3 / tonne (9.4 x 10-4% / scf / ton) but on average 

is between 0.022 and 0.024% / m3 / tonne (6.9 to 7.4 x 10-4% / scf / ton) over the range of 

measurement. From a number of measurements on Bowen Basin coals, Connell et al. (2013) 

found that the rate of variation of the swelling strain ranged from 0.02% / m3 / tonne to 0.048% 

/ m3 / tonne (0.62 to 1.5 x 10-3% / scf / ton) with an average of 0.038% / m3 / tonne (1.5 x 10-

3% / scf / ton) and standard deviation of 0.008% / m3 / tonne (2.5 x 10-4% / scf / ton). This coal 

is therefore towards the low end of the range of behaviour seen with Bowen Basin coal.” 

 

Another relevant quote from the CSIRO report is as follows: 

 

“...there is considerable evidence in the literature that shrinkage strain is primarily a function 

of the gas content...” 

 

Hence, the CSIRO report places the desorption-induced coal matrix shrinkage capacity of 

high-rank Cooper Basin deep coal seams (such as those at Roswell 1) into perspective, 

relative to lower rank Australian shallow coal seam reservoirs. 

 

Figure 3.2 summarises the results of the CSIRO methane gas adsorption isotherm testing. 

 

Figure 3.3 summarises the results of the CSIRO coal matrix shrinkage testing, with all samples 

exhibiting shrinkage / swelling strain when exposed to methane gas at varying pressure. 
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Figure 3.2: CSIRO methane gas adsorption isotherm for a high-rank (low-volatile bituminous to semi-anthracitic) 
Cooper Basin deep coal seam at Roswell 1, at a depth of over 10,000 feet (3,050 metres). 

 
Source: Roswell 1 Well Completion Report. WCRF2012/000/763. South Australian Department of State 
Development. 
http://mer-wcr.s3.amazonaws.com/ROSWELL 001.zip 

 

 

Figure 3.3: CSIRO coal matrix shrinkage testing results for a high-rank (low-volatile bituminous to semi-anthracitic) 
Cooper Basin deep coal seam at Roswell 1, at a depth of over 10,000 feet (3,050 metres). All samples exhibited 

shrinkage / swelling strain when exposed to methane gas at varying pressure. 
 
Source: Roswell 1 Well Completion Report. WCRF2012/000/763. South Australian Department of State 
Development. 
http://mer-wcr.s3.amazonaws.com/ROSWELL 001.zip 

 

  

http://mer-wcr.s3.amazonaws.com/ROSWELL%20001.zip
http://mer-wcr.s3.amazonaws.com/ROSWELL%20001.zip
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Details of the unpublished Sigra Pty. Ltd. report are as follows: 

 

Gray, I., Smith, D. and Liu, L., 2014. Roswell 1 Patchawarra VC50 seam - isotherm, elastic 

property and shrinkage testing. 21 November, 2014. Sigra Job Reference number: 394. 

 

The results of the Sigra Pty. Ltd. testing programme for Roswell 1 indicate that the target coal 

seam did indeed exhibit shrinkage and swelling behaviour in response to the desorption and 

adsorption of methane gas respectively. However, this was highly complex, and departed 

significantly from the behaviour of typical shallow CSG reservoirs. Desorption and adsorption 

strain during testing was highly anisotropic, in both the horizontal and vertical planes. An 

attempt to explain the behaviour is beyond the scope of this thesis. Indeed, the Sigra Pty. Ltd. 

laboratory itself, which has extensive experience relating to the coal matrix shrinkage testing 

of shallow CSG reservoirs, has never observed such anomalous behaviour, and could not 

explain it. 

 

Figure 3.4 summarises the results of the Sigra Pty. Ltd. methane gas adsorption isotherm 

testing. 

 

Figure 3.5 summarises the results of the Sigra Pty. Ltd. coal matrix shrinkage testing, with all 

samples exhibiting shrinkage / swelling strain when exposed to methane gas at varying 

pressure. 

 

  



 

57 

 

Figure 3.4: Sigra Pty. Ltd. methane gas adsorption isotherm for a high-rank (low-volatile bituminous to semi-
anthracitic) Cooper Basin deep coal seam at Roswell 1, at a depth of over 10,000 feet (3,050 metres). 

 
Source: Roswell 1 Well Completion Report. WCRF2012/000/763. South Australian Department of State 
Development. 
http://mer-wcr.s3.amazonaws.com/ROSWELL 001.zip 

 

 

Figure 3.5: Sigra Pty. Ltd. coal matrix shrinkage testing results for a high-rank (low-volatile bituminous to semi-
anthracitic) Cooper Basin deep coal seam at Roswell 1, at a depth of over 10,000 feet (3,050 metres). All samples 

exhibited shrinkage / swelling strain when exposed to methane gas at varying pressure. 
 
Source: Roswell 1 Well Completion Report. WCRF2012/000/763. South Australian Department of State 
Development. 
http://mer-wcr.s3.amazonaws.com/ROSWELL 001.zip  

http://mer-wcr.s3.amazonaws.com/ROSWELL%20001.zip
http://mer-wcr.s3.amazonaws.com/ROSWELL%20001.zip
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3.5 The Geomechanical Reservoir Boundary Condition 

 

3.5.1 Relevance to Cooper Basin Deep Coal Gas Reservoirs 

 

The fabric permeability of all coal seams during gas production is dynamic, and very sensitive 

to reservoir confining stress, which is greatly exacerbated by increasing production pressure 

drawdown-induced effective stress. It is strongly controlled by the large-scale physical 

response of both the coal seam and the surrounding host rock strata. Whether permeability 

increases, decreases, or does both over production time, depends upon the complex 

interaction between ongoing desorption-induced coal matrix shrinkage and the prevailing 

geomechanical reservoir boundary condition. Hence, to characterise, model, and simulate the 

production behaviour of CBDCG reservoirs, it is essential that the correct geomechanical 

reservoir boundary condition be identified. Owing to the extreme depth of Cooper Basin deep 

coal seams, typical geomechanical reservoir boundary conditions applicable to shallow or 

“deep” CSG reservoirs cannot be assumed by default. The limited literature relating to CBDCG 

reservoirs does not yet adequately address this issue. It is not yet established how the aperture 

width of artificially created fractures, and the surrounding native coal fabric, change as a 

consequence of the dynamic, diametric competition between desorption-induced coal matrix 

shrinkage (which is proven to be significant for these high-rank coal seams by the laboratory 

testing results in Section 3.4.5) and the omnipresent tendency for reservoir compaction 

caused by increasing production pressure drawdown-induced effective stress. Decreasing 

reservoir pressure during production promotes the closing of coal fabric apertures, thereby 

compacting the coal seam, and reducing permeability. Desorption-induced coal matrix 

shrinkage counteracts the tendency for reservoir compaction by promoting the dilation of the 

coal fabric apertures. 

 

The difficulty and complexity of adequately characterising the geomechanical reservoir 

boundary condition of CBDCG reservoirs, which is considered to be comparable to that 

experienced by geomechanical engineers in the underground mining industry, is well 

summarised by Potts (1951) - “The fact remains, that it is difficult to establish a mathematically 

accurate theory which can be applied under all conditions, and which correlates strata 

movement above underground excavations with subsequent surface movement. The variables 

which exist, even in geological terms, are too many and too diverse even without considering 

the purely mining factors of extent, method and rate of extraction.” 

 

In contrast to CBDCG reservoirs, the geomechanical reservoir boundary condition of shallow 

CSG reservoirs has been intensively investigated by many workers over several decades. The 

reason for this is that it is a fundamental input assumption that forms the basis for all 

mathematical modelling and simulation studies. A number of different theorised shallow CSG 

geomechanical reservoir boundary conditions have been developed. Interestingly, the 
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literature suggests that there is no convincing empirical evidence for any of them (Ma et al., 

2011). Hence, there appears to be an ongoing debate relating to which variation is applicable 

in the field. In the next Section, the most well established and widely accepted shallow CSG 

theoretical geomechanical reservoir boundary condition assumption is described - “uniaxial 

strain and constant vertical confining stress”. A case is then presented as to why this condition 

may be an oversimplification of field behaviour, particularly within deeper settings. This, in turn, 

highlights a possible mechanism for causing that departure, which may ultimately control the 

extraction of gas from CBDCG reservoirs - Pressure Arch Theory, which is introduced in 

Section 3.6. 

 

3.5.2 Basic Principles 

 

3.5.2.1 Uniaxial Strain and Constant Vertical Confining Stress 

 

The geomechanical reservoir boundary condition of “uniaxial strain and constant vertical 

confining stress” was first hypothesised and modelled by Gray (1987). It is the theoretical 

situation whereby overall strain in the horizontal dimension of a coal reservoir during reservoir 

depletion is zero, whereas strain in the vertical dimension may occur (Palmer, 2009). The latter 

is clearly validated by the subsidence at surface that sometimes occurs over shallow CSG 

fields. This geomechanical reservoir boundary condition is now widely accepted to describe 

the large-scale physical response of most shallow CSG reservoirs to production pressure 

drawdown. It is a common assumption for many shallow CSG mathematical models (Gray, 

1987, Palmer, 2009, Pan and Connell, 2012, Qu et al., 2014). The two most frequently used 

models, those of Palmer-Mansoori and Shi-Durucan (Palmer and Mansoori, 1998, Shi and 

Durucan, 2004) both use this approach. 

 

The “uniaxial strain and constant vertical confining stress” geomechanical reservoir boundary 

condition is generally applied in combination with the widely accepted “vertical bundled 

matchstick” representation of cleat geometry and permeability pathways (Seidle et al., 1992, 

Ma et al., 2011). As the name suggests, horizontal cleat permeability is assumed to be zero. 

The constant vertical stress condition does not allow horizontal cleats to be open. The “vertical 

bundled matchstick” model is generally considered to be the best physical representation of 

most shallow CSG reservoir cleat systems. During production pressure drawdown, the flow of 

gas and water occurs primarily through the open vertical and near-vertical cleat apertures. The 

“matchsticks” represent the coal matrix blocks, while the two orthogonal sets of vertical gaps 

between the “matchsticks” represent the butt and face cleat apertures. Desorption-induced 

coal matrix shrinkage promotes a tendency for the horizontal dimension (i.e. width) of the 

individual matchsticks to decrease. However, the overall horizontal dimension of the bundle 

must remain constant. Given that the model requires an overall state of zero horizontal (lateral) 

strain to be maintained, this leads to a potentially large dynamic decrease in horizontal (lateral) 
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stress, and a resultant increase in cleat permeability, while the vertical (longitudinal) stress and 

permeability remain the same (Liu and Harpalani, 2012). The vertical (longitudinal) stress on 

the bundle remains constant because; a) the lithostatic load is invariant, and b) there is an 

assumed state of unconstrained down warping of the overburden strata in response to 

increasing production pressure drawdown-induced effective stress. The assumption of 

constant vertical confining stress means that the coal seam always experiences the full 

effective stress load (Palmer, 2009). Production pressure drawdown results in a relatively 

uniform, one-dimensional (i.e. uniaxial) intrinsic compaction response. Adoption of the 

constant vertical confining stress condition greatly simplifies the geomechanical aspects of 

mathematical modelling and simulation. It means that the physical response of the host rock 

strata to the coal compaction effect caused by increasing production pressure drawdown-

induced effective stress need not be considered. Only the behaviour of the coal seam is 

represented (Connell, 2009). It is assumed that the overlying host rock strata yield uniformly, 

thereby maintaining constant vertical stress on the full drainage area of the coal seam. If the 

rate of desorption-induced coal matrix shrinkage is greater than the rate of vertical compaction 

strain, horizontal stress within the fixed lateral dimension bundle of matchsticks decreases, 

and this allows apertures between the matchsticks to dilate. The process induces a state of 

deviatoric (i.e. vertical versus horizontal) stress that may ultimately lead to shear failure (Liu 

and Harpalani, 2014). 

 

It is important to appreciate that the “uniaxial strain and constant vertical confining stress” 

reservoir boundary assumption does not accommodate the possibility of an effective stress 

field being of variable magnitude, or of discontinuous lateral extent, during reservoir depletion. 

This is because those scenarios would create considerable complication for mathematical 

modelling and simulation (Liu and Harpalani, 2014). Hence, the intrinsic, “endogenous” effect 

of desorption-induced coal matrix shrinkage has been conveniently decoupled from the 

extrinsic, “exogenous” effect of overburden down warping and compaction. This major 

geomechanical simplification results in the “uniaxial strain and constant vertical confining 

stress” assumption becoming tenuous in geological environments that depart from “ideal” 

shallow CSG settings. 

 

A contentious aspect of the “uniaxial strain and constant vertical confining stress” 

geomechanical reservoir boundary condition assumption is how the permeability enhancement 

effect of desorption-induced coal matrix shrinkage is able to outpace the reservoir compaction 

effect, when unconstrained vertical compaction is assumed to occur. This is investigated in the 

next Section (Section 3.5.2.2). 

 

At this point, it should be re-emphasised that for Cooper Basin deep coal seams, cleat 

development is very poor. This is well demonstrated by the full-hole core photo in Figure 5 of 

Dunlop et al. (2017) in Chapter 2. Most of the coal fabric is horizontal, in the form of abundant 
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bedding planes of weakness. Hence, application of the “vertical bundled matchstick” model 

may not be representative of Cooper Basin deep coal reservoir characteristics, and production 

behaviour, in response to desorption-induced coal matrix shrinkage. 

 

3.5.2.2 Departure from Uniaxial Strain and Constant Vertical Confining Stress 

 

Some authors suggest that, while the “uniaxial strain and constant vertical confining stress” 

geomechanical reservoir boundary condition may be a pragmatic input assumption for most 

shallow CSG mathematical modelling and simulation, it is, in reality, an oversimplification of 

the geomechanical behaviour of the coal seam, and the surrounding host rock strata, and may 

not apply to all shallow CSG reservoirs (Connell, 2009, Connell et al., 2010b). 

 

Empirical evidence from field case studies in the San Juan Basin of Colorado and New Mexico, 

U.S.A., and the Black Warrior Basin of western Alabama and northern Mississippi, U.S.A., 

suggest that pressure-depleting coal reservoirs are rarely subject to a uniform, constant 

external stress environment (Massarotto et al., 2009). If this were the case, coal fabric 

apertures would be expected to steadily close during production, despite the counteracting 

effect of incremental aperture width creation by desorption-induced coal matrix shrinkage. This 

reasoning is supported by the observation that, in both of these shallow CSG fields, large 

increases in coal fabric permeability have occurred over time. 

 

Although the “uniaxial strain and constant vertical confining stress” assumption may be a good 

approximation for most shallow CSG settings, coupled flow and geomechanical numerical 

modelling indicates that it may not always apply. This is particularly the case within the near-

wellbore region, where high lateral gradients in pore pressure and desorption-induced strain 

are often experienced during early-time production (Gu and Chalaturnyk, 2005, Connell, 

2009, Connell and Detournay, 2009, Connell et al., 2010a, Pan et al., 2010a, Pan and 

Connell, 2012, Peng et al., 2014). The combined actions of rapid pore pressure reduction and 

desorption-induced coal matrix shrinkage adjacent to the wellbore force a localised increase 

in effective stress, and a localised reduction in reservoir confining stress, compared to the 

original lithostatic loading. This results in a spike in coal fabric permeability enhancement within 

the near-wellbore region that may extend laterally 50 feet (15 metres) or more (Figure 3.6). 

The effect, which is analogous to the highly successful near-wellbore stress reduction and 

permeability enhancement technique of coal seam “cavity completion” (Holditch, 1993), is the 

most pronounced during early-time production, when the production pressure transient 

gradient is highest. Such a scenario is the most easily achieved in low-permeability coal 

seams, where the production pressure transient boundary is inherently sharp. As might be 

expected, departure from the initial reservoir confining stress condition is exacerbated in 

proportion to the rate of production pressure drawdown. The host rock strata are forced to 

respond to the localised increase in effective stress. This leads to “pressure arch” formation, 
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and a resultant localised reduction in vertical reservoir confining stress on the coal seam. 

Pressure arching (which is often referred to by the equivalent term “stress arching”) is an 

important concept that is later postulated to be a critical control on the reservoir behaviour of 

Cooper Basin deep coal seams during gas production. Pressure Arch Theory is described in 

detail in Section 3.6 to follow. Within the pressure arched region around the wellbore, the coal 

seam experiences less reservoir confining stress. This causes the coal fabric permeability to 

increase significantly, to well above that predicted by the mathematical models that rely upon 

“uniaxial strain and constant vertical confining stress” (Connell, 2009). Localised rapid 

production pressure drawdown within a coal seam having low fabric permeability is optimal for 

pressure arching. The intensity of pressure arching, and the associated permeability 

enhancement, is proportional to the lateral gradient of effective stress. In higher permeability 

coal seams, the pressure arch effect becomes less pronounced over production time, as the 

initial high pressure transient gradient gradually dissipates. For the low-permeability Cooper 

Basin deep coal seams however, the pressure transient gradient remains sharp throughout 

the production life of a wellbore. It is later postulated, in Chapter 4, that the associated 

pressure arch “stress shield” is not only maintained, it expands outwards around the wellbore 

with the advancing gas depletion front. 

 

Departures in the behaviour of shallow CSG reservoirs from the “uniaxial strain and constant 

vertical confining stress” geomechanical reservoir boundary condition, whether in the field, or 

from mathematical modelling and simulation, provide insight which may be extrapolated to 

deeper geological settings (where pressure arching is more effective) for postulating the 

geomechanical reservoir boundary condition applicable to CBDCG reservoirs. 
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Figure 3.6: Coupled flow and geomechanical numerical modelling of shallow CSG reservoirs, which suggests that 

transient pressure arch effects may occur, in early production time, around wellbores that experience a high lateral 
pore pressure gradient from localised rapid production pressure drawdown. Note the departure from the Shi-
Durucan model (Shi and Durucan, 2004, Shi and Durucan, 2005) that assumes a “uniaxial strain and constant 
vertical confining stress” geomechanical reservoir boundary condition. 
 
Reproduced from Connell et al. (2010a) with permission from Society of Petroleum Engineers. 

 
Source: Connell, L.D., Pan, Z., Lu, M., Heryanto, D.D. and Camilleri, M., 2010. Coal permeability and its behaviour 
with gas desorption, pressure and stress. In SPE Asia Pacific Oil and Gas Conference and Exhibition, Brisbane, 

Queensland, Australia, 18 - 20 October, 2010. Society of Petroleum Engineers. 
https://doi.org/10.2118/133915-MS 

 

3.5.2.3 Constant Volume and Decreasing Vertical Confining Stress 

 

The alternative theoretical shallow CSG geomechanical reservoir boundary condition that is 

most consistent with the production behaviour of CBDCG reservoirs is that of “constant volume 

and decreasing vertical confining stress” (Harpalani and Chen, 1995, Massarotto, 2002, 

Massarotto et al., 2003, Massarotto et al., 2009, Ma et al., 2011). This may be considered 

to be a special case of the “uniaxial strain and constant vertical confining stress” 

geomechanical reservoir boundary condition (Ma et al., 2011), where strain in the vertical 

direction is set (and maintained) at zero. Hence, the initial physical stratal boundary volume of 

the coal seam remains constant over production time. For this reason, it is often referred to as 

“Constant Volume Theory”. In essence, proponents of this theory find it difficult to accept that 

the orders of magnitude increase in coal fabric permeability observed within some shallow 

CSG reservoirs over production time can be accommodated within a genuinely constant 

vertical confining stress condition. The rate of coal seam “boundary creep” associated with 

“uniaxial strain and constant vertical confining stress” should be too high for this to occur. 

 

https://doi.org/10.2118/133915-MS
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Constant Volume Theory is based on the principle that a decrease in coal matrix volume, 

caused by desorption-induced shrinkage, is matched by an equivalent increase in coal fabric 

aperture width - in all directions. This effectively invalidates the “vertical bundled matchstick” 

physical representation of the cleat system because horizontal cleat apertures are now allowed 

to be open. The initial physical stratal boundary of the coal seam remains spatially fixed during 

the entire production period, despite the increasing production pressure drawdown-induced 

effective stress. There is no down warping and compaction, or potential subsidence at surface. 

Hence, the desorption-induced coal matrix shrinkage effect is allowed to reach its full potential, 

and this results in optimum de-stressing, and fabric permeability enhancement within the coal 

seam. The mechanism for spatially maintaining the original stratal boundary of the coal seam 

during production pressure drawdown is theorised to be the flexural and tensile strength of the 

rigid, “beam-like” overburden strata above it. However, it is conceded that eventually, when 

the areal extent of the production pressure depletion region becomes too large, the “beam-

like” support mechanism may fail, as does the roof of an underground coal mine excavation, 

when the roof span becomes too wide. Although the term “arch bridging” has been used in 

reference to this behaviour (Massarotto et al., 2009), it is unclear whether pressure arching 

sensu stricto, as will be described in Section 3.6, has been invoked as the mechanism for 

Constant Volume Theory. Nevertheless, the concept is comparable, with a similar outcome. 

 

Constant Volume Theory provides an alternative explanation for the large rebound in coal 

fabric permeability experienced by some shallow CSG reservoirs during production. Rather 

than the rebound being exclusively reliant upon the rate of desorption-induced coal matrix 

shrinkage outpacing the rate of relatively unconstrained vertical compaction, the spatially fixed 

physical stratal boundary of the coal seam eliminates the compaction effect, thereby allowing 

unconstrained coal fabric aperture dilation, and hence permeability enhancement. This 

provides valuable insight for postulating the geomechanical reservoir boundary condition 

applicable to CBDCG reservoirs. 

 

The debate relating to “uniaxial strain and constant vertical confining stress” versus “constant 

volume and decreasing vertical confining stress” remains to be settled for shallow CSG and 

“deep CSG” reservoirs (Ma et al., 2011). This thesis introduces an additional dimension to the 

debate by postulating that neither of these geomechanical reservoir boundary conditions 

adequately reflect the dynamic reservoir behaviour of Cooper Basin deep coal seams during 

desorptive gas production. 
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3.6 Pressure Arch Theory 

 

3.6.1 Relevance to Cooper Basin Deep Coal Gas Reservoirs 

 

As discussed in Chapters 1 and 2, the most significant obstacle inhibiting the full-cycle, 

standalone commercialisation of Cooper Basin deep coal seams is the high initial reservoir 

confining stress, and the extreme sensitivity of the very limited remnant coal fabric apertures 

to increasing production pressure drawdown-induced effective stress. The application of 

Pressure Arch Theory may provide a solution. 

 

Pressure Arch Theory, with its diverse range of geological case studies, demonstrates 

unambiguously that a proven mechanism exists for dynamically enhancing the permeability of 

coal seams at extreme depth and stress. In principle, once desorptive gas production has been 

initiated around a wellbore by some form of up-front reservoir stimulation treatment, and the 

isolated fracture network SRV domain is exposed to continuous, high production pressure 

drawdown, pressure arching causes an “expanding reservoir boundary and decreasing 

confining stress” condition to be generated that locally neutralises the pre-existing reservoir 

confining stress, and shields the production pressure transient region from the compaction 

effect caused by increasing production pressure drawdown-induced effective stress. 

 

Pressure Arch Theory has not yet been evaluated by industry as a possible tool for facilitating 

the commercialisation of Cooper Basin deep coal seams. An opportunity currently exists for 

the principle to be harnessed by novel drilling, wellbore completion, and reservoir stimulation 

techniques, so as to neutralise the detrimental impacts of high initial reservoir confining stress, 

and increasing production pressure drawdown-induced effective stress. If these two effects 

can be significantly reduced, within a production time frame, ongoing desorption-induced coal 

matrix shrinkage may generate an isolated “self-fracturing”, outwardly expanding CBDCG 

reservoir domain, within which the coal fabric opens and dilates as gas is produced. 

 

The theoretical maximum size and stability of the “dome-like” stress shield associated with 

pressure arch formation increases with depth, and the geomechanical competence of the host 

rock strata. For this reason, Pressure Arch Theory is considered to be particularly applicable, 

or even essential, to the task of de-stressing Cooper Basin deep coal seams, so that they may 

increase in permeability, and produce gas at a commercial rate. 
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3.6.2 Basic Principles 

 

Pressure Arch Theory is a well-established, widely recognised, macro-scale geomechanical 

concept, originally conceived in the context of the underground coal mining industry. The 

fundamental principle is demonstrated by Figure 3.7. 

 

 

Figure 3.7: The fundamental concept of a pressure arch. A pressure arch “stress shield” forms around isolated, de-

pressurised underground void space domains of limited lateral extent, such as underground coal mine excavations. 
The strata inside the inherently stable pressure arch enter an overall state of progressive endogenous tensile failure. 
This causes “bed separation” to occur along bedding planes, as well as the endogenous tensile dilation of other 
pre-existing, low tensile strength, multiple orientation planes of weakness. The height of a pressure arch is 
proportional to the width of the void space domain, relative to the maximum stress direction which, for most shallow 
settings, is typically vertical. Pressure arch height is limited by the depth below surface, and whether or not 
geomechanically incompetent strata are encountered. In both of these situations, the pressure arch becomes 
breached, and the void space domain becomes subject to the compaction effect. 
 
Modified from Imran et al. (2014) with permission from Elsevier. 

 
Source: Imran, M., Kumar, D., Kumar, N., Qayyum, A., Saeed, A. and Bhatti, M.S., 2014. Environmental concerns 
of underground coal gasification. Renewable and Sustainable Energy Reviews, 31, pp. 600 - 610. 
https://doi.org/10.1016/j.rser.2013.12.024 

 

Pressure arching was most likely first introduced by the French mining engineer Henri Fayol 

in 1885 (Irving, 1946). He postulated that “the movements of ground are limited by a kind of 

dome, which has for its base the area of excavation”. Hence, “Dome Theory” was invoked at 

the time to explain the progressive but ultimately self-stabilising endogenous tensile failure and 

dilation of strata overlying underground excavations. The terms “stress arching” and “arch 

bridging” have also been used. Since then, the term “Pressure Arch Theory” has become 

dominant within the literature. The concept has now been widely applied to characterise the 

large-scale, dynamic de-stressing behaviour of the rock mass surrounding a variety of other 

types of underground void space domains - not just single, macro-scale “excavations”. 

https://doi.org/10.1016/j.rser.2013.12.024
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However, the main research focus remains to be on underground coal mine excavations, for 

which the ability to predict and control mine instability is of paramount importance to 

operational efficiency and safety (Potts, 1951, Djahanguiri, 1977, Booth, 1986, Ayres Da 

Silva et al., 1995, Zhang et al., 2009, Singh et al., 2011, Wang et al., 2014c, He and Zhang, 

2015). 

 

More recently, Pressure Arch Theory has been applied to the design of inherently stable 

underground road and rail tunnels (Funkhouser et al., 2010). In the underground coal 

gasification (UCG) industry, the arc of deflected and concentrated maximum stress vectors 

that defines the pressure arch stress shield envelope has been invoked as a mechanism for 

enhancing the sealing capacity of overburden strata against groundwater influx into the 

underlying coal gasification caverns (Younger et al., 2010, Younger, 2011, Pei et al., 2012, 

Imran et al., 2014, Sarhosis et al., 2016). Pressure Arch Theory has also been applied to 

the design of optimally stable gas storage caverns that have been excavated within thick salt 

bodies (Wang et al., 2013d, Jianjun and Le, 2014). 

 

At this point, it is important to re-emphasise that pressure arching does not only apply to the 

single, macro-scale excavations previously discussed. It is also manifested within a variety of 

other forms of “void space”, and on widely different scales, ranging from mega-scale effects 

that may occur over large oil and gas fields, to micro-scale effects involving the grain-to-grain 

contacts within pervasively porous clastic formations. Pores within a reservoir rock are 

underground “cavities” in the same manner as underground coal mine excavations are 

“cavities”. Pressure arching is caused by all isolated, geomechanically incompetent 

underground domains that, when subjected to internal pressure reduction, are inherently 

unable to withstand the omnipresent tendency for compaction caused by the resultant localised 

increase in effective stress to the same extent as the surrounding, unperturbed strata. 

Incremental effective stress during de-pressurisation is deflected to the perimeter of the 

isolated void space domain. This notably includes the porous clastic reservoirs that are most 

commonly associated with the oil and gas industry. Hence, Pressure Arch Theory has now 

been applied to characterise the large-scale production depletion-induced dynamic de-

stressing behaviour within the strata overlying certain oil and gas fields, for which the reservoir 

is relatively unconsolidated, and prone to compaction (Wang et al., 2013a, Wang et al., 2014c, 

Rodriguez-Herrera et al., 2015, Wang et al., 2015, Sarhosis et al., 2016, Toomey et al., 

2017). 

 

At one end of the isolated void space domain spectrum are the macro-scale, cavernous voids 

associated with underground mining operations, or similar. As already discussed, these clearly 

generate pressure arch effects. The mechanism for this is very well described within the 

literature, and there are many case studies. Not so obvious is how pressure arch effects may 

be generated at the other end of the isolated void space domain spectrum, within strata where, 
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despite there being a significant overall “bulk” void space volume, the void space is pervasively 

“dispersed”, in the form of either clastic, or fracture “porosity”. For this situation, there is no 

well-defined physical boundary to the void space that compares to the abutment wall of an 

underground mining excavation. Hence, the question that arises is: where is, and what is the 

nature of, the “abutment” within a pervasively porous formation that is required for supporting 

a pressure arch? 

 

The key to understanding the mechanism by which potentially very large pressure arch effects 

may be generated within pervasively porous strata having no obvious physical “abutment” is 

the concept of a gradient in pressure drawdown-induced effective stress, orthogonal to the 

maximum principal stress direction. This “gradient” defines the “abutment” that may develop 

within an otherwise relatively featureless porous formation. A high gradient (sharp pore 

pressure boundary) generates a strong pressure arch effect. A low gradient (diffuse pore 

pressure boundary) generates a subtle pressure arch effect. If no gradient exists, no pressure 

arch forms. There is an additional important controlling factor that modulates pressure arch 

intensity - bulk structural integrity, and bulk compressive strength. The lower the bulk structural 

integrity, and bulk compressive strength, of an isolated domain of “dispersed void space” 

compared to the surrounding, unperturbed strata, the higher is the intensity of the pressure 

arch effect. Clearly, a single, macro-scale underground excavation has effectively no structural 

integrity, and no compressive strength, and will therefore generate a strong pressure arch 

effect. At the other end of the void space domain spectrum, a highly consolidated, rigid, laterally 

continuous porous formation, such as a tight sandstone gas reservoir which, despite containing 

abundant void space in the form of very small, dispersed pores, is unlikely to generate a 

significant pressure arch effect, even when pressure within the pores is reduced significantly. 

This is because, owing to the very strong, rigid matrix framework between the pores, the pore 

“voids” themselves are more strongly supported (i.e. shielded from effective stress) by the 

surrounding matrix grains, and therefore do not experience as much tendency for compaction. 

The entire reservoir has high bulk structural integrity and high bulk compressive strength. This 

means that an isolated, pressure-depleted domain within a tight sandstone gas reservoir is 

able to support a large proportion of the incremental effective stress field, which results in a 

low gradient in effective stress with respect to the surrounding, undepleted strata. Hence, the 

pressure arch effect within such geomechanically competent formations is either more subtle, 

or effectively absent. 

 

For all porous clastic reservoirs (and any other type of porous formation), the regional stress 

field cannot be transmitted through the individual pores. The increasing effective stress during 

production pressure drawdown must therefore be deflected to the adjacent grain-to-grain 

contacts (the “abutments”), which correspondingly increase in stress. In essence, these are 

“micro-pressure arch” effects that attempt to “shield” individual pores from the compaction 

effect. During reservoir pressure depletion, there is an inherent tendency (i.e. in the absence 
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of pressure arching) for the grain-to-grain contacts to become more stressed in response to 

the increasing production pressure drawdown-induced effective stress. If there is any potential 

for the grain-to-grain contacts to “yield” in response to the increased effective stress load, for 

example if the grains are weak, or if the formation is poorly compacted, porosity and 

permeability are likely to decrease. In other words, the reservoir is “stress-sensitive”. A larger 

scale pressure arch stress shield, encompassing the entire pressure-depleted void space 

domain, may counteract this - provided the large-scale geomechanical reservoir boundary 

condition allows. 

 

The fundamental reason why single, macro-scale underground excavations and pervasively 

porous, compactible formations are both able to generate macro-scale pressure arch effects 

is that, when the void space domain of either is subjected to reduced internal pressure, both 

have the same inherent capacity for generating a lateral gradient in effective stress. The 

abutment for the support of a pressure arch is, in both cases, provided by strata adjacent to 

the region of reduced internal pressure that are less prone to compaction. The greater 

resistance of these abutment strata to compaction may be a consequence of one or both of 

the following factors: 

 

1. Higher inherent bulk structural integrity and higher bulk compressive strength. 

 

This is mainly the case for single, macro-scale underground excavations where, clearly, 

the abutment strata are vastly more competent than the “cavity”. In other words, the 

physical excavation is directly responsible for generating the pressure arch. 

 

The pressure arch abutment is mostly a “physical effect”. 

 

2. Higher pore pressure, and hence lower effective stress. 

 

This is mainly the case for pervasively porous, compactible formations where, prior to 

pressure reduction within an isolated domain within the formation, the bulk structural 

integrity, and bulk compressive strength, are relatively uniform. In other words, the internal 

pressure reduction is directly responsible for generating the pressure arch. 

 

The pressure arch abutment is entirely a “pore pressure effect”. 

 

The technical leap introduced by this thesis, that is fundamental to understanding The 

Hypothesis in Chapter 4, is that the void space associated with either intergranular pores, or 

fracture / fabric apertures within a hydrocarbon reservoir, constitutes “dispersed void space” 

that leads to a reduction in the formation’s bulk structural integrity, and bulk compressive 

strength, relative to the situation of there being no such void space. Hence, an isolated, more 
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porous, less consolidated domain within the formation is less able to withstand the omnipresent 

tendency for compaction caused by increasing effective stress during reservoir pressure 

depletion, and this results in the regional stress field being deflected to the nearest, most 

competent regions of the adjacent strata. Hence, when pore (i.e. void space) pressure is 

reduced within an isolated reservoir domain having a localised reduction of bulk structural 

integrity, and bulk compressive strength, relative to the surrounding strata, this 

geomechanically incompetent domain cannot withstand the resultant increase in effective 

stress, so this is deflected to the surrounding strata, and a pressure arch stress shield is 

generated. The overall effect to be considered for The Hypothesis is that an isolated domain 

of “dispersed void space” will, from a stress transmission perspective, function in a similar 

manner to a single void, on a scale similar to, or greater than, a macro-scale underground 

excavation sensu stricto. The regional stress field that was originally accommodated 

(transmitted) by grain-to-grain (or inter-fracture matrix block) contacts is now deflected to the 

more competent abutment that is the native, unperturbed strata beyond the pressure transient 

region. 

 

The large scale at which pressure arching may occur within pervasively porous clastic 

reservoirs, and in the process cross multiple lithological boundaries, is well demonstrated by 

the evolving hydrocarbon production-induced pressure arch de-stressing effects observed on 

4D (i.e. time-lapse 3D) seismic surveys conducted over large oil and gas fields. An example 

from the large Dalia Gas Field, offshore West Africa, is shown in Figure 3.8. Here, low velocity 

pressure arch anomalies extend more than 1,500 feet (460 metres) above the large but 

laterally discontinuous pressure-depleted reservoir void space domain that creates them 

(Rodriguez-Herrera et al., 2015). 
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Figure 3.8: A large-scale pressure arch effect over the Dalia Gas Field, offshore West Africa. Low velocity pressure 

arch anomalies extend more than 1,500 feet (460 metres) above the pressure-depleted void space domain of a 
compaction-prone, high-porosity, unconsolidated turbidite reservoir, located only 2,600 feet (800 metres) below the 
seabed. 
 
Modified from Rodriguez-Herrera et al. (2015) with permission from Society of Exploration Geophysicists. 

 
Source: Rodriguez-Herrera, A., Koutsabeloulis, N., Onaisi, A., Fiore, J. and Selva, F., 2015. Stress-induced 
signatures in 4D seismic data: evidence of overburden stress arching. In SEG Technical Program Expanded 
Abstracts, 2015, pp. 5368 - 5372. Society of Exploration Geophysicists. 

https://doi.org/10.1190/segam2015-5900945.1 

 

Further in relation to pressure arching within porous clastic reservoirs, of particular relevance 

to this thesis is the work performed by Wang et al. (2013a), Wang et al. (2014a), and Wang 

et al. (2015). The effect of pressure arching on the productivity of hydraulically fracture 

stimulated vertical wellbores is investigated within the giant onshore Sulige Gas Field of the 

Ordos Basin in China. The reservoir is a low-permeability, highly discontinuous braided river 

sandstone system. Numerous small, isolated, ellipsoidal sandstone bodies exist that are 

typically drained by just one wellbore. Reservoir depth is approximately 9,850 feet (3,000 

metres). The workers conclude that the evolution of pressure arch stress shields over these 

isolated reservoirs significantly enhances the retention of hydraulic fracture flow conductivity, 

and hence gas flow rate capacity, over extended production time. The effect is particularly 

noticeable under conditions of high production pressure drawdown, and when background 

reservoir permeability is very low. This scenario is comparable to Cooper Basin deep coal 

seam reservoir conditions. It is also concluded that the impact of permeability decline due to 

increasing production pressure drawdown-induced effective stress is often overstated. For the 

purpose of the Sulige Gas Field study, the effectiveness of pressure arching is quantified by a 

“pressure arch ratio”. This is defined as the change in overburden pressure on the reservoir 

during depletion divided by the change in its pore pressure. The ratio varies between 0 and 1, 

and is a function of; a) reservoir geometry, b) the contrast in rock properties between the 

https://doi.org/10.1190/segam2015-5900945.1
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reservoir and the surrounding strata, and c) pore pressure distribution within the reservoir 

during depletion. A ratio of 0 indicates that unconstrained “uniaxial strain and constant vertical 

confining stress” depletion is occurring (Section 3.5.2.1), and no pressure arch forms. A ratio 

greater than 0 indicates that reservoir confining stress is decreasing with decreasing pore 

pressure, consistent with pressure arch formation. The greater the ratio’s departure from 0, the 

more effective is the pressure arch in deflecting effective stress. A ratio of 1 means that 

overburden pressure change during depletion equals pore pressure change. Pressure arching 

is optimum, and the reservoir permeability has no stress-sensitivity. 

 

Also of particular relevance to this thesis, as already discussed in Section 3.5.2.2, are the 

findings of Connell (2009), Connell and Detournay (2009), Connell et al. (2010a), Pan et 

al. (2010a), Pan and Connell (2012), and Peng et al. (2014). These workers conclude, based 

on the coupled flow and geomechanical numerical modelling of shallow CSG reservoirs, that 

transient pressure arch effects may occur, in early production time, around wellbores that 

experience a high lateral pore pressure gradient (and hence a high lateral effective stress 

gradient) caused by localised rapid production pressure drawdown. The affected zone may 

have a radius of up to 50 feet (15 metres) or more. The pressure arch gradually dissipates as 

the pressure transient gradient decreases over production time. 

 

Pressure arching is investigated by Massaras et al. (2011) with respect to the placement 

efficiency of hydraulic fracture stimulation treatments. The workers conclude that the non-

uniform pressure arch stress field associated with reservoir pressure depletion increases the 

likelihood of proppant screen-outs. 

 

It is clear from the principles and case studies presented above that macro-scale pressure 

arch stress shields have the potential to form within all pervasively porous reservoir rocks, 

regardless of whether the porosity is intergranular or fracture-related. However, the extent to 

which this pressure arching occurs is strongly contingent upon a range of variables. These are 

discussed later in this Section. The result is that many geological settings are inappropriate for 

pressure arch generation, despite the inherent tendency always being present. 

 

Pressure arching within laterally continuous, pervasively porous formations is simply a 

consequence of a non-uniform areal distribution of significantly reduced pore pressure, which 

is most commonly caused by an isolated domain of high production pressure drawdown. This, 

in turn, leads to a non-uniform areal distribution of effective stress. Within the isolated domain 

of pressure reduction, effective stress increases but reservoir confining stress decreases. The 

amount of reservoir confining stress reduction is a function of the amount of pore pressure 

reduction, and the effectiveness of pressure arch formation. Pressure arching is most effective 

when the domain of pressure reduction is relatively small, isolated, and geomechanically 

compliant compared to the scale and rigidity of the surrounding host rock strata. This is what 
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generates the prerequisite laterally discontinuous effective stress field. The sharper the 

gradient of pore pressure, and hence effective stress, the stronger is the pressure arch effect. 

 

For the purpose of further describing the fundamental mechanism of pressure arching as 

simply as possible, the behaviour of a single, macro-scale underground coal mine excavation, 

which is located at a shallow depth, where the maximum principal stress is vertical, will be 

assumed by default, unless otherwise indicated. 

 

When an isolated underground void is created (for example a coal mine excavation, road / rail 

tunnel, or salt cavern), the maximum stress, which for shallow settings is generally assumed 

to be the lithostatic stress, cannot be transmitted through the void. Instead, the stress vectors 

are locally deflected laterally around the void to the adjacent native abutment strata. This is 

well demonstrated by Figure 3.9, which shows the stress distribution around an underground 

coal mine excavation. By accommodating the deflected vertical stress, the abutment strata 

correspondingly increase in vertical stress, thereby reducing lithostatic confining stress on the 

void. The effect is readily modelled, as shown in Figure 3.10. More distal to the void, the 

elevated abutment stress gradually dissipates, to eventually match the regional lithostatic 

stress gradient. Vertical stress deflection around the void is so effective at reducing lithostatic 

confining stress on the void that an overall state of progressive endogenous tensile failure 

develops within the local roof strata. This causes fine-scale, low tensile strength fabric planes 

of weakness, such as bedding planes, to open and dilate. This “bed separation” is clearly 

manifested within underground coal mine excavations, where the roof strata have a tendency 

to heave downwards (Figure 3.11), resulting in a routine requirement for “bolting” the roof, so 

as to prevent further, potentially catastrophic collapse (Beerbower, 1976, Ghosh et al., 1987, 

McDonnell et al., 1995, Chang et al., 2013). In the same manner, the floor strata may heave 

(and bed-separate) upwards. Above the local tensile zone within the void roof strata, a 

“pressure arch” forms within the overburden strata. This is a “virtual arch”, delineated by the 

arc of locally deflected and concentrated maximum stress vectors. These are directed laterally 

to the abutment strata, which then experience increased lithostatic loading. Despite being 

“invisible” within the void’s overburden strata, the pressure arch functions in the same manner 

as the many types of arches we are familiar with at surface (bridges etc.). Overburden strata 

are supported on the stable pressure arch, thereby maintaining their undeformed, initial stress 

state, as if the underlying void did not exist. This effect is manifested by a lack of overburden 

down warping, and no resultant subsidence at surface. The isolated underground void is 

effectively shielded from lithostatic stress and, apart from the local endogenous tensile roof 

(and floor) heave, maintains its structural integrity. A state of static equilibrium persists, as 

shown in Figures 3.9, 3.10, and 3.11, until such time as the void is enlarged (Figures 3.12 

and 3.13). Increasing the width of the void results in a redistribution of the stress field, and the 

pressure arch growing larger. The abutment strata correspondingly increase in vertical stress, 

as more of the lithostatic load becomes supported.  
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Figure 3.9: Maximum stress vectors are locally deflected, laterally around the void space domain of an underground 

coal mine excavation. The abutment strata experience greater lithostatic loading, and consequently increase in 
vertical stress. The arc of deflected and concentrated maximum stress vectors around the void space domain 
represents a pressure arch. Inside the pressure arch “stress shield”, there is an overall state of progressive 
endogenous tensile failure. At the high-differential stress interface with the abutment strata, there is a state of 
progressive, mixed-mode compression failure and shear failure. 
 
Reproduced from Potts (1951) with permission from Taylor and Francis. 

 
Source: Potts, E.L.J., 1951. Ground movement in mining areas. Planning Outlook, 2(3), pp. 24 - 32. 
https://www.tandfonline.com/10.1080/09640565108730518 

 

 

Figure 3.10: A pressure arch numerical model, showing the local lateral deflection of maximum stress vectors 

around an isolated underground void space domain, and the associated change in stress magnitudes. 
 
Modified from He and Zhang (2015) with permission from Elsevier. 

 
Source: He, L. and Zhang, Q.B., 2015. Numerical investigation of arching mechanism to underground excavation 
in jointed rock mass. Tunnelling and Underground Space Technology, 50, pp. 54 - 67. 
https://doi.org/10.1016/j.tust.2015.06.007 

https://www.tandfonline.com/10.1080/09640565108730518
https://doi.org/10.1016/j.tust.2015.06.007
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Figure 3.11: Underground coal mine roof strata have a tendency to heave downwards, and experience “bed 

separation”, as a consequence of progressive endogenous tensile failure. This results in a routine requirement for 
“bolting” the roof, so as to prevent further, potentially catastrophic collapse. Eventually, provided the width of the 
excavation is not increased, an inherently stable, “static” pressure arch “stress shield” forms above the region of 
endogenous tensile failure. 
 
Modified from McDonnell et al. (1995) with permission from the United States Department of the Interior, Bureau 

of Mines. 
 
Source: McDonnell, J.P., Tadolini, S.C. and Digrado, P.E., 1995. Field evaluation of cable bolts for coal mine roof 
support. Report of Investigations 9533. United States Department of the Interior, Bureau of Mines. 
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Figure 3.12: As the width of an underground excavation is increased, the associated pressure arch increases in 

size. By accommodating the laterally deflected maximum stress, which is in this case the vertical stress, the 
abutment strata correspondingly increase in vertical stress. 
 
Modified from Singh et al. (2011) with permission from Elsevier. 

 
Source: Singh, A.K., Singh, R., Maiti, J., Kumar, R. and Mandal, P., 2011. Assessment of mining induced stress 
development over coal pillars during depillaring. International Journal of Rock Mechanics and Mining Sciences, 

48(5), pp. 805 - 818. 
https://doi.org/10.1016/j.ijrmms.2011.04.004 

 

 

Figure 3.13: A pressure arch numerical model of a progressive underground coal mine excavation. This shows 

how a pressure arch grows larger, in parallel with increasing width of excavation. Regions of elevated abutment 
stress are indicated by the white shading. When the pressure arch “crest” reaches surface, it becomes breached, 
and this results in down warping of the overburden strata and subsidence at surface. 
 
Reproduced from Zhang et al. (2009) with permission from Springer Nature. 

 
Source: Zhang, H.Q., He, Y.N., Tang, C.A., Ahmad, B. and Han, L., 2009. Application of an improved flow-stress-
damage model to the criticality assessment of water inrush in a mine: a case study. Rock Mechanics and Rock 
Engineering, 42(6), p. 911. 
https://doi.org/10.1007/s00603-008-0004-2  

https://doi.org/10.1016/j.ijrmms.2011.04.004
https://doi.org/10.1007/s00603-008-0004-2
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At this point, having outlined the basic pressure arch concept with respect to a normal, or even 

an isotropic regional stress regime, it is important to appreciate that the geometry of a pressure 

arch domain is strongly influenced by the relative magnitudes of the principal normal stress 

vectors (σ1 = maximum principal normal stress, σ2 = intermediate principal normal stress, σ3 

= minimum principal normal stress). For the numerous pressure arching case studies 

previously described, which are most likely all within a normal, or even an isotropic regional 

stress regime, the relative magnitudes of the principal normal stress vectors are typically σ1 

(Sv) > σ2 (SHmax) ~= σ3 (Shmin), where Sv is the vertical stress, SHmax is the maximum 

horizontal stress, and Shmin is the minimum horizontal stress. In this situation, the abutment 

loading direction of the pressure arch in response to effective stress is vertical, approximately 

orthogonal to the generally low dip angle host rock strata. Within the deep coal measures of 

the Cooper Basin, where the regional stress regime is highly deviatoric, and best described as 

being borderline strike-slip to reverse, the relative magnitudes of the principal normal stress 

vectors differ considerably, and are typically σ1 (SHmax) >> σ2 (Shmin) ~= σ3 (Sv) (Hillis and 

Reynolds, 2000, Reynolds et al., 2005, Reynolds et al., 2006). Here, the abutment loading 

direction of the pressure arch in response to effective stress is near-horizontal, approximately 

parallel to the generally low dip angle host rock strata. This explains why horizontal stress 

within the sandstone, siltstone, and shale strata, which effectively function as a buttress, is 

higher than within the coal seams (Bowker et al., 2018, Cooper et al., 2018, Fraser and 

Johnson Jr., 2018). Predicting the precise geometry of pressure arch domains for Cooper 

Basin deep coal seams is beyond the scope of this thesis. It is sufficient to state that the 

ultimate pressure arch geometry is likely to reflect the net effect of all three principal normal 

stress vectors. The concept of a horizontally oriented pressure arch geometry, which is 

potentially near-parallel to rock strata bedding planes, is shown in Figure 3.14. 
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Figure 3.14: A comparison between a) vertically oriented, and b) horizontally oriented, pressure arch geometries. 

A horizontally oriented pressure arch geometry (i.e. potentially near-parallel to rock strata bedding planes) may 
occur within highly deviatoric regional stress regimes, such as exists within the Cooper Basin, where the maximum 
principal normal stress (σ1) is horizontal, i.e. σ1 (SHmax) >> σ2 (Shmin) ~= σ3 (Sv). 

 
Reproduced from Galvin (2016) with permission from Springer Nature. 

 
Source: Galvin, J.M., 2016. Excavation Mechanics. In: Ground Engineering - Principles and Practices for 
Underground Coal Mining. Springer. 
https://doi.org/10.1007/978-3-319-25005-2_3 

 

The geometry of a pressure arch domain may also be influenced by both vertical and lateral 

heterogeneities within the host rock strata, as well as their dip angle. 

 

For the purpose of further explaining the principles embodied by Pressure Arch Theory, and 

their application to Cooper Basin deep coal seams, as simply as possible, the following 

discussion relates only to vertically oriented pressure arching effects that occur within a normal 

/ isotropic regional stress regime. These form the bulk of case studies and modelling exercises 

reported within the literature, and it is easier to conceptualise the fundamental principles. 

Meanwhile, it is important to remember that, owing to the highly deviatoric regional stress 

regime of the Cooper Basin, pressure arch geometries may, in reality, be sub-horizontal, or at 

least “tilted” and “deformed” in some way, as indicated by Figure 3.14. 

 

There are four main factors controlling the formation of standard, vertically oriented pressure 

arches, and their effectiveness as stress shields for underlying isolated void space domains. 

These are: 

 

1. Void space domain width. 

 

This controls pressure arch dimensions. 

 

2. Void space domain depth. 

https://doi.org/10.1007/978-3-319-25005-2_3
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This controls the maximum size to which a pressure arch may grow, before it reaches 

surface and becomes breached, which then allows compaction, down warping of the 

overburden strata, and resultant subsidence at surface to occur. 

 

3. Geomechanical competence of the host rock strata. 

 

This controls pressure arch stability. 

 

4. Geomechanical contrast with the host rock strata. 

 

An isolated, laterally discontinuous domain of easily compactible rock mass, of low bulk 

structural integrity, and low compressive strength, such as a chalk formation, which does 

not transmit stress well, may also exhibit the stress deflecting behaviour of a single, macro-

scale void sensu stricto, and is therefore capable of generating a pressure arch in response 

to a localised increase in production pressure drawdown-induced effective stress. 

 

Clearly, an underground excavation or cavity is the most “incompetent” member of the 

geomechanical spectrum, and has maximum stress transmission contrast with the host 

rock strata. Hence, pressure arch formation is optimal for that scenario. In the Cooper 

Basin, the ability of a compactible rock mass to form a pressure arch is well demonstrated 

by the relatively “ductile”, easily deformable deep coal seams. Despite the absence of 

significant naturally occurring cleat and other natural fracture-related coal fabric void space, 

evidence suggests that these coal seams are often of lower stress than the surrounding 

“hard”, rigid, buttress-like host rock strata (Bowker et al., 2018, Cooper et al., 2018, 

Fraser and Johnson Jr., 2018). Different rock types have different stress regimes (“stress 

partitioning”). Indeed, while the rigid host rock strata interbedded with Cooper Basin deep 

coal seams are in a borderline strike-slip to reverse stress state, and exhibit highly 

anisotropic behaviour, the coal seams themselves are in a relatively normal stress state, 

and exhibit significantly lower horizontal stress anisotropy and magnitude (Bowker et al., 

2018, Cooper et al., 2018, Fraser and Johnson Jr., 2018). 

 

Equations have been developed to describe pressure arch dimensions with respect to void 

space domain width and depth (Djahanguiri, 1977, Ayres Da Silva et al., 1995). As void 

space domain width increases, so does the corresponding stable pressure arch diameter and 

height (Figure 3.15). If, for a specific depth, the void space domain width is very large, the 

pressure arch may become so high as to reach surface. At this point, the arch is breached. All 

strata below the surface breach zone become subject to the full lithostatic load, and are then 

prone to down warping, which may be accompanied by subsidence at surface. This, in turn, 

means that the void space domain volume will start to decrease, as a consequence of there 
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no longer being any pressure arch stress shielding from the high effective stress. For a specific 

void space domain depth, the size of the pressure arch at the point at which the full lithostatic 

load cannot be deflected laterally to the abutment strata (for example when it reaches surface) 

is termed the “Maximum Pressure Arch”. The deeper the void space domain, the larger, and 

more effective is the Maximum Pressure Arch (Ayres Da Silva et al., 1995). It follows that 

increasing void space domain depth enables larger, and more stable void space domains to 

exist, although the geomechanical competence of the host rock strata is also an important 

factor influencing pressure arch stability. The relationship between void space domain depth 

and the Maximum Pressure Arch dimension has significant implications. In essence, it means 

that, consistent with The Hypothesis in Chapter 4, the reservoir characteristics and long-term 

integrity of isolated, dilating and expanding Cooper Basin deep coal fracture network domains 

(which are effectively isolated domains of “dispersed coal fabric void space”) may improve with 

increasing depth. This is contrary to generalised shallow CSG reservoir principles, which 

predict exponentially increasing sensitivity to pressure drawdown-induced effective stress with 

increasing depth, and hence deteriorating reservoir characteristics. 

 

 

Figure 3.15: An indicative empirical relationship between depth below surface and the maximum stable pressure 

arch void space domain width for underground coal mines in Europe. Extrapolating this trend to the depth at which 
Cooper Basin deep coal seams occur, suggests that large, stable pressure arch “stress shields” may form around 
producing deep coal fracture network SRV domains. Owing to the extreme depth, and the thick overlying sequence 

of rigid host rock strata, these are unlikely to ever become breached. 
 
Modified from Djahanguiri (1977) with permission from the American Rock Mechanics Association. 

 
Source: Djahanguiri, F., 1977. Rock mechanics for a longwall mine design; Carbon County Coal Company. In The 
18th U.S. Symposium on Rock Mechanics (USRMS), Golden, Colorado, U.S.A., 22 - 24 June, 1977. American 
Rock Mechanics Association. 
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3.6.3 Can a Hydraulic Fracture Stimulation Treatment that does not Create a 

Macro-scale Excavation Generate a Pressure Arch “Stress Shield”? 

 

As discussed in Section 3.6.2, most of the literature relating to Pressure Arch Theory 

involves the isolated, macro-scale excavations associated with underground mining 

operations, particularly within coal seams. The remainder of the literature is dedicated primarily 

to pressure arch effects within porous clastic oil and gas reservoirs, for which there are some 

very good case studies. These clastic reservoirs are, of course, not classified as true voids but 

they are nevertheless able to generate very significant pressure arch effects, which are 

potentially some of the largest known (Figure 3.8). In contrast, there are few literature items 

or case studies relating to fractured reservoir systems, either natural, or artificial. In fact, 

Section 3.6.2 provides the only significant instances that could be identified. Of particular 

relevance to this thesis is that no pressure arch case studies have been identified that involve 

the hydraulic fracture stimulation of any form of shallow CSG, “deep CSG”, or “ultra-deep coal 

gas” reservoir. Hence, there is a large knowledge gap for this topic. 

 

This Section highlights the short-term negative impact that hydraulic fracture stimulation 

treatments may have on the stress field within and around Cooper Basin deep coal seams, 

and postulates how a pressure arch effect may nevertheless be generated in the long term, 

despite; a) there being no up-front physical void excavation process sensu stricto, and b) the 

likely initial increase in stress induced around the isolated fracture network SRV domain. 

 

The answer to the question posed in the title of this Section is that “no”, in principle, hydraulic 

fracture stimulation treatments do not typically generate significant up-front pressure arch 

effects. However, they may do so indirectly, provided the formation immediately adjacent to 

the hydraulic fracture system experiences a significant localised reduction in its bulk structural 

integrity, and bulk compressive strength, during subsequent production and reservoir pressure 

depletion. This has an important implication. It means that for the majority of formation types, 

which typically maintain their geomechanical “competence” throughout the production time 

frame, a significant pressure arch effect is unlikely to occur, either at the time of the hydraulic 

fracture stimulation treatment, or subsequently, during extended production. 

 

It is postulated that coal seams represent the only formation type that is capable of generating 

a significant, long-lasting pressure arch stress shield subsequent to a hydraulic fracture 

stimulation treatment. The reason for this is that, owing to their high capacity for gas 

desorption-induced coal matrix shrinkage, coal seams do indeed have the ability to lose 

significant bulk structural integrity, and bulk compressive strength, during extended production. 

There is a loss of structural mass (caused by gas desorption) that leads to an inherent 

tendency for de-stressing. 
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In the case of a hydraulic fracture stimulation treatment within a Cooper Basin deep coal seam, 

it is critical to appreciate that it is not the initial incremental, endogenous compressive (stress-

inducing) effect of the hydraulic fracture stimulation treatment that may generate a pressure 

arch stress shield (this also applies to all other target formations, such as tight sandstone and 

shale), it is the subsequent endogenous tensile (stress-dissipating) effect of desorption-

induced coal matrix shrinkage that does this. Desorption-induced coal matrix shrinkage 

provides the mechanism that effectively “excavates” structural mass from the system, thereby 

creating void space that reduces the bulk structural integrity, and bulk compressive strength, 

of the coal seam within and around the isolated fracture network SRV domain. The 

compressible void space of the coal fabric apertures is conceptually equivalent to the 

previously discussed compressible void space of intergranular pores within relatively 

unconsolidated clastic reservoirs. 

 

Whether a pressure arch forms within a Cooper Basin deep coal seam after a hydraulic fracture 

stimulation treatment is contingent upon its desorption-induced coal matrix shrinkage capacity 

being high enough to reverse the localised stress increase caused by the up-front hydraulic 

fracture stimulation treatment. So, in relation to the issue of how a pressure arch effect may 

be generated by a hydraulic fracture stimulation treatment, when no true initial void space is 

created by physically removing significant mass from the system, current hydraulic fracture 

stimulation techniques typically do not remove mass, and hence do not, in principle, create a 

significant up-front pressure arch stress shield that protects coal fabric within the isolated 

fracture network SRV domain from increasing production pressure drawdown-induced 

effective stress. This is why, in principle, hydraulic fracture stimulation is not the optimal 

approach for extracting gas from Cooper Basin deep coal seams. There is too much “stress 

recovery time” required during subsequent gas production, before coal fabric permeability can 

rebound above the initial state that existed prior to the hydraulic fracture stimulation treatment. 

 

It is very important to appreciate that The Hypothesis in Chapter 4 has not been formulated 

according to the initial impact that hydraulic fracture stimulation treatments have on Cooper 

Basin deep coal seams but rather in relation to what happens to the surrounding coal fabric 

subsequent to this, as desorptive gas production proceeds. The up-front hydraulic fracture 

stimulation treatment is actually counter-productive to pressure arch generation (at least 

directly). The regional stress field is certainly perturbed but this is in the opposite sense to that 

required for a pressure arch to be generated. Pressure arching is driven by localised 

endogenous tension, not by localised endogenous compression. Nevertheless, the hydraulic 

fracture stimulation treatment may indirectly lead to pressure arch generation - but only to a 

significant extent within coal seams. This is because, unlike organically leaner formations, such 

as sandstone and shale, the creation of an isolated fracture network SRV domain within coal 

seams initiates the desorption of a large amount of gas per unit volume of coal, which, in turn, 

“excavates” significant structural mass from the system and promotes void space creation. 
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Some coal seams worldwide have the capacity to shrink by as much as 4% (Pan and Connell, 

2007). In the Cooper Basin, this is more likely to be in the vicinity of 1% or less, as already 

discussed in Section 3.4.5. This means that, for a “top tier” Cooper Basin target coal seam of 

100 feet (30.5 metres) in thickness, a total of up to 1 foot (30.5 centimetres) of “new” coal fabric 

void space may be created, distributed over its height - provided the large-scale 

geomechanical reservoir boundary condition allows. The coal matrix shrinkage-induced 

endogenous tensile opening and dilation process of “coal fabric excavation” thereby generates 

the isolated, low bulk structural integrity and low bulk compressive strength domain of 

compressible “dispersed coal fabric void space” (geomechanically equivalent to a large, simple 

void) that triggers pressure arch generation. 

 

During the production pressure drawdown of an isolated deep coal fracture network SRV 

domain of limited lateral extent, highly localised coal matrix shrinkage, de-stressing, and the 

creation of fine-scale, pervasive “dispersed coal fabric void space”, cause the entire fracture 

network SRV domain to experience a significant reduction in its bulk structural integrity, and 

bulk compressive strength, in a manner that is directly analogous to the “heaving” and “bed 

separation” that occurs within the roof and floor strata of an underground coal mine excavation. 

It becomes more vulnerable to effective stress-induced compaction than the surrounding 

unperturbed strata (which includes distal, unperturbed regions of the coal seam). This means 

that the regional stress field, which once passed directly through this part of the coal seam, 

can no longer do so as efficiently. To compensate for this, the regional stress field is instead 

forced to deflect around the perturbed region, to the nearest, more competent abutment (i.e. 

having higher bulk structural integrity, higher bulk compressive strength, and higher pore 

pressure) - this being the adjacent, unperturbed native coal seam and host rock strata at the 

outer boundary of the isolated fracture network SRV domain. This results in a lateral gradient 

of effective stress that, by definition, triggers the generation of a pressure arch. Again, this 

process is directly analogous to the lateral deflection of localised high effective stress to the 

abutment strata of an underground coal mine excavation. 

 

Perhaps the best way to conceptualise the lateral deflection of localised high effective stress 

from within an isolated fracture network SRV domain to the abutment strata of its outer 

boundary is to consider an analogy from the “room-and-pillar” underground coal mining 

process (Figure 3.16). As excavation proceeds, “pillars” of unmined coal are deliberately left 

behind, at regularly spaced intervals, for the purpose of supporting the roof of the excavation 

that is now vulnerable to down warping in response to the higher effective stress. As the 

“rooms” become larger, some of the “pillars” may become too narrow. The vertical stress 

concentration within them increases, and this may eventually cause them to “yield” (collapse). 

When this occurs, the high effective stress they once accommodated is now deflected to the 

nearest, more competent “pillar” or “abutment”, which correspondingly increases in stress. The 

overall effect is that the small, independent pressure arch stress shields, which were once 
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associated with individual “rooms”, now amalgamate into a larger pressure arch stress shield, 

spanning what is now a larger “room”. So, from the analogous perspective of an isolated 

fracture network SRV domain, comprising closely spaced dilated coal fabric apertures, the 

open, unpropped fabric apertures are the “rooms”, and the coal matrix blocks between them 

are the “pillars”. The inference here is that provided; a) the dilated coal fabric of the isolated 

fracture network SRV domain is densely spaced, and b) the geomechanical reservoir boundary 

condition allows desorption-induced coal matrix shrinkage to be effective in de-stressing the 

coal fabric, the coal matrix “pillars” between the dilated coal fabric apertures gradually become 

redundant for the support of increasing effective stress, in the same manner as the narrow 

yielding “pillars” of an underground coal mine excavation. The effective stress they once 

accommodated (transmitted) is now deflected to more competent adjacent coal matrix blocks, 

which, in turn, become redundant over production time, so that eventually, most of the effective 

stress collectively exerted on the isolated fracture network SRV domain is ultimately deflected 

to, and accommodated by, its outermost boundary (i.e. abutment) by default. Hence, the 

isolated fracture network SRV domain of densely dilated coal fabric, which now has 

significantly lower bulk structural integrity, and lower bulk compressive strength, than the 

surrounding unperturbed native coal seam and host rock strata, generates a larger, 

“amalgamated” pressure arch stress shield that bypasses the many inter-fracture coal matrix 

blocks that are no longer required to support effective stress. From a geomechanical and stress 

transmission perspective, the entire isolated fracture network SRV domain now responds to 

increasing effective stress in the same manner as a single, macro-scale underground 

excavation. This is because, as a consequence of desorption-induced coal matrix shrinkage, 

the isolated fracture network SRV domain is now pervasively porous with artificially created, 

fine-scale “dispersed coal fabric void space”. As with the “dispersed void space” of a porous 

clastic reservoir (as previously explained in Section 3.6.2), it is now the greater isolated 

“domain” that generates the pressure arch stress shield, and defines its overall spatial extent, 

not the individual coal fabric apertures. Rather than the individual dilated coal fabric apertures 

(“rooms”) perturbing the regional stress field via their own small pressure arch stress shields, 

the entire isolated fracture network SRV domain now achieves this as a single entity, as 

demonstrated by the analogy in Figure 3.16. 

 

As might be expected, the pressure arch stress shield generated by an isolated Cooper Basin 

deep coal fracture network SRV domain is more subtle than for a single, macro-scale 

underground excavation, owing to the lower contrast in geomechanical competence between 

the perturbed and unperturbed regions. 
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Figure 3.16: Pressure arch amalgamation within a “room-and-pillar” underground coal mine excavation. If a roof-

supporting “pillar” becomes too narrow during the excavation process, effective stress concentration within it may 
become too high, to the point where it eventually “yields” (collapses). The vertical stress it once accommodated 
(transmitted) is now deflected to the nearest, more competent “pillar” or “abutment” by default. 
 
Redrawn from Yavuz (2001). 

 
Source: Yavuz, H., 2001. Yielding pillar concept and its design. In 17th International Mining Congress and Exhibition 
of Turkey, Ankara, Turkey, 19 - 22 June, 2001, pp. 397 - 404. 

 

The “room-and-pillar” underground coal mining analogy for the lateral deflection of effective 

stress, and pressure arch amalgamation, can be applied on any scale. For example, at the low 

end of the scale is the grain-to-grain contact that occurs within porous clastic reservoirs. Each 

pore represents a void that has its own small pressure arch stress shield, which is supported 

by the surrounding grains. This serves to illustrate the very important concept that the physical 

manifestation of the isolated void space, i.e. whether it is in the form of a single, macro-scale 

underground excavation, or alternatively “dispersed” throughout the strata, is not the critical 

characteristic driving pressure arch formation but rather the extent to which the void space 
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domain creates a localised reduction in bulk structural integrity, and bulk compressive strength, 

compared to the surrounding, unperturbed strata. Hence, the critical factor common to both an 

isolated, macro-scale excavation and the “dispersed void space” of an isolated fracture 

network SRV domain is the lateral gradient in bulk structural integrity, bulk compressive 

strength, and when subjected to pressure drawdown, effective stress. 

 

A key message to re-emphasise is that most hydraulic fracture stimulation treatments do not, 

in principle, generate significant pressure arch stress shields - at least at the time of the 

treatment. Typically, a large amount of proppant is injected under high pressure. This additional 

mass creates a state of incremental, endogenous compression within the fracture network 

SRV domain that increases reservoir confining stress, and actually suppresses the tendency 

for pressure arch formation. During wellbore flowback, and long-term gas production, the 

proppant pack continues to support the hydraulic fracture system, and the surrounding coal 

seam. Still no pressure arch forms. Despite the increasing production pressure drawdown-

induced effective stress, the artificially created hydraulic fracture apertures, which are filled 

with tightly packed, relatively incompressible proppant, experience no significant loss of bulk 

structural integrity, and bulk compressive strength, compared to the surrounding, unperturbed 

strata. The isolated fracture network SRV domain does not have a significant bulk tendency to 

compact, and hence no significant pressure arch stress shield forms. The only target formation 

that has the capacity to recover significantly from such a compressive (stressful) situation, and 

hence generate a pressure arch stress shield is coal, which shrinks during desorptive gas 

production, and may eventually create the required state of endogenous tension. 

 

It is conceded that hydraulic fracture stimulation treatments that rely upon “shear dilation” to 

create fracture permeability (i.e. void space) rather than proppant may, in principle, generate 

up-front pressure arch effects because this type of completely open fracture void space is 

relatively unsupported, apart from the misaligned fracture face asperities that serve to prop the 

fracture apertures open. Shear dilation fracture network SRV domains are therefore more 

vulnerable to the compaction effect caused by increasing production pressure drawdown-

induced effective stress. However, the resultant pressure arching effect is likely to be relatively 

subtle compared to that within deep coal seams because the amount of void space created by 

shear dilation is relatively small, and not as pervasive within the isolated fracture network SRV 

domain. In tight sandstone and shale gas formations, fracture / fabric void space does not have 

a tendency to increase over time in the manner of an isolated deep coal fracture network SRV 

domain. A pressure arch effect around the isolated shear dilation fracture network SRV domain 

of a tight sandstone or shale gas formation would be expected to slowly dissipate over time, 

as the open fracture void space gradually closes, and stress transmission increases through 

the isolated fracture network SRV domain, with no shrinkage effect to counteract this 

inexorable deformation process that occurs in response to production pressure drawdown-

induced effective stress. 
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To conclude this Section, the following holistic statement attempts to summarise the concept 

relating to how pressure arch stress shields may be generated within and around isolated 

Cooper Basin deep coal fracture network SRV domains in response to desorptive gas 

production, regardless of the type of reservoir stimulation treatment applied. 

 

“Inside the sharp pressure transient boundary envelope of an isolated deep coal 

fracture network SRV domain of limited lateral extent, intense, localised desorption-

induced coal matrix shrinkage, in response to high production pressure drawdown, 

causes the once highly consolidated and impermeable native coal seam to experience 

a localised loss of bulk structural integrity, and bulk compressive strength. As with a 

simple, macro-scale “cavity”, such as an underground coal mine excavation, but 

naturally to a lesser extent, an isolated fracture network SRV domain of coal 

disaggregation, which takes the form of pervasive, complex, highly dispersed 

incremental void space associated with dilated coal fabric apertures, has a reduced 

capacity to withstand the omnipresent tendency for compaction caused by production 

pressure drawdown-induced effective stress, and this then triggers the generation of a 

sympathetic pressure arch.” 

 

3.6.4 Pressure Arch Effects within Shallow Coal Seam Gas (CSG) Reservoirs 

 

In principle, homogeneous, regionally extensive, highly permeable shallow CSG reservoirs, 

overlain by relatively unconsolidated host rock strata are unlikely to generate significant, long-

lasting pressure arch stress shields. The shallow depth also means that there is an increased 

tendency for the “crest” of any potential pressure arch stress shield to become breached at 

surface. For most shallow CSG reservoirs within this type of setting, pressure depletion over a 

field development time frame is likely to be relatively uniform for the reservoir drainage area. 

By definition, a large areal extent of the reservoir experiences a relatively uniform effective 

stress field, and there is no available abutment (either “physical”, or “pore pressure gradient” 

related) to which this effective stress can be deflected. In essence, this is the ideal “uniaxial 

strain and constant vertical confining stress” condition upon which most shallow CSG 

mathematical modelling and simulation appears to be based. Hence, current shallow CSG 

mathematical models and simulations do not appear to consider pressure arching effects. The 

effectiveness of pressure arch generation is highly contingent upon the geomechanical 

reservoir boundary condition. Nevertheless, some preliminary empirical evidence does exist 

for transient pressure arch effects occurring - possibly including geological settings where uplift 

and erosion has resulted in shallow coal seams being overlain by host rock strata that are 

more consolidated than would normally be expected for that depth. An example from the San 

Juan Basin in Colorado and New Mexico, U.S.A. is presented later in this Section. Such 

observations should not be surprising, given that pressure arching is already proven to be a 
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ubiquitous phenomenon for underground coal mine excavations at a comparable or lesser 

depth. These transient pressure arch effects appear to be of a magnitude and duration that 

are sufficient to facilitate coal matrix shrinkage-induced coal fabric permeability enhancement 

over production time - but to a limit. This is supported by coupled flow and geomechanical 

numerical modelling studies, which indicate that transient pressure arch effects may indeed 

occur around shallow CSG wellbores in early production time, as a consequence of the high 

lateral pore pressure gradient generated by localised rapid production pressure drawdown 

(Connell, 2009, Connell and Detournay, 2009, Connell et al., 2010a, Pan et al., 2010a, Pan 

and Connell, 2012, Peng et al., 2014). The modelling indicates that an isolated, high-intensity 

“pore pressure sink” may be formed adjacent to a wellbore during the early stages of reservoir 

depletion. This was previously shown in Figure 3.6. Distal regions of the coal seam that have 

not yet been significantly de-watered, and have low pore pressure depletion, experience lower 

effective stress. The distal regions are therefore capable of functioning as pressure arch 

“pillars” and “abutments” that accommodate (transmit) the high effective stress being 

experienced by the more proximal de-watered areas. 

 

Some shallow CSG reservoirs may have lateral physical discontinuities that are capable of 

contributing to the generation of transient pressure arch effects. A variety of potential 

mechanisms, acting either alone, or in combination, may result in high lateral effective stress 

gradients that could lead to the formation of transient pressure arch “pillars” and “abutments”. 

Potentially complex reservoir depletion and permeability enhancement geometries may evolve 

over production time, with the process eventually resembling a “room and pillar” underground 

coal mining operation. 

 

Physical discontinuities within coal measure sequences that may facilitate pressure arch 

formation include: 

 

1. Lateral facies change within an individual coal seam stratigraphic interval. 

 

Examples include; a) the limit of deposition, b) coal seam splitting, c) variation in coal 

maceral type, d) variation in coal fabric aperture width (permeability), and e) mineralisation 

effects. 

 

2. Lateral facies change within the host rock strata overlying a coal seam. 

 

3. Faulting. 

 

4. Host rock strata boundaries, such as basement highs, or igneous intrusions. 

 



 

89 

Empirical evidence for transient pressure arching in association with shallow CSG reservoirs 

may, in principle, be obtained by detecting rock property changes within the overlying host rock 

strata, for example by applying time-lapse seismic, microseismic, or petrophysical logging 

techniques. Unfortunately, case studies of this nature have not yet been identified. 

 

It may be argued that the well-documented phenomenon of coal permeability enhancement 

during desorptive gas production, which is associated with decreasing reservoir confining 

stress, could be cited as evidence for pressure arch stress shielding. However, such evidence 

is inconclusive, given that the increase in permeability over production time could alternatively 

be explained simply by the rate of desorption-induced coal matrix shrinkage exceeding the rate 

of reservoir compaction. This scenario, which does not rely upon pressure arching, is 

accommodated by the mathematical modelling and simulation approach that is based on the 

assumption of a “uniaxial strain and constant vertical confining stress” geomechanical reservoir 

boundary condition (Section 3.5.2.1). 

 

The strongest form of evidence so far identified for pressure arching occurring in association 

with shallow CSG reservoirs is the sudden, catastrophic decline in coal fabric permeability that 

sometimes occurs during the late-time production of shallow CSG reservoirs, following an 

extended period of significant permeability enhancement. 

 

A catastrophic decline in coal fabric permeability (after a long-term period of enhancement) 

suggests that rather than the reservoir experiencing a relatively uniform, stable “uniaxial strain 

and constant vertical confining stress” condition over an extensive area, there is instead a 

laterally discontinuous, unstable effective stress distribution and this, by definition, is 

symptomatic of pressure arch formation. In other words, the existence of an active pressure 

arch stress shield may be revealed at the time at which it fails, leading to a sudden, effective 

stress-induced “reservoir collapse event”. Such events have been reported to occur within 

some shallow CSG fields that, after a long period of gas production, and significant reservoir 

pressure decline, exhibit high permeability enhancement due to desorption-induced coal matrix 

shrinkage. 

 

Late production time reservoir collapse events have been observed within shallow Upper 

Cretaceous Fruitland Formation CSG reservoirs of the San Juan Basin in Colorado and New 

Mexico, U.S.A. (Palmer et al., 2005, Okotie and Moore, 2010, Okotie and Moore, 2011, 

Moore et al., 2011), at a depth of 1,000 to 3,500 feet (300 to 1,070 metres). This is the most 

productive, and one of the longest producing, shallow CSG basins worldwide (Ayers Jr., 

2002). In some wellbores, after a prolonged exponential rebound of cleat permeability, the coal 

seam suddenly fails (and compacts) as a consequence of increasing production pressure 

drawdown-induced effective stress. Coal fabric aperture width is reduced, which leads to a 

decline in permeability. This is well demonstrated by the field example shown in Figure 3.17. 
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The coal failure generally occurs when the declining reservoir pressure associated with gas 

production becomes less than 250 to 350 psi (1,720 to 2,410 kPa). This coincides with the 

maximum rate of coal matrix shrinkage. Failure of the coal seam also generates coal fines, as 

a consequence of some form of pulverisation process. This mobile material then occludes coal 

fabric apertures, and contributes to the permeability loss. The response of a particular wellbore 

to a reservoir collapse event varies considerably. The subsequent permeability versus 

reservoir pressure trend may decrease, increase, or remain relatively flat (Moore et al., 2011). 

In some wellbores, a “saw-tooth” production profile may eventually develop, as repeated 

collapse and permeability recovery events occur. This behaviour is interpreted to indicate that 

pressure arching may be contributing significantly to coal fabric permeability enhancement 

within the San Juan Basin coal seams but is eventually unable to withstand the increasing 

areal extent of high effective stress associated with late-time production. This phenomenon is 

considered to be directly analogous to the scenario of an underground coal mine collapse, 

when the roof-span becomes too wide. 

 

 

Figure 3.17: The eventual effective stress-induced collapse of a highly pressure-depleted shallow CSG reservoir 

cleat system after many years of gas production and permeability enhancement via desorption-induced coal matrix 
shrinkage. This event could potentially represent the failure of a transient pressure arch “stress shield”. 
 
Reproduced from Okotie and Moore (2011) with permission from Society of Petroleum Engineers. 

 
Source: Okotie, V.U. and Moore, R.L., 2011. Well-production challenges and solutions in a mature, very-low-
pressure coalbed-methane reservoir. SPE Production and Operations, 26(2), pp. 149 - 161. 

https://doi.org/10.2118/137317-PA 

 

The occurrence of the reservoir collapse events is interpreted to be consistent with transient 

pressure arching effects. 

 

https://doi.org/10.2118/137317-PA
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The current literature mainly characterises the San Juan Basin reservoir collapse events as 

gas desorption-induced “shear failure” under a “uniaxial strain and constant vertical confining 

stress” geomechanical reservoir boundary condition, whereby the coal seam suddenly fails as 

a consequence of the high vertical versus horizontal differential (i.e. deviatoric) stress 

associated with the coal matrix shrinkage and de-stressing process (Moore et al., 2011, 

Espinoza et al., 2015). The failure is interpreted to commence near the wellbore (presumably 

where the differential is highest), and move progressively further into the coal seam. Lateral 

stress reduction due to reservoir depletion is higher than vertical stress reduction. Indeed, 

similar coupled endogenous tensile and concomitant shear failure has been described by 

Wang et al. (2013c) with respect to the pressure arching associated with underground coal 

mine excavations. Whilst not invoking pressure arching sensu stricto, the current San Juan 

Basin explanation is conceptually consistent with pressure arching behaviour. Inside a 

pressure arch stress shield there is an overall state of progressive endogenous tensile failure. 

However, at the high-differential stress interface between the arc of locally deflected and 

concentrated maximum stress vectors that form the pressure arch stress shield, and its de-

stressed interior, there is a state of progressive, mixed-mode compression failure and shear 

failure. This was previously indicated by Figure 3.9. 

 

It is stated within the literature that mathematical models, such as the Palmer-Mansoori Model 

(Palmer and Mansoori, 1998), are capable of predicting desorption-induced coal shear failure 

within the bounds of “uniaxial strain and constant vertical confining stress” behaviour. 

 

An analogy may be drawn between the large-scale geomechanical response of shallow CSG 

reservoirs and that experienced by the underground coal mining industry. It is well established 

that pressure arch-controlled collapse events occur frequently within shallow underground coal 

mine excavations, where the pressure arch suddenly fails (Wang et al., 2007, Cui et al., 2014, 

Suchowerska et al., 2014). On the basis that de-pressurised fracture network “dispersed void 

space domains” within coal seams may also be classified as underground “excavations”, it is 

postulated that pressure arch-controlled collapse events may similarly occur within and around 

shallow CSG reservoirs, where the same diametric competition occurs between “void space 

creation” (i.e. desorption-induced coal matrix shrinkage) and the omnipresent tendency for 

reservoir compaction caused by increasing production pressure drawdown-induced effective 

stress. Hence, the sudden coal failure events within the San Juan Basin coal seams are 

interpreted to be a consequence of transient pressure arch collapse. In essence, the coal 

seams are temporarily shielded from increasing production pressure drawdown-induced 

effective stress, up to a yield point that is determined by the thickness and geomechanical 

competence of the overlying host rock strata, and the resultant capacity to form an effective 

pressure arch stress shield. It may be interpreted that the overburden strata then suddenly 

down warp and compact the depleted region of the coal reservoir, as a consequence of it no 

longer being shielded from the high effective stress. Shear events associated with the 
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catastrophic coal failure generate the observed coal fines, as would be expected in an 

underground coal mine collapse. The coal fines, together with the general reduction in coal 

fabric aperture width caused by sudden compaction, cause the gas flow rate from the affected 

wellbore to decline. The expanding pressure arch, that previously facilitated coal fabric 

permeability enhancement due to desorption-induced coal matrix shrinkage, may have either 

reached surface, or encountered geomechanically incompetent overburden strata, so that it is 

no longer able to shield the reservoir from lithostatic stress. Having collapsed, the pressure 

arch may then potentially regenerate, provided sufficient desorptive gas production continues. 

 

3.6.5 Pressure Arch Effects within Cooper Basin Deep Coal Gas (CBDCG) 

Reservoirs 

 

Detailed empirical evidence for pressure arching occurring in association with producing 

Cooper Basin deep coal seams is provided in Chapter 5. 

 

From a conceptual perspective, it is postulated that a dynamic stress perturbation exists within 

and around an isolated Cooper Basin deep coal fracture network SRV domain during 

desorptive gas production that is comparable to the dynamic stress perturbation associated 

with an active underground coal mine excavation (Figures 3.7, 3.9, 3.10, 3.11, 3.12, 3.13, and 

3.16). Similar geomechanical principles relating to effective stress-induced rock failure around 

an isolated void space domain should apply, independent of whether the domain is in the form 

of a single, macro-scale underground excavation, or “dispersed void space”. Analogous to an 

underground coal mine excavation, as soon as internal pressure reduction is initiated within 

the “dispersed void space” of an isolated deep coal fracture network SRV domain, the vertical 

and lateral stresses, which were previously in equilibrium, undergo a localised redistribution. 

A pressure arch stress shield instantaneously forms around the “dispersed coal fabric void 

space” of the fracture network SRV domain, as a consequence of its reduced bulk structural 

integrity, reduced bulk compressive strength, and reduced capacity to efficiently transmit the 

maximum stress field. The stress vectors are locally deflected and concentrated around the 

“dispersed coal fabric void space” domain to the abutment strata, which correspondingly 

increase in stress. The pressure arch then grows larger, in parallel with the expanding 

production pressure transient region that is driving the process of coal matrix shrinkage-

induced de-stressing. While progressive endogenous tensile failure is clearly a dominant 

feature of pressure arching, other modes of failure also occur. At the interface between the 

expanding region of progressive endogenous tensile failure associated with the fracture 

network SRV domain and the arc of locally deflected and concentrated maximum stress 

vectors that form the pressure arch stress shield, desorption-induced shear failure may also 

occur, as a consequence of the very high differential (i.e. deviatoric) stress (Espinoza et al., 

2015). This is directly analogous to the well-understood failure behaviour of underground coal 

mine excavations (Wang et al., 2013c). Coupled endogenous tensile and concomitant shear 
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failure has also been interpreted to occur within shallow CSG reservoirs. The rate of advance 

of the production pressure transient region into the deep coal seam is facilitated by the 

progressive, coupled, mixed-mode rock failure combination of; a) coal matrix shrinkage-

induced endogenous tensile failure, and b) concomitant compression / shear failure occurring 

at its outer limit, at the high differential stress interface with the abutment strata (Potts, 1951, 

Wang et al., 2013c, Espinoza et al., 2015). In addition, the very high pressure differential 

gradient between undepleted regions of the deep coal seam and the fracture network SRV 

domain further enhances this process. The situation is somewhat analogous to the “outburst” 

behaviour that occurs within the abutment strata of underground coal mine excavations. The 

concept of a dilating and expanding deep coal fracture network SRV domain, with reference 

to an underground coal mine numerical modelling example, is illustrated by Figure 3.13. 

 

The reservoir de-stressing effect of pressure arch evolution is invoked as a mechanism for 

allowing desorption-induced coal matrix shrinkage within isolated Cooper Basin deep coal 

fracture network SRV domains to increase the width of initial fracture network SRV domain 

apertures, as well as opening and dilating the surrounding native coal fabric planes of 

weakness, in defiance of the rapidly increasing production pressure drawdown-induced 

effective stress. 
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Chapter 4: The Expanding Reservoir Boundary Hypothesis 

 

4.1 Introduction 

 

Stress, and in particular increasing production pressure drawdown-induced effective stress, is 

the common variable that ultimately controls the permeability, and hence flow rate capacity of 

all coal gas reservoirs. For shallow CSG reservoirs, gas extraction efficiency is primarily 

controlled by the initial stress state. Reservoir confining stress is relatively low, so these coal 

seams are generally permeable, and flow freely. In many cases, reservoir stimulation treatment 

is not required. Over the life of a wellbore, production performance is then modulated by the 

stress path, as desorption-induced coal matrix shrinkage interacts with the geomechanical 

reservoir boundary condition during gas depletion (Chapter 3, Section 3.5). In other words, 

the permeability becomes dynamic. 

 

The lower the native coal seam fabric permeability, the more critical is the stress path to 

maintaining gas extraction. For Cooper Basin deep coal seams, where the native stress state 

is too high for naturally occurring commercial coal fabric permeability to exist, the stress path 

itself, when combined with a compatible up-front reservoir stimulation strategy, becomes the 

primary control on gas extraction efficiency. This means that, in order to achieve a commercial 

gas flow rate and ultimate recovery from Cooper Basin deep coal seams, a large, complex 

domain of enhanced coal fabric permeability must be artificially created by engineering a stress 

path that leads to stress reduction. 

 

Insight into the geomechanical reservoir boundary condition of producing Cooper Basin deep 

coal seams, and the possible involvement of pressure arching, is provided by the unusual long-

term flowback behaviour of Moomba 77, a vertical wellbore that hosted Australia’s first deep 

coal hydraulic fracture stimulation trial in 2007. Four individual “dry” coal seams, 

stratigraphically isolated by shale and sandstone host rock strata, were targeted at an average 

depth of 9,500 feet (2,900 metres). No other potential reservoir intervals were open to the fully 

cased wellbore. Moomba 77 is located within the domal anticlinal closure of the large Moomba 

Gas Field. As a consequence, the coal seams are embedded within a thick section of 

pervasively gas-saturated, mildly overpressured host rock strata. Flowback behaviour of this 

wellbore is inconsistent with the production performance of other source rock reservoir types. 

Rather than an initial decline in fracture network SRV domain gas flow rate capacity over 

flowback time, a near-immediate, steady increase occurred that continued for the remainder 

of the 81/2-year flowback period. This defied both the commercial permeability depth limit, and 

the “uniaxial strain and constant vertical confining stress” geomechanical reservoir boundary 

condition assumption for shallow and “deep” CSG reservoirs (Gray, 1987, Palmer, 2009, Pan 

and Connell, 2012, Qu et al., 2014), and suggested that the controls on gas production from 
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Cooper Basin deep coal seams may be different. In particular, it inferred that an alternative 

geomechanical reservoir boundary condition may be operating that allows coal seams at 

extreme depth to progressively de-stress, and increase in permeability and fracture / fabric 

face surface area over production time, a process that commences immediately after reservoir 

stimulation. 

 

A detailed description, interpretation, and physical simulation of the flowback behaviour of 

Moomba 77 are collectively provided by Chapters 5 and 6. 

 

The author’s observations of the 2007 trial, combined with a detailed review of open-file data 

and cross-industry literature, initially prompted a hypothesis to be formulated which, based on 

the accumulation of compelling evidence, has since been upgraded to “Expanding Reservoir 

Boundary (ERB) Theory”. 

 

4.2 Hypothesis Formulation 

 

For over 13 years, a potential solution to the challenge of flowing gas from Cooper Basin deep 

coal seams at full-cycle, standalone commercial rates has been concealed within the existing 

cross-industry literature. It remained unrecognised because a critical synergy between several 

seemingly disparate but well-established fundamental principles was not evident. As a 

consequence, the principles have never been combined to form a holistic mechanism for 

efficient gas extraction. The synergy has now been identified using a first principles approach. 

A corresponding hypothesis has been formulated that forces a paradigm shift understanding 

of the reservoir behaviour of deep coal seams during gas production, and their reservoir 

stimulation treatment requirements. It is anticipated that the new concept may lead to the 

development of new gas extraction techniques that are capable of generating a step change 

increase in both gas flow rate capacity and ultimate gas recovery. 

 

The first clue to the puzzle was discovered in the basic coal property and geomechanical data 

described by Dunlop et al. (2017) in Chapter 2. When these data are considered in the context 

of a deep, pervasively gas-saturated, overpressured geological setting, it becomes apparent 

that Cooper Basin deep coal seams represent, from a reservoir engineering perspective, an 

anomalous type of “hybrid” source rock reservoir that exhibits characteristics relating to both 

coal and shale. This may explain why current reservoir stimulation techniques, that have been 

adopted from established coal, shale, and even sandstone plays, have so far been relatively 

ineffective in realising the full gas flow potential. A problematic “bipolar” combination of 

reservoir properties such as this has not previously been documented within the literature. 

Industry is yet to devise an effective commercial solution. Current attempts at mathematical 

modelling and simulation are misleading because a valid set of base input assumptions has 
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not yet been established, particularly with respect to the geomechanical reservoir boundary 

condition that has such a large impact on gas production. 

 

The “hybrid” nature of CBDCG reservoirs, which is reflected by the coal-like geomechanical 

properties, the shale-like reservoir properties (relating mainly to the gas storage mechanism), 

and the resultant anomalous production behaviour, is interpreted, using a first principles 

approach, to incorporate selected characteristics from three seemingly disparate geotechnical 

systems: 

 

1. Shallow CSG reservoirs. 

 

2. Deep shale gas reservoirs. 

 

3. Underground coal mine excavations. 

 

It follows that reservoir stimulation treatment requirements may be subject to the same 

multivariate influence. A logical approach for deducing the controls on gas production and 

reservoir stimulation is therefore to firstly review the extensive literature relating to each of 

these disciplines, identify any synergies that may exist, and then combine the relevant 

fundamental principles. A working hypothesis (“The Hypothesis”) has been formulated on this 

basis. 

 

From the three broad geotechnical systems above, the following fundamental conceptual 

elements, as reviewed in Chapter 3, are identified as being important building blocks for 

understanding the “hybrid” nature of CBDCG reservoirs: 

 

1. Shallow CSG reservoir principles (Chapter 3, Section 3.2). 

 

2. Deep shale gas reservoir principles (Chapter 3, Section 3.3). 

 

3. Coal matrix shrinkage (Chapter 3, Section 3.4). 

 

4. The geomechanical reservoir boundary condition (Chapter 3, Section 3.5). 

 

5. Pressure Arch Theory (Chapter 3, Section 3.6). 

 

From these fundamental conceptual elements, three specific physical mechanisms are 

postulated to collectively control gas production from Cooper Basin deep coal seams, and 

hence define their reservoir stimulation treatment requirements. When combined, they form a 

holistic mechanism for efficient gas extraction. A synergy exists because each mechanism 
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contributes to the enhancement of coal fracture / fabric permeability, surface area for gas 

desorption, and hence gas flow rate capacity. For the synergy to be manifested, two conditions 

must be satisfied. Firstly, all three mechanisms must be simultaneously active. Secondly, 

desorptive gas production must first be established, and then be maintained. It is postulated 

that for gas to flow into a wellbore at a commercially significant rate, the synergy must be 

optimised by an appropriate drilling, wellbore completion, and reservoir stimulation strategy. 

As with shale gas reservoirs, gas flow rate and gas extraction efficiency will ultimately be 

directly proportional to the amount of artificially created open coal fracture / fabric face surface 

area exposed to production pressure drawdown by a complex, permeable fracture network 

gas gathering system. 

 

The three critical controls on gas production from CBDCG reservoirs are postulated to be: 

 

1. Coal matrix shrinkage - adopted from the shallow CSG industry (Chapter 3, Section 3.4). 

 

2. Pressure arching - adopted from the underground mining industry (Chapter 3, Section 

3.6). 

 

3. Large-scale artificial “reactivation” of rock fabric - adopted from the shale gas industry 

(Chapter 1, and Chapter 3, Section 3.3). 

 

The term “reactivation” is used frequently within the shale gas industry to describe the 

process by which hydraulic fracture stimulation treatments cause existing rock fabric 

“planes of weakness”, and other discontinuities such as cemented fractures to be opened, 

thereby increasing permeability, and surface area within the fracture network SRV domain. 

 

Their specific roles, in the novel context of The Hypothesis, are postulated to be as follows: 

 

1. Coal matrix shrinkage 

 

By gradually reducing coal matrix volume during desorptive gas production from an isolated, 

de-pressurised deep coal fracture network SRV domain of limited lateral extent, and contingent 

upon the type of geomechanical reservoir boundary condition operating, which ultimately 

controls the amount of reservoir compaction caused by increasing production pressure 

drawdown-induced effective stress, it is postulated that desorption-induced coal matrix 

shrinkage provides a fundamental driving mechanism that: 

 

a) De-stresses the production pressure transient region. 
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b) Instantaneously generates a pressure arch stress shield (Chapter 3, Section 3.6) that 

grows larger, in parallel with the expanding production pressure transient region that is 

driving the process of coal matrix shrinkage-induced de-stressing. 

 
c) Increases the width of initial fracture network SRV domain apertures. 

 

d) Enhances coal fabric porosity, permeability, and hence gas flow rate capacity surrounding 

the initial fracture network SRV domain apertures, by the endogenous tensile dilation of 

pre-existing, limited remnant coal fabric apertures. 

 

e) Enhances coal matrix porosity, permeability, and hence gas flow rate capacity surrounding 

the initial fracture network SRV domain apertures, by the endogenous tensile dilation of 

pre-existing, limited remnant coal matrix inertinite meso- and macro-pores. 

 
f) Creates incremental coal fabric porosity, permeability, complex surface area, and hence 

gas flow rate capacity surrounding the initial fracture network SRV domain apertures, by 

the endogenous tensile opening and dilation of pre-existing, low tensile strength, multiple 

orientation coal fabric planes of weakness, and extending these new apertures further into 

the coal seam. 

 

The inherent capacity of coal macerals to shrink during desorptive gas production is 

proportional to their inherent capacity to adsorb gas (Cui and Bustin, 2005). Actual 

adsorbed gas content, and hence actual coal matrix shrinkage potential, are controlled by 

factors that may include; i) coal rank (higher coal rank increases adsorption capacity), ii) 

moisture content (higher coal moisture decreases adsorption capacity), and iii) reservoir 

temperature (higher reservoir temperature decreases adsorption capacity). So, despite 

having a high inherent capacity for coal matrix shrinkage, this may be significantly reduced 

in some coal seams, for example those that are deeply buried and therefore exposed to 

high temperature. Since micro-porous vitrinite has a significantly higher gas adsorption 

capacity than meso-, macro-porous inertinite, the thin, pervasively distributed vitrinite 

laminations and lenses, which constitute inherent planes of weakness, become preferred 

locations for shrinkage, and hence the endogenous tensile dilation of coal fabric. 

 

g) Causes the complex, fine, centimetre-scale native coal fabric, surrounding the initial 

fracture network SRV domain apertures, to effectively “shatter”, or “self-fracture”, in an 

overall state of progressive endogenous tensile failure, independent of the lack of 

“brittleness”, thereby creating an isolated, complex, very high fracture / fabric face surface 

area, shale gas reservoir-like fracture network SRV domain. 
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In summary, desorption-induced coal matrix shrinkage is a critical control on gas production 

from Cooper Basin deep coal seams because it creates incremental coal fracture / fabric 

permeability, and surface area for gas desorption. It therefore has the potential to be harnessed 

as a natural reservoir stimulation mechanism. 

 

2. Pressure arching 

 

By deflecting maximum stress vectors locally around the complex, low bulk structural integrity, 

low bulk compressive strength, “dispersed coal fabric void space” of an isolated, de-

pressurised deep coal fracture network SRV domain of limited lateral extent that, similar to 

underground coal mine excavations, and other underground void space domains, does not 

transmit stress efficiently, it is postulated that pressure arching: 

 

a) Shields the production pressure transient region from the increasing effective stress that 

invariably accompanies production pressure drawdown. This reduces or eliminates the 

detrimental tendency for reservoir compaction caused by that increasing effective stress. 

 

b) Facilitates de-stressing of the coal seam by allowing an overall state of progressive 

endogenous tensile failure to develop, and then be maintained, within the production 

pressure transient region, as a consequence of desorption-induced coal matrix shrinkage. 

 

c) Allows the full effect of desorption-induced coal matrix shrinkage to increase the width of 

initial fracture network SRV domain apertures. 

 

d) Allows the full effect of desorption-induced coal matrix shrinkage to enhance coal fabric 

(and matrix) porosity, permeability, and hence gas flow rate capacity surrounding the initial 

fracture network SRV domain apertures, by the endogenous tensile dilation of pre-existing, 

limited remnant coal fabric (and matrix) apertures. 

 

e) Allows the full effect of desorption-induced coal matrix shrinkage to create incremental coal 

fabric porosity, permeability, complex surface area, and hence gas flow rate capacity 

surrounding the initial fracture network SRV domain apertures, by the endogenous tensile 

opening and dilation of pre-existing, low tensile strength, multiple orientation coal fabric 

planes of weakness, and extending these new apertures further into the coal seam. 

 

f) Grows larger, in parallel with the expanding production pressure transient region, thereby 

allowing the fracture network SRV domain of enhanced permeability, and steadily 

increasing fracture / fabric face surface area within it, to gradually increase in size over 

production time. 
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Indeed, the expanding pressure arch stress shield facilitates the rate of propagation of the 

production pressure transient region into the coal seam (and beyond). At the outer limit of 

the pressure arch domain, there is a process of progressive, coupled, mixed-mode coal 

failure that accelerates exposure of the native coal seam to high pressure drawdown. This 

specifically involves the combination of; i) coal matrix shrinkage-induced endogenous 

tensile failure, and ii) concomitant compression and shear failure at the high differential 

stress interface with the abutment strata (Chapter 3, Figure 3.9). In addition, the very high 

pressure differential gradient between undepleted regions of the coal seam and the low-

pressure fracture network void space further enhances this process. The overall effect is 

somewhat analogous to the often catastrophic “outburst” behaviour that occurs within the 

abutment strata of underground coal mine excavations. 

 

g) Generates an “expanding reservoir boundary and decreasing confining stress” condition. 

 

In summary, pressure arching is a critical control on gas production from Cooper Basin deep 

coal seams because it creates a favourable “expanding” geomechanical reservoir boundary 

condition that, by shielding the initial fracture network SRV domain from the omnipresent 

tendency for compaction caused by increasing production pressure drawdown-induced 

effective stress, allows permeability and fracture / fabric face surface area to increase, despite 

the extreme depth and effective stress, driven by the ongoing natural reservoir stimulation 

effect of coal matrix shrinkage. 

 

3. Large-scale artificial reactivation of rock fabric 

 

The large-scale artificial reactivation (i.e. “opening”) of rock fabric is an important concept upon 

which the entire thermogenic shale gas industry is based. It is also considered to be essential 

for the creation of artificial CBDCG reservoir domains. However, owing to the very different 

geomechanical properties of coal (“ductile”) compared to shale (“brittle”), an alternative 

approach is required that does not rely exclusively upon the standard, best practice shale gas 

reservoir technique of large-scale hydraulic fracture stimulation. Nevertheless, the 

fundamental principle of large-scale fracture / fabric face surface area creation for gas 

desorption remains the same, and must still be applied to deep coal seams. When applied to 

Cooper Basin deep coal seams, this process is postulated to create: 

 

a) A large, complex network of incremental coal fabric apertures by reactivating pre-existing, 

low tensile strength, multiple orientation coal fabric planes of weakness. 

 

b) A high incremental fracture / fabric face surface area for gas desorption that compensates 

for the very low inherent gas flow rate capacity of the nanoDarcy-scale permeability coal 

matrix. 
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c) A potentially very large, complex, incremental, shale gas reservoir-like fracture network 

SRV domain. 

 

In summary, the large-scale artificial reactivation of rock (i.e. coal) fabric is a critical control on 

gas production from Cooper Basin deep coal seams because it represents the only practical 

means by which the prerequisite very high fracture / fabric face surface area for gas desorption 

may be created. Shale gas reservoir stimulation techniques achieve this outcome in an overall 

state of endogenous reservoir compression. Fluid and proppant injection effectively pushes 

the fabric planes of weakness open. The geomechanical properties of Cooper Basin deep coal 

seams dictate that the prerequisite “shattering” effect must instead be achieved by an 

alternative reservoir stimulation technique that generates an overall state of endogenous 

reservoir tension that pulls the fabric planes of weakness open. It is essential that some form 

of technique be applied to Cooper Basin deep coal seams that does not rely upon “brittleness”. 

The combined, mutually sustaining actions of desorption-induced coal matrix shrinkage and 

sympathetic pressure arch stress shield evolution provide a viable mechanism for achieving 

this. 

 

4.3 The Hypothesis 

 

The Hypothesis specifies that once an initial isolated fracture network SRV domain of limited 

lateral extent has been artificially created by some form of up-front reservoir stimulation 

treatment, and continuous desorptive gas production has been established under conditions 

of high production pressure drawdown, the three fundamental processes of; a) coal matrix 

shrinkage, b) pressure arching, and c) the large-scale artificial reactivation of coal fabric, 

immediately act in a sympathetic, self-perpetuating manner to progressively de-stress, and 

facilitate expansion of, the production pressure transient region. This causes the fracture 

network SRV domain to steadily increase in size, fracture / fabric face surface area, and 

permeability. The processes are mutually dependent. All three must be active for this to occur. 

Coal matrix shrinkage generates intrinsic, endogenous tensile stresses that promote the 

endogenous tensile dilation of initial fracture network SRV domain apertures and pre-existing, 

limited remnant coal fabric apertures. It also promotes the tendency for pre-existing, low tensile 

strength, multiple orientation coal fabric planes of weakness to open, dilate, and extend, in an 

overall state of progressive endogenous tensile failure. 

 

A fundamental aspect of The Hypothesis is that pressure arching within and around deep coal 

fracture network SRV domains becomes dynamic, and ongoing during gas production, as it 

does when underground coal mine excavations are gradually enlarged. If the excavation width 

of a coal mine is increased by removing structural mass, the associated pressure arch expands 

both horizontally and vertically, so as to maintain the most stable constant shield against 
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lithostatic confining stress. Analogous to the process of underground coal mine excavation, 

gas desorption from an isolated deep coal fracture network SRV domain also has the ability to 

remove structural mass, and create new void space (resulting in shrinkage), albeit in a complex 

form that is “dispersed” throughout the maze of reactivated coal fabric apertures. Desorption-

induced coal matrix shrinkage drives the dilation and expansion of a fracture network SRV 

domain. The overall effect is a localised reduction in bulk structural integrity, reduced bulk 

compressive strength, and a reduced capacity of this more geomechanically compliant domain 

to transmit stress. The isolated fracture network SRV domain becomes more vulnerable to 

compaction when exposed to production pressure drawdown-induced effective stress than the 

surrounding host rock strata, and this causes a dynamic (expanding) pressure arch stress 

shield to be generated. 

 

As desorption-induced coal matrix shrinkage drives the expansion of an isolated deep coal 

fracture network SRV domain, the associated pressure arch stress shield up-scales in size 

accordingly. It is important to appreciate that the two processes are mutually dependent. 

Without an effective pressure arch stress shield, no fracture network SRV domain expansion 

occurs, and vice versa. The combined, mutually sustaining actions of desorption-induced coal 

matrix shrinkage and sympathetic pressure arch stress shield evolution generate an 

“expanding reservoir boundary and decreasing confining stress” condition. This allows the 

complex, fine, centimetre-scale coal fabric of producing CBDCG reservoirs, and adjacent 

strata indirectly (which may include other reservoir types), to de-stress, open, and dilate, in an 

overall state of progressive endogenous tensile failure, independent of the lack of “brittleness”. 

The native coal fabric surrounding the initial fracture network SRV domain effectively 

“shatters”, or “self-fractures”, naturally over production time, thereby creating an incremental 

domain of complex, high fracture / fabric face surface area for gas desorption, analogous to 

that of a shale fracture network SRV domain. The pressure arch may not be confined to within 

the coal seam. The surrounding host rock strata may gradually become incorporated into the 

expanding, naturally “self-fracturing” reservoir domain. Clearly, this is a desirable outcome if 

the host rock strata are gas-saturated. 

 

Inside the expanding pressure arch stress shield, where an overall state of progressive 

endogenous tensile failure and permeability enhancement prevails, “the reservoir” is formed 

by the complex, low bulk structural integrity, low bulk compressive strength “dispersed void 

space domain”, which comprises; a) dilated apertures of the initial fracture network SRV 

domain, b) dilated native coal fabric, and c) dilated native matrix meso- and macro-pores. The 

initial fracture network SRV domain apertures dilate under endogenous tension. Coal fabric 

porosity, permeability, and hence gas flow rate capacity are enhanced by the endogenous 

tensile dilation of pre-existing, limited remnant coal fabric apertures. Likewise, coal matrix 

porosity, permeability, and hence gas flow rate capacity are enhanced by the endogenous 

tensile dilation of pre-existing meso- and macro-pores. Incremental coal fabric porosity, 
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permeability, surface area, and hence gas flow rate capacity are also created by the 

endogenous tensile opening, dilation, and extension of pre-existing, low tensile strength, 

multiple orientation coal fabric planes of weakness that propagate further into the coal seam 

behind the advancing production pressure transient front. Outside the pressure arch stress 

shield, where bulk structural integrity is higher, bulk compressive strength is higher, and stress 

is elevated, there is no effective coal fracture / fabric / matrix permeability, and hence “no 

reservoir”. In accordance with this industry standard definition of a deep, thermogenic “source 

rock reservoir”, which is consistent with the definition of an isolated shale fracture network SRV 

domain, it follows that if the pressure arch stress shield of a deep coal seam’s naturally “self-

fracturing” reservoir domain progressively expands, so does the “reservoir boundary” sensu 

stricto. Hence, the boundary of the “expanding reservoir” domain may be defined as being the 

inner surface of the high-stress envelope of locally deflected and concentrated maximum 

stress vectors that defines the geometry of the pressure arch stress shield. Therein lies the 

postulated concept of “Expanding Reservoir Boundary Theory”. 

 

The concept of a deep, thermogenic source rock reservoir fracture network SRV domain 

growing over production time, and having an “expanding reservoir boundary and decreasing 

confining stress” condition, has not yet been identified within the literature, and appears novel. 

The scenario has far-reaching positive implications for potential CBDCG reservoir 

commercialisation strategies, as it would for shale fracture network SRV domains, if these 

dilated, expanded, and increased in permeability in a similar manner. 

 

The dilating and expanding coal matrix shrinkage-induced coal fabric void space domain, 

incremental to the initial fracture network SRV domain from which it has evolved, is henceforth 

termed the fracture network “Dilated Reservoir Volume” (DRV) domain. This is described in 

detail later, in Section 4.5.2. 

 

It is important to appreciate that the coal matrix inside a pressure arch stress shield also 

experiences a degree of porosity and permeability enhancement. However, the effect is not as 

significant to stimulated gas flow rate capacity as the rebound in coal fabric permeability. This 

also applies to shale gas reservoirs, where changes in matrix porosity and permeability during 

gas production are even less relevant. For this reason, The Hypothesis sensu stricto, and the 

testing thereof, focus mainly on the stress-dependent behaviour of coal fabric, rather than the 

more subtle coal matrix response. 

 

The postulated geomechanical reservoir boundary condition and stress path of producing 

CBDCG reservoirs are fundamentally different to those being applied to shallow and “deep” 

CSG reservoirs. This divergence has the potential to affect many aspects of CBDCG reservoir 

development and, if validated, must therefore be reflected in the mathematical modelling and 

simulation process. 
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In the context of the isolated, shale-like stimulated reservoir volume (SRV) domain concept 

(Warpinski et al., 2009, Mayerhofer et al., 2010) adopted by The Hypothesis for CBDCG 

reservoirs, the geomechanical reservoir boundary condition of a producing CBDCG reservoir 

has the capacity to function in a similar manner to a traditional geological Darcy flow boundary 

for conventional reservoirs, such as a sandstone-to-shale facies change. A key difference for 

Cooper Basin deep coal seams, however, is that the geomechanical Darcy flow boundary does 

not exist until pressure drawdown and resultant “pressure arching” are initiated. It then 

migrates outwards during gas production, in parallel with the expanding pressure transient 

region. 

 

The Hypothesis is summarised by the following holistic description, which aims to concisely 

capture most of the complex, multivariate controls on gas production from Cooper Basin deep 

coal seams. 

 

“High gas content, gas-oversaturated, overpressured, ultra-low permeability, relatively 

“ductile” Cooper Basin deep coal seams encapsulated within rigid, buttress-like, and 

ideally pervasively gas-oversaturated host rock strata may be stimulated to flow gas at 

full-cycle, standalone commercial rates, similar to shale gas reservoirs, by harnessing 

the stress reduction capacity and inherent ability of these labile thermogenic source 

rock reservoirs to instantaneously generate, in real production time, isolated, self-

perpetuating, expanding, complex, high surface area, dynamic permeability fracture 

network domains, via the combined, mutually sustaining actions of desorption-induced 

coal matrix shrinkage and sympathetic pressure arch stress shield evolution. This 

results in the progressive endogenous tensile opening, dilation, and extension of pre-

existing, limited remnant coal fabric apertures, and low tensile strength, multiple 

orientation planes of weakness within an “expanding reservoir boundary and 

decreasing confining stress” condition, in defiance of the harsh pre-existing, highly 

deviatoric regional stress regime.” 

 

The Hypothesis is considered to be valid prima facie, on the basis that the three fundamental 

mechanisms upon which it has been formulated are already proven phenomena that are well 

established within the literature. 

 

Contingent upon successful testing and validation, it is proposed that The Hypothesis be more 

formally recognised by the term “Expanding Reservoir Boundary Theory”. 
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4.4 Predictions and Implications 

 

The Hypothesis predicts that an initial, artificially created, isolated fracture network SRV 

domain of limited lateral extent, within a Cooper Basin deep coal seam having no significant 

pre-existing coal fabric permeability will, in principle, and contrary to shallow CSG reservoir 

behaviour during gas production, immediately have a tendency to increase in size, fracture / 

fabric face surface area for gas desorption, and permeability upon the commencement of 

desorptive gas production, to form an incremental fracture network DRV domain that steadily 

dilates, expands, and increases in permeability over production time. Whether this does, in 

reality, occur immediately is strictly contingent upon whether the coal seam is required to use 

part of its coal matrix shrinkage capacity to recover from an increase in confining stress (and 

coal fabric permeability loss) that may potentially have been caused by the local, incremental, 

endogenous compressive effect of an initial reservoir stimulation treatment. 

 

Desorption-induced coal matrix shrinkage and resultant “self-fracturing” is predicted to 

commence very early in the production life of CBDCG reservoirs. This is because artificially 

created deep coal fracture / fabric networks are isolated domains of “dispersed void space”, 

which are encapsulated within the effectively impermeable native coal fabric, and protected 

from effective stress-induced compaction by a pressure arch stress shield. The absence of 

significant far-field Darcy-flow pressure support during production means that a very low 

fracture / fabric network pressure is attainable during early production, subject only to the 

recovery of any reservoir stimulation treatment fluid that may have been injected earlier. 

Although the high production pressure drawdown leads to an immediate state of increased 

effective stress, the reservoir confining stress on the deep coal fracture network SRV domain 

becomes very low because a pressure arch stress shield neutralises the omnipresent tendency 

for reservoir compaction caused by that increase in effective stress. The fracture / fabric faces 

experience an immediate high rate of gas desorption. This soon causes shrinkage cracks to 

appear on these surfaces where pre-existing coal fabric planes of weakness intersect. In 

contrast, shallow CSG reservoirs generally do not exhibit meaningful desorption-induced coal 

matrix shrinkage and permeability enhancement until relatively late in production. This is for 

two reasons. Owing to the fact that the shallow coal seams are typically pervasively permeable 

over an extensive area; a) competent, long-lasting pressure arch stress shields do not form 

easily, and b) the open coal fabric (comprising mainly cleats) contains a large amount of mobile 

formation water. A long period of reservoir de-watering and two-phase (water-gas) production 

is typically required (potentially several years) before the low reservoir pressure is reached at 

which optimum gas desorption rate occurs. Permeability enhancement, if it occurs at all, is 

deferred accordingly. 

 

The capacity of CBDCG reservoirs to experience immediate shrinkage, pressure arching, and 

resultant “self-fracturing” in response to high production pressure drawdown is interpreted to 
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be the key to achieving significant gas flow rates from coal seams that lie far below the 

commercial permeability depth limit for both shallow and “deep” CSG reservoirs. High 

production pressure drawdown is problematic for shallow and “deep” CSG reservoirs but not 

for CBDCG reservoirs, where it is actually advantageous for accelerating desorption-induced 

coal matrix shrinkage and the “self-fracturing” process. This is because coal seams at extreme 

depth are more efficiently shielded from reservoir compaction by a pressure arch stress shield. 

 

Producing Cooper Basin deep coal fracture network SRV-DRV domains are predicted to 

continue dilating, expanding, and increasing in permeability, for as long as the following 

conditions are satisfied: 

 

1. Desorptive gas production must be maintained - ideally under high production pressure 

drawdown conditions, so as to maximise the rate of coal matrix shrinkage, and hence 

pressure arch (i.e. reservoir) expansion, which counteracts the compaction effect. 

 

2. The surrounding host rock strata must have sufficient geomechanical competence to form 

an effective dynamic pressure arch stress shield that will reduce, or eliminate, the 

omnipresent tendency for reservoir compaction caused by increasing production pressure 

drawdown-induced effective stress. 

 

The rate of desorption-induced coal matrix shrinkage, de-stressing, and resultant 

endogenous tensile dilation of coal fabric apertures must be greater than the rate of 

inexorable geological-scale deformation within the surrounding, more geomechanically 

competent host rock strata. This is reasonable to assume within the relatively 

“instantaneous” time frame of the production realm. On a geological time scale however, 

down warping of the overburden strata and, for the Cooper Basin, horizontal deformation 

in the maximum horizontal stress direction will, most likely, eventually reverse the transient 

production benefit associated with desorption-induced coal matrix shrinkage, de-stressing, 

and resultant endogenous tensile dilation of coal fabric apertures. 

 

3. The crest of the expanding pressure arch stress shield must remain below surface, so as 

not to become breached. This limit defines the theoretical maximum size to which an 

isolated deep coal fracture network SRV-DRV domain may grow. 

 

4. The expanding pressure arch stress shield must not encounter geomechanically 

“incompetent” host rock strata that reduce its structural integrity. 

 

A gradual, long-term increase in fracture network SRV-DRV domain gas flow rate capacity is 

predicted. Undepleted native coal matrix, proximal to the fracture network DRV domain 

boundary, is continually exposed to high production pressure drawdown, as new coal fabric 
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apertures are created. Gas flow rate capacity will eventually become limited by cumulative 

friction effects along the tortuous flow path between the outer limit of the fracture network DRV 

domain and the wellbore. From an operational and commercial perspective, the gas production 

“ramp-up” period associated with the evolution of “self-fracturing” CBDCG reservoirs is 

considered to be somewhat equivalent to the reservoir de-watering period required for the 

initiation of desorptive gas production from shallow CSG reservoirs. 

 

It is feasible that, late in the production life of some CBDCG wellbores, pressure arch failure 

may occur, resulting in “reservoir collapse events” comparable to those observed within 

shallow CSG reservoirs of the San Juan Basin, previously described in Chapter 3, Section 

3.6.4. A sudden decline in gas flow rate would most likely result. Nevertheless, desorption-

induced coal matrix shrinkage, de-stressing, and resultant endogenous tensile dilation of coal 

fabric apertures may persist for as long as some gas production remains. Endogenous tensile 

dilation, expansion, and flow rate increase may then resume, potentially resulting in a “saw-

tooth” production profile, as repeated collapse and recovery events occur. Collapse events 

may, in some cases, result in a sudden increase in gas flow rate, if permeable fractures are 

created within the surrounding, more “brittle”, pervasively gas-saturated host rock strata, and 

provided the benefit of such adjacent fracturing overrides the potential loss of permeability 

within the deep coal fracture network SRV-DRV domain itself. In such circumstances, reservoir 

collapse events may also be accompanied by a sudden change in gas composition. The 

generation and mobilisation of coal fines is also possible. 

 

High gas extraction efficiency is predicted per unit volume of deep coal exposed to production 

pressure drawdown. Shrinkage-dilated coal fabric is complex, “dispersed” throughout the 

pressure transient region, and manifested on a fine, centimetre scale, as demonstrated by the 

full-hole core photo in Figure 5 of Dunlop et al. (2017) in Chapter 2. Gas molecules need not 

diffuse far through the nanoDarcy-scale permeability coal matrix before encountering the high 

permeability, Darcy flow regime of the fracture / fabric network. The low reservoir pressure 

achievable, throughout the pervasively “shattered” fracture network SRV-DRV domain, means 

that most of the coal seam’s accessible free and adsorbed gas content is likely to be produced 

to surface. 

 

Consistent with Pressure Arch Theory (Chapter 3, Section 3.6), pressure arch stress 

shielding, and the magnitude and extent of permeability rebound becomes more effective with 

increasing void space domain depth below surface, thereby allowing the endogenous tensile 

opening, dilation, and expansion of increasingly larger, and more stable, deep coal fracture 

network SRV-DRV domains. The size to which these domains may grow is interpreted to be a 

function of the theoretical Maximum Pressure Arch size (Chapter 3, Section 3.6.2). Provided 

appropriate drilling, wellbore completion, and reservoir stimulation techniques are applied, the 

commercial potential of CBDCG reservoirs is predicted, contrary to shallow CSG reservoir 
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principles, to improve with increasing depth, and initial reservoir confining stress. It is predicted 

that a comparison of future gas flow rates obtained from target coal seams located within a 

wide range of geological settings will reveal improved production performance from the deeper 

coal seams that are surrounded by more geomechanically competent host rock strata. 

 

The postulated endogenous tensile “self-fracturing” behaviour of pressure arch stress-shielded 

CBDCG reservoirs is considered to be somewhat analogous to the natural geological process 

of cleat formation within vitrinite-rich shallow CSG reservoirs. However, the “self-fracturing” 

process of CBDCG reservoirs occurs predominantly along pre-existing, low tensile strength, 

multiple orientation coal fabric planes of weakness, and in a much shorter, production-scale 

time frame. The endogenous tensile opening and dilation of bedding planes, as demonstrated 

by the full-hole core photo in Figure 5 of Dunlop et al. (2017) in Chapter 2, is considered to 

be ubiquitous. This is similar to the “bed separation” experienced within underground coal mine 

excavations. The postulated endogenous tensile opening and dilation of the dominant 

horizontal coal fabric within CBDCG reservoirs is clearly inconsistent with the widely accepted 

“vertical bundled matchstick” physical representation of shallow CSG reservoir cleat systems, 

for which only vertical cleats are allowed to be open (Seidle et al., 1992, Ma et al., 2011). 

Shallow CSG reservoir mathematical modelling and simulation generally assumes there to be 

no potential for such horizontal permeability. The centimetre-scale spaced, horizontal 

“unloading” apertures exhibited by Cooper Basin deep coal full-hole cores, in the absence of 

reservoir confining stress at surface (Figure 5 of Dunlop et al. (2017) in Chapter 2), are 

interpreted to resemble the likely in situ appearance of gas-depleted coal fabric within a 

fracture network SRV-DRV domain. The potential for dominant horizontal permeability 

highlights the paradigm shift contrast between CBDCG reservoirs and shallow CSG reservoirs. 

Indeed, pressure arching associated with underground coal mine excavations, which leads to 

“bed separation” within the roof strata, suggests that a shrinking, de-stressing Cooper Basin 

deep coal seam may even decouple from its lower tensile strength boundary interface with the 

host rock strata (Wang et al., 2013b). This may create a potentially long-reach, high-

permeability horizontal fracture gas gathering system to the wellbore. Such a scenario has 

already been investigated with respect to shallow CSG reservoirs by Palmer et al. (2007), 

where the phenomenon has been referred to as an “interface crack”. 

 

Other than by locating isolated, anomalous, natural lower stress sweet spots, such as tension 

fractures associated with anticlinal and synclinal flexure or faulting (collectively termed 

“structural permeability”) (Bowker et al., 2018), achieving full-cycle, standalone commercial 

gas flow rates from Cooper Basin deep coal seams is predicted to be contingent upon the 

fundamental, predictable ability of new, fit-for-purpose reservoir stimulation techniques to 

induce a state of self-perpetuating in-seam stress reduction within the maximum bulk volume 

of coal in the shortest possible time - throughout the CBDCG Play area (similar to shale gas 

plays). The objective is to achieve the highest possible initial stable base gas flow rate, from 
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which incremental rate and extraction efficiency may develop over production time. The higher 

the initial gas flow rate, the greater will be the amount of coal matrix shrinkage, and hence the 

more rapidly the deep coal fracture network SRV-DRV domain will dilate, expand, and increase 

in permeability. This, in turn, assists the “self-fracturing” process to outpace the omnipresent 

tendency for reservoir compaction. One way or another, such artificial de-stressing must 

involve reducing coal matrix volume, whilst preserving as much of the deep coal seam’s initial, 

pre-stimulation stratal geomechanical reservoir boundary condition as possible, thereby 

satisfying the requirements of Constant Volume Theory (Chapter 3, Section 3.5.2.3). The 

Hypothesis predicts that, not only is the initial stratal geomechanical reservoir boundary 

condition of the deep coal seam maintained, the reservoir boundary sensu stricto, which is 

independent of the deep coal seam lithological boundary, actually expands over production 

time. 

 

By combining, from first principles, the three seemingly disparate concepts of; a) coal matrix 

shrinkage, b) pressure arching, and c) the large-scale artificial reactivation of coal fabric, in the 

context of a deep, thermogenic “source rock reservoir”, a paradigm shift reservoir boundary 

concept is generated that has not yet been identified within the literature. A new “expanding 

reservoir boundary and decreasing confining stress” condition is proposed that is, by definition, 

mostly restricted to artificially created, isolated deep coal reservoir domains of limited lateral 

extent. The concept incorporates most aspects of The Hypothesis and, contingent upon its 

successful testing and validation, may ultimately be more formally recognised by the term 

“Expanding Reservoir Boundary Theory”. 

 

The “expanding reservoir boundary and decreasing confining stress” condition described by 

The Hypothesis (“Expanding Reservoir Boundary Theory”) may be considered to 

represent the “deep end-member” of a progression, or continuum, of potential coal 

geomechanical reservoir boundary conditions for which the widely accepted “uniaxial strain 

and constant vertical confining stress” geomechanical reservoir boundary condition of shallow 

CSG reservoirs is the opposite “shallow end-member” (Chapter 3, Section 3.5.2.1). Other 

geomechanical reservoir boundary condition models, including the “constant volume and 

decreasing vertical confining stress” geomechanical reservoir boundary condition applied to 

“deep CSG” reservoirs (i.e. “Constant Volume Theory”) (Chapter 3, Section 3.5.2.3), are 

interpreted to represent intermediate or alternative theorised conditions that are restricted 

mainly to those shallow geological settings where pre-existing pervasive, regionally extensive 

permeability is a valid assumption, and pressure arch formation may not be as effective. 

 

Shallow CSG reservoirs are typically pervasively permeable over an extensive area, and 

hence have no horizontal reservoir boundary expansion potential, as it is specifically defined 

within this thesis for deep, thermogenic source rock reservoirs. This is because the lateral 

boundary of a shallow CSG reservoir, for example the depositional limit of the coal seam, most 
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likely lies far beyond the ultimate wellbore drainage area. Similarly, there is no vertical reservoir 

boundary expansion potential because; a) the “uniaxial strain and constant vertical confining 

stress” geomechanical reservoir boundary condition does not in principle allow pressure 

arching to occur, and b) the roof and floor strata surrounding shallow CSG reservoirs are 

typically water-saturated, and incapable of functioning as a gas reservoir anyway. 

 

It is proposed that “Expanding Reservoir Boundary Theory” provides the most realistic basis 

upon which the mathematical modelling and simulation of isolated CBDCG reservoir domains 

of limited lateral extent within pervasively impermeable coal seams may be performed. Unlike 

other coal geomechanical reservoir boundary condition models, “Expanding Reservoir 

Boundary Theory” accommodates the possibility that the surrounding gas-saturated host rock 

strata may also gradually become incorporated into the dilating, expanding, “self-fracturing” 

reservoir domain. The concept is therefore particularly applicable to the commercialisation of 

low-permeability, pervasively gas-saturated sandstone reservoirs that are interbedded with 

coal seams within deep, BCG settings (Hillis et al., 2001, Dunlop et al., 2017). 

 

The Hypothesis predicts that, from the perspective of retaining post-reservoir stimulation 

fracture network aperture width, relatively “ductile” CBDCG reservoirs counter-intuitively have 

the potential to outperform “brittle” shale gas reservoirs in the long term. The two reservoir 

types are similar in their requirement for an artificially created, large, complex, high fracture / 

fabric face surface area, permeable fracture network SRV domain. However, the manner in 

which this is optimally achieved for each play type is very different. Selecting the most 

compatible reservoir stimulation approach is critical to achieving an effective initial fracture 

network SRV domain, and retaining fracture flow conductivity over production time. Most shale 

gas reservoirs are defined by, and rely almost exclusively upon, the initial, hydraulically 

induced fracture network SRV domain, and its retained fracture flow conductivity (propped or 

otherwise). For CBDCG reservoirs however, an initial fracture network SRV domain is only the 

starting point. An up-front reservoir stimulation treatment is postulated to play only a short-term 

role in facilitating gas production. It functions mainly as a “primer” for; a) initiating desorptive 

gas production, and hence the coal matrix shrinkage process, and b) establishing an initial 

reservoir drainage framework, from which a significantly larger, dilating and expanding, 

complex, high fracture / fabric face surface area, incremental fracture network DRV domain 

gradually evolves over production time. 

 

As a general rule for most hydraulically fracture stimulated oil and gas reservoirs, the impact 

of increasing production pressure drawdown-induced effective stress is detrimental to 

hydraulic fracture flow conductivity (Reinicke et al., 2010). The more “ductile” the reservoir 

matrix, the more severe is the loss of aperture width, owing to greater proppant embedment 

into the fracture faces, and collapse of non-propped regions of the fracture system. This is a 

critical issue for shale gas reservoirs, for which hydraulic fracture flow conductivity may 
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decrease by more than 80% during the production life of a wellbore (Alramahi and Sundberg, 

2012, Zhang et al., 2015). For example, wellbores in clay-rich (more “ductile”) regions of the 

prolific Upper Jurassic Haynesville Shale of Texas, Louisiana, and Arkansas, U.S.A., at depths 

ranging from 11,000 to 14,500 feet (3,350 to 4,420 metres), tend to have steeper gas 

production decline profiles, with lower average gas flow rate and ultimate gas recovery, 

compared to those in calcite-rich (more “brittle”) regions (Thompson et al., 2011). Proppant 

embedment (and crushing) issues are exacerbated by the very high production pressure 

drawdown achievable (as high as 8,000 psi / 55,200 kPa) from this highly overpressured 

reservoir (0.7 to 0.9 psi / ft). The most sustainably productive shale gas reservoirs are generally 

those that are either silica-rich, or carbonate-rich, and consequently have the highest 

“brittleness index” (Jarvie et al., 2007, Rickman et al., 2008). The Hypothesis predicts that 

CBDCG reservoirs will depart from this rule, with fracture / fabric permeability increasing over 

production time, in an overall state of progressive endogenous tensile dilation, on the basis 

that pressure arch stress shielding allows the rate of desorption-induced coal matrix shrinkage 

to exceed the rate of reservoir compaction caused by increasing production pressure 

drawdown-induced effective stress. Shale gas reservoirs, having relatively low organic content, 

do not have the capacity to behave in this manner because the shale matrix shrinkage effect 

is negligible by comparison (Ma et al., 2011). 

 

It is predicted that, despite being relatively “ductile”, and therefore unqualified for shale gas 

reservoir stimulation practices, Cooper Basin deep coal seams having no significant naturally 

occurring fabric permeability may, nevertheless, still be pervasively “shattered” in a 

comparable manner to shale gas reservoirs, so as to generate large, complex, high fracture / 

fabric face surface area fracture network SRV domains. To achieve this, a fundamentally 

different reservoir stimulation approach is required - one that is not contingent upon coal seams 

satisfying an unattainable requirement for “brittleness”. The primary goal of future drilling, 

wellbore completion, and reservoir stimulation strategies should be to harness the stress 

reduction capacity provided by the combined, mutually sustaining actions of desorption-

induced coal matrix shrinkage and sympathetic pressure arch stress shield evolution, so as to 

“unload”, and “de-stress”, as much of the fine-scale, complex coal fabric as possible. This 

includes the ubiquitous bedding planes of weakness. In this manner, it may be possible to 

artificially create large, complex, high fracture / fabric face surface area deep coal fracture 

network domains of comparable quality to the natural cleat systems of shallow CSG reservoirs, 

and the artificial fracture network SRV domains of shale gas reservoirs. 

 

The Hypothesis forms the fundamental basis for resolving the historical drilling, wellbore 

completion, and reservoir stimulation dilemma that has inhibited the full-cycle, standalone 

commercialisation of CBDCG reservoirs for 13 years. The concept may be transferable, not 

only to other deep coal gas projects worldwide but also to “deep CSG” reservoirs that are 

currently stranded below the commercial permeability depth limit for shallow CSG reservoirs. 
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Pressure arch optimised pattern drilling drainage geometries are predicted to be a requirement 

for maximising CBDCG reservoir gas production rate and extraction efficiency. A hypothetical 

future CBDCG reservoir field development scenario, applicable to any up-front reservoir 

stimulation approach, might take the form of a high-density horizontal or vertical wellbore 

drainage pattern that enables the reservoir confining stress reduction associated with 

producing wellbores to be transferred to distal regions of the coal seam that are not yet 

exposed to production pressure drawdown. In this manner, Cooper Basin deep coal seams 

need not be directly exposed to the de-stressed region of a wellbore’s production pressure 

transient to experience permeability rebound. This scenario introduces the postulated 

concepts of “primary and secondary reservoir confining stress reduction”. 

 

Primary reservoir confining stress reduction is a direct result of desorption-induced coal 

matrix shrinkage, whereby pressure arching shields CBDCG reservoir domains from 

increasing production pressure drawdown-induced effective stress. It is restricted to an 

individual wellbore's relatively localised production pressure transient footprint. 

 

Secondary reservoir confining stress reduction occurs as a consequence of primary 

reservoir confining stress reduction. A distal region of a Cooper Basin deep coal seam, not 

yet exposed to production pressure drawdown, may undergo secondary reservoir confining 

stress reduction if it lies between the primary reservoir confining stress reduction 

domains of surrounding producing wellbores (or, alternatively, some form of natural rigid 

boundary such as “basement” rocks). This is effectively a manifestation of the “yielding pillar” 

concept portrayed by Figure 3.16 in Chapter 3. 

 

A hypothetical future CBDCG reservoir field development scenario might involve drilling four 

orthogonal, stimulated horizontal wellbores around the perimeter of a notional square drainage 

cell. Each producing horizontal wellbore will generate its own localised, elongate primary 

reservoir confining stress reduction domain. Secondary reservoir confining stress 

reduction may then occur indirectly, within the entire drainage cell, via the relatively rapid 

lateral transfer of primary reservoir confining stress reduction generated by the four 

horizontal wellbore footprints around its perimeter. Pressure arching continues to shield the 

dilating and expanding fracture network SRV-DRV domain from the increasing production 

pressure drawdown-induced effective stress. Potentially large drainage areas, and high gas 

extraction efficiency, could be rapidly created in this manner, an improvement on the 

performance of isolated “seed wellbores”, limited by their comparatively small primary 

reservoir confining stress reduction domain footprints. Having created a pre-dilated 

drainage cell via secondary reservoir confining stress reduction, this could potentially be 

in-filled (as required) with less technically demanding vertical wellbores to accelerate 

production, with the expectation of encountering pervasive, artificially created, shallow CSG 



 

114 

reservoir-like coal fabric permeability not requiring further stimulation. An escalation in gas 

production rates, and drainage areas per wellbore, would be expected to result from such a 

field-wide, production-induced reservoir de-stressing campaign. Long-term 4D (time-lapse) 

microseismic monitoring, and conventional seismic monitoring, may have roles to play here, in 

identifying areas of optimal endogenous tensile dilation / expansion, and hence when and 

where to drill future in-fill wells. There is a precedent for this. Microseismic monitoring has been 

successfully used to track ongoing desorption-induced coal matrix shrinkage-related coal 

failure within underground coal mine excavations, and underground coal gasification (UCG) 

caverns (Fujii et al., 1997, Luo et al., 2008). 

 

After long-term gas production, the reservoir de-stressing effect of pressure arch formation is 

capable of extending well beyond the coal seam initiation point, and into the surrounding host 

rock strata, which may then also experience a rebound in permeability. As with underground 

coal mine excavations, this would most likely take the form of “bed separation”, this being the 

fissile parting of low tensile strength bedding planes of weakness. Hence, the ongoing “self-

fracturing” behaviour of CBDCG reservoirs may ultimately be harnessed for the creation of 

expanding gas gathering systems for accessing, not only gas within deep coal seams, but also 

contingent gas resources located within adjacent, “non-coal” reservoirs. It follows that 

producing, expanding deep coal fracture network SRV-DRV domains may be capable of 

playing a secondary role, as an exploration tool for indirectly locating subtle, otherwise 

undetectable “permeability sweet spots” within the adjacent host rock strata, such as natural 

fracture systems, or stratigraphic traps. A step increase in gas production rate, and a change 

in gas composition, may result. Large, anomalous increments in ultimate gas recovery per 

wellbore are also feasible. The concept is particularly applicable to deep, BCG settings of the 

Cooper Basin, where a very large, technology-stranded resource currently exists within 

pervasively gas-saturated “tight” sandstones. These reservoirs, which are closely interbedded 

with, and often abut against deep coal seams, are highly stressed, have very low water 

saturation, and are therefore sensitive to relative permeability formation damage caused by 

the application of water-based drilling and hydraulic fracture stimulation fluids. This effect is 

often referred to as “phase trapping”, “water block”, or “permeability jail” (Shanley et al., 2004, 

Bennion et al., 2006). For tight, very low water saturation sandstone reservoirs, it is beneficial 

to apply reservoir stimulation treatments that do not involve the injection of water-based fluids. 

Hence, expanding, dry deep coal fracture network SRV-DRV domains may provide a non-

damaging alternative means of reservoir stimulation. As the gas-filled deep coal fracture 

network SRV-DRV domain dilates, expands, and increases in permeability, it may expose 

fresh, very low water saturation sandstone surfaces overlying or underlying the deep coal 

seam, which are then able to flow gas to the wellbore in an optimal, undamaged state. 

 

  



 

115 

4.5 Evolving Fracture Network Void Space Domains 

 

The Hypothesis predicts that an initial fracture network SRV domain, created by some form 

of up-front reservoir stimulation treatment, will gradually evolve during gas production to 

generate an incremental fracture network DRV domain within coal fabric of the pressure 

transient region that dilates, expands, and increases in permeability over production time. The 

fracture network DRV domain is postulated to comprise three distinct dynamic “sub-domains”, 

each of which exerts a distinguishable influence on production behaviour that may be 

detectable on the production pressure profile using material balance, pressure transient 

analysis (PTA), and rate transient analysis (RTA) techniques. This is investigated in Chapters 

5 and 6. 

 

The fracture network DRV domain and its void space sub-domains are confined entirely within 

the pressure arch stress shield. 

 

The concept of CBDCG reservoir “void space”, which is primarily “dispersed” throughout the 

complex maze of reactivated coal fabric apertures, and to a lesser extent within the coal matrix 

pores, is important for testing The Hypothesis. This is because the identification and time-

lapse characterisation of evolving void space domains, using gas production pressure data, 

provides a direct indicator of reservoir size, fracture / fabric face surface area, and permeability 

over production time. Quantifying the volume and flow rate of gas produced to surface during 

consecutive non-steady state gas flow rate decline events, such as after wellbore pressure 

build-up periods, provides a time-lapse series of “snap-shots” of total connected reservoir gas-

filled void space volume and permeability. This approach for estimating fracture network SRV-

DRV domain size, and hence fracture / fabric face surface area for gas desorption, may be 

applied as an alternative to microseismic monitoring, which detects only the broad spatial 

extent of the reservoir domain, not the associated void space volume and permeability. Direct 

detection of changing void space volume and aperture flow capacity (which are most likely a 

function of aperture width) during gas production may be used to test the effectiveness of coal 

matrix shrinkage-induced pressure arch stress shielding, and whether or not endogenous 

tensile opening, dilation, and expansion of the fracture network SRV domain is occurring. This, 

in turn, provides insight into the geomechanical reservoir boundary condition and stress path. 

 

To maintain consistency with the literature for thermogenic shale gas reservoirs, the 

nomenclature applied herein to the postulated void space domains of CBDCG reservoirs is 

based on the shale gas reservoir concept of a “stimulated reservoir volume” (SRV) domain 

(Warpinski et al., 2009, Mayerhofer et al., 2010). However, it should be appreciated that, for 

the purpose of quantitatively investigating the CBDCG reservoirs of this study, all references 

to the term “stimulated reservoir volume”, and indeed “dilated reservoir volume”, refer 

specifically to the created and enhanced coal fabric aperture and coal matrix pore “void space” 
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sensu stricto, and not simply to the broad spatial envelope of the “stimulated reservoir volume” 

that is detected by microseismic monitoring. 

 

The postulated fracture network DRV domain, and its void space sub-domains, are depicted 

schematically in Figure 4.1, summarised in Table 4.1, and described in more detail in the 

following Sections. Although the initial fracture network SRV domain is, in principle, a relatively 

constant, pre-existing void space entity, it is included in the discussion of the void space 

domains because it is the “nucleus” around which the fracture network DRV domain forms 

during gas production. It also remains as an important component of the overall reservoir 

system, by providing a high-conductivity flow connection to the wellbore. 

 

4.5.1 Initial Stimulated Reservoir Volume (SRV) Domain 

 

The up-front void space created within a Cooper Basin deep coal seam by some form of 

reservoir stimulation treatment is termed the “initial fracture network Stimulated Reservoir 

Volume (SRV) domain”. This is conceptually equivalent to the “dispersed void space” 

associated with the fracture network SRV domain of a hydraulically fracture stimulated shale 

gas reservoir. However, in a scenario where a deep coal seam is subjected to a shale-like 

hydraulic fracture stimulation treatment, the coal fracture network SRV domain (within a 

relatively “ductile” medium) would be far less complex than for a shale fracture network SRV 

domain (within a “brittle” medium), and have relatively low fracture / fabric face surface area. 

The initial void space of a hydraulically fracture stimulated deep coal seam would consist 

mainly of proppant pack porosity, as well as any non-propped regions of the fracture network 

SRV domain that did not close during flowback. If a component of shear dilation existed, void 

space maintained by the lateral offset of fracture face asperities could also be included. 

 

The fracture network SRV domain of a deep coal seam plays a relatively short-term role in 

facilitating gas production. It functions mainly as a “primer” for the subsequent endogenous 

tensile opening, dilation, and expansion of the significantly larger, incremental fracture network 

DRV domain (Section 4.5.2) by initiating sufficient desorptive gas production for coal matrix 

shrinkage to commence. From a commercial perspective, the fracture network SRV domain 

should be designed to be as large and permeable as possible, so as to generate an 

immediately commercial base gas flow rate. 

 

4.5.2 Dilated Reservoir Volume (DRV) Domain 

 

All incremental fracture, coal fabric, and coal matrix void space created by desorption-induced 

coal matrix shrinkage beyond the initial fracture network SRV domain is termed the “fracture 

network Dilated Reservoir Volume (DRV) domain”. The spatial extent of this domain of de-

stressing, permeability enhancement, and fracture / fabric face surface area creation, is 
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equivalent to the expanding pressure arch stress-shielded production pressure transient 

region. 

 

To simplify further terminology and discussion, it will be assumed, unless otherwise indicated, 

that the fracture network DRV domain is, by default, entirely gas-filled during production. This 

is justified by the knowledge that prospective Cooper Basin deep coal seams contain no 

significant mobile formation water (Dunlop et al. (2017) in Chapter 2). 

 

The ultimate size to which the fracture network DRV domain may grow, the amount of 

permeability enhancement, and the amount of fracture / fabric face surface area creation within 

it, are governed by the combined effectiveness of the mutually sustaining actions of desorption-

induced coal matrix shrinkage and sympathetic pressure arch stress shield evolution in 

resisting the omnipresent tendency for reservoir compaction caused by increasing production 

pressure drawdown-induced effective stress. In principle, the longer desorptive gas production 

continues, the larger the fracture network DRV domain becomes. 

 

Based on the direct observation of production pressure data, and resultant hypothesis 

formulation, the fracture network DRV domain is postulated to comprise three distinct dilated 

void space “sub-domains” for gas storage, each of which represents incremental gas storage 

capacity beyond the native state of the deep coal seam. These are: 

 

1. The Primary Dilated Free Gas Storage Sub-domain (DRV1) 

 

This is formed by the endogenous tensile dilation of the up-front, artificially created 

apertures within the initial fracture network SRV domain. 

 

The DRV1 sub-domain represents a zone of incremental fracture network SRV domain 

aperture width. 

 

2. The Secondary Dilated Free Gas Storage Sub-domain (DRV2) 

 

This is formed by three processes; a) the endogenous tensile dilation of pre-existing, 

limited remnant coal fabric apertures, b) the endogenous tensile opening and dilation of 

pre-existing, low tensile strength, multiple orientation coal fabric planes of weakness, and 

c) the extension of newly created apertures further into the coal seam, at the advancing 

front of the production pressure transient region. 

 

The DRV2 sub-domain represents a zone of incremental coal fabric aperture width, caused 

by complex, fine, centimetre-scale, endogenous tensile “self-fracturing”. 
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3. The Tertiary Dilated Free and Adsorbed (“Sorbed”) Gas Storage Sub-domain (DRV3) 

 

This is formed by the endogenous tensile dilation of coal matrix meso- and macro-pores 

adjacent to both; a) the initial fracture network SRV domain and the DRV1 sub-domain, and 

b) the coal fabric apertures of the DRV2 sub-domain. 

 

The DRV3 sub-domain represents a zone of incremental coal matrix pore aperture width, 

which thereby has enhanced free and adsorbed (“sorbed”) gas storage capacity. 

 

These sub-domains are described in more detail in the following Sections. The simple 

relationship between the fracture network DRV domain and its three void space sub-domains 

is summarised by Equation 4.1: 

 

 

DRV = DRV1 + DRV2 + DRV3 ….. Equation 4.1 

 

 

The fracture network DRV domain, which is an isolated “dispersed coal fabric void space” 

entity, encapsulated within the surrounding, effectively impermeable native coal seam, is 

predicted to expand far beyond the initial fracture network SRV domain over production time, 

to form the bulk of the dynamic CBDCG reservoir. 

 

4.5.2.1 Primary Dilated Free Gas Storage Sub-domain (DRV1) 

 

Soon after the onset of desorptive gas production, and in response to localised high production 

pressure drawdown, artificially created fracture apertures within the initial fracture network 

SRV domain commence dilating under endogenous tension, in response to the combined, 

mutually sustaining actions of desorption-induced coal matrix shrinkage and sympathetic 

pressure arch stress shield evolution, so as to create immediate incremental free gas storage 

capacity (and fracture permeability) in the form of a Primary Dilated Free Gas Storage Sub-

domain (DRV1). This is depicted schematically in Figure 4.1, and summarised in Table 4.1. If 

the fracture network SRV domain is created by a hydraulic fracture stimulation treatment, the 

aperture dilation process may eventually cause the proppant pack to decouple from the 

hydraulic fracture face, potentially resulting in proppant flowback into the wellbore. 

 

4.5.2.2 Secondary Dilated Free Gas Storage Sub-domain (DRV2) 

 

In parallel with formation of the DRV1 sub-domain, the adjacent native coal fabric commences 

opening and dilating under endogenous tension, in response to the combined, mutually 

sustaining actions of desorption-induced coal matrix shrinkage and sympathetic pressure arch 
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stress shield evolution, so as to create incremental free gas storage capacity (and coal fracture 

/ fabric face surface area for gas desorption) in the form of a complex Secondary Dilated Free 

Gas Storage Sub-domain (DRV2). This is depicted schematically in Figure 4.1, and 

summarised in Table 4.1. The DRV2 sub-domain represents the postulated region of natural 

“shattering”, or “self-fracturing”, that is primarily responsible for the predicted increase in 

fracture network DRV domain coal fracture / fabric permeability, surface area, gas flow rate 

capacity, and gas extraction efficiency over production time. Fine, centimetre-scale, 

endogenous tensile “self-fracturing” of complex coal fabric within the DRV2 sub-domain is 

conceptually equivalent to the hydraulically induced “shattering” effect by which very large, 

complex, permeable, high fracture / fabric face surface area shale fracture network SRV 

domains are created. In addition to the endogenous tensile dilation of pre-existing, limited 

remnant coal fabric apertures, new coal fabric void space is created, as low tensile strength, 

multiple orientation planes of weakness open, dilate, and extend behind the advancing front of 

the pressure arch stress shield that protects the production pressure transient region from 

increasing production pressure drawdown-induced effective stress. 

 

4.5.2.3 Tertiary Dilated Free and Adsorbed (“Sorbed”) Gas Storage Sub-domain 

(DRV3) 

 

Closely associated with, and matching the spatial extent of the steadily opening, dilating, and 

expanding network of coal fabric apertures within the DRV2 sub-domain is a Tertiary Dilated 

Free and Adsorbed (“Sorbed”) Gas Storage Sub-domain (DRV3). This is depicted 

schematically in Figure 4.1, and summarised in Table 4.1. The DRV3 sub-domain comprises 

gas-depleted coal matrix, immediately adjacent to the coal fabric apertures, which similarly has 

coal matrix shrinkage-enhanced void space volume (i.e. matrix meso- and macro-porosity), 

surface area, and permeability, in response to the combined, mutually sustaining actions of 

desorption-induced coal matrix shrinkage and sympathetic pressure arch stress shield 

evolution. In addition to providing a degree of enhanced gas flow rate capacity, the DRV3 sub-

domain has another effect. During prolonged wellbore pressure build-up periods associated 

with wellbore shut-in periods, or whenever some other form of increasing back-pressure is 

applied to the fracture network DRV domain, the DRV3 sub-domain is postulated to be capable 

of “resorbing” gas in response to increasing pressure within the void space of the initial fracture 

network SRV domain, and the DRV1 and DRV2 sub-domains. This phenomenon, termed “DRV3 

sub-domain supercharging”, is investigated in Chapter 5, Sections 5.20.7.2 and 5.20.8.2. The 

DRV3 sub-domain represents a zone of incremental matrix pore aperture width, which has 

enhanced free and adsorbed (“sorbed”) gas storage capacity. 
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4.5.3 Gross Reservoir Volume (GRV) Domain 

 

The total void space volume associated with the entire isolated CBDCG reservoir domain, at 

any time during production, comprising both the initial fracture network SRV domain and the 

subsequent incremental fracture network DRV domain with its three distinct void space sub-

domains (DRV1, DRV2, and DRV3), is termed the “fracture network Gross Reservoir Volume 

(GRV) domain”. This is described by Equation 4.2, depicted schematically in Figures 4.1 and 

4.2, and summarised in Table 4.1. 

 

 

GRV = SRV + DRV ….. Equation 4.2 
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Figure 4.1: A schematic representation of the postulated evolving fracture network void space domains associated 
with an isolated producing Cooper Basin deep coal gas (CBDCG) reservoir of limited lateral extent. A horizontal 

wellbore intersection is depicted, so as not to visually obstruct the void space domain areas. The initial fracture 
network Stimulated Reservoir Volume (SRV) domain, shown in red, is surrounded by three incremental dilated 

reservoir void space domains within the overall expanding production pressure transient region (white ellipse). The 
Primary Dilated Free Gas Storage Sub-domain (DRV1) is shown in blue. The complex Secondary Dilated Free 
Gas Storage Sub-domain (DRV2) is shown in green. The Tertiary Dilated Free and Adsorbed (“Sorbed”) Gas 
Storage Sub-domain (DRV3) is shown in orange. These “sub-domains” collectively form a fracture network Dilated 
Reservoir Volume (DRV) domain, which is delineated by the area between the inner and outer white outlines (i.e. 
excluding the initial fracture network SRV domain). The fracture network SRV and DRV domains collectively 
represent the entire isolated CBDCG reservoir, which is termed the fracture network Gross Reservoir Volume 
(GRV) domain.  
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Depending on; a) the type of up-front reservoir stimulation treatment applied, b) the wellbore 

production casing string perforation strategy, c) whether the gas flow rate is sufficient to lift 

flowback fluid up the wellbore to surface, and d) how long the wellbore has been producing, 

the fracture network GRV domain may contain a significant amount of mobile but relatively 

stagnant remnant flowback fluid. This forms a “sump” that reduces the free gas storage 

capacity of the fracture network GRV domain, as described in the following Sections. 

 

The presence of the sump fluid may also impact on production behaviour, and the 

interpretation thereof. 

 

4.5.3.1 Gross Reservoir Volume - Sump (GRVsump) Sub-domain 

 

If the wellbore’s base gas flow rate is insufficient to lift flowback fluid up the wellbore to surface, 

the lower part of the fracture network GRV domain is likely to contain mobile but relatively 

stagnant remnant flowback fluid that has gravity-segregated to form a “flowback fluid sump 

compartment”. This is termed the fracture network Gross Reservoir Volume - Sump 

(GRVsump) sub-domain. It is depicted schematically in Figure 4.2, and summarised in Table 

4.1. 

 

As the fracture network GRV domain dilates and expands over production time, the fracture 

network GRVsump sub-domain storage capacity steadily increases. For a specific gas 

production rate, this makes it increasingly more difficult to recover remnant flowback fluid to 

the wellbore, and then to surface. 

 

4.5.3.2 Gross Reservoir Volume - Gas (GRVgas) Sub-domain 

 

If a fracture network GRVsump sub-domain is present, and the perforations in the wellbore 

production casing string do not extend to the roof of the coal seam (as depicted schematically 

in Figure 4.2), it is likely that a relatively static, buoyancy-driven accumulation of “headspace” 

free gas will exist above it, with the gas-fluid contact being coincident with the gas spill-point 

into the wellbore flowback fluid column defined by the coal seam’s uppermost perforations. 

Hence, a fracture network Gross Reservoir Volume - Gas (GRVgas) sub-domain may be 

defined as being the gas headspace compartment portion of the fracture network GRV domain. 

This is depicted schematically in Figure 4.2, and summarised in Table 4.1. 

 

The simple relationship between the fracture network GRVsump and GRVgas sub-domains is 

described by Equation 4.3: 

 

 

GRV = GRVsump + GRVgas ….. Equation 4.3 
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Figure 4.2: A schematic representation of the postulated fracture network Gross Reservoir Volume (GRV) domain 
associated with an isolated producing Cooper Basin deep coal gas (CBDCG) reservoir of limited lateral extent. A 

vertical wellbore intersection is depicted, so as to demonstrate the impact that incomplete perforation of the coal 
seam may have on gas-fluid distribution within the fracture network GRV domain. Depending on; a) the type of up-

front reservoir stimulation treatment applied, b) the wellbore production casing string perforation strategy, c) whether 
the gas flow rate is sufficient to lift flowback fluid up the wellbore to surface, and d) how long the wellbore has been 
producing, the fracture network GRV domain may have two void space compartments, one filled with mobile but 

relatively stagnant remnant flowback fluid that has gravity-segregated to form a “flowback fluid sump compartment”, 
and the other filled with relatively static free gas that has accumulated by buoyancy to form a “gas headspace 
compartment”. These are termed the fracture network GRVsump and GRVgas sub-domains respectively.  
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Evolving Fracture Network Void Space Domains 
 

DOMAIN NAME ABBREV DESCRIPTION 
 

Initial Stimulated Reservoir 
Volume SRV 

The initial coal seam void space created by some form of 
up-front reservoir stimulation treatment. 

 

Dilated Reservoir Volume DRV 

All incremental fracture, coal fabric, and coal matrix void 
space created by gas desorption-induced coal matrix 

shrinkage beyond the initial fracture network SRV 
domain. 

 

Primary Dilated Free Gas 
Storage DRV1 

All incremental fracture void space created by the 
endogenous tensile dilation of initial fracture network 

SRV domain apertures.  

 

Secondary Dilated Free 
Gas Storage DRV2 

All incremental coal fabric void space created by the 
endogenous tensile opening, dilation, and extension of 

native coal fabric. 

 

Tertiary Dilated Free and 
Adsorbed (“Sorbed”) Gas 

Storage 
DRV3 

All incremental coal matrix void space created by the 
endogenous tensile dilation of coal matrix meso- and 

macro-pores. 

 

Gross Reservoir Volume GRV 
The total void space associated with the entire isolated 

CBDCG reservoir domain at any time during production. 
 (GRV = SRV + DRV1 + DRV2 + DRV3 ) 

 

Gross Reservoir Volume - 
Sump GRVsump 

The lower part of the fracture network GRV domain, 
below the uppermost perforations in the wellbore 

production casing string, where mobile but relatively 
stagnant remnant flowback fluid may accumulate, by 

gravity settling, to form a “flowback fluid sump 
compartment”. 

 

Gross Reservoir Volume - 
Gas GRVgas 

The upper part of the fracture network GRV domain, 
above the uppermost perforations in the wellbore 

production casing string, where relatively static free gas 
may accumulate, by buoyancy, to form a “gas 

headspace compartment”. 

 
Table 4.1: The postulated evolving fracture network void space domains associated with an isolated producing 
Cooper Basin deep coal gas (CBDCG) reservoir of limited lateral extent. The entire CBDCG reservoir is confined 

within the expanding production pressure transient region by a dynamic pressure arch “stress shield”. 

 

4.6 Hypothesis Testing Rationale 

 

Rigorous testing of The Hypothesis cannot be achieved exclusively by inspection of the 

readily available rock property data, consideration of the well-understood geological setting, or 

by performing mathematical reservoir modelling and simulation for which a valid set of 

geotechnical base input assumptions has not yet been established. High-quality dynamic 

empirical data are first required that will allow direct measurement, and time-lapse 

interpretation, of the large-scale physical response of CBDCG reservoirs to production 

pressure drawdown. Similar to the characterisation of shale gas reservoirs, both geoscience 

and engineering principles must be applied. Such an approach is consistent with the well-

established understanding that deep, thermogenic source rock reservoir plays do not flow 

hydrocarbons to surface at a commercial rate unless some form of geologically compatible 

engineering solution is applied, so as to create a permeable reservoir domain, where none 
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previously existed. A detailed, direct characterisation of a CBDCG reservoir’s macroscopic 

physical response to production pressure drawdown may reveal whether or not the postulated 

phenomenon of endogenous tensile “self-fracturing” within an “expanding reservoir boundary 

and decreasing confining stress” condition actually occurs. Up-front empirical validation of the 

concept will greatly assist in constraining the geotechnical base input assumptions for 

subsequent mathematical modelling and simulation (Pan and Connell, 2012), as well as for 

other testing methodologies that will naturally follow. Only when the specific geomechanical 

reservoir boundary condition of producing CBDCG reservoirs has been identified, by direct 

observation, will it be possible to confidently perform the required coupled flow and 

geomechanical numerical modelling and simulation advocated by Connell (2009). The 

selection of testing methodologies for The Hypothesis has therefore focussed specifically on 

those that utilise wellbore flowback data from field trials. Validation of The Hypothesis is 

considered to be ultimately contingent upon the detailed analysis of pure, high-resolution 

CBDCG production data, within which a dynamic reservoir signature may be detectable by 

reservoir engineering techniques. Such data are typically expensive to acquire, and may also 

be subject to commercial confidentiality. These issues have limited the choice of feasible 

methodologies for testing The Hypothesis. Those testing methodologies initially screened for 

inclusion in the hypothesis testing method are listed in Section 4.7 to follow. Those selected 

for this study are listed in Section 4.8. 

 

Owing to the scarcity of quality long-term production data, most aspects of The Hypothesis 

are tested primarily by analysing the comprehensive, high-resolution, long-term post-hydraulic 

fracture stimulation flowback dataset of a single wellbore, Moomba 77 (Chapter 5, Figure 

5.3). Over a flowback period of 81/2 years, this standalone vertical Cooper Basin deep coal gas 

wellbore has exhibited a clear, unambiguous, “hybrid” dynamic reservoir signature. No other 

pure CBDCG production datasets have been identified that are of similar quality for testing 

The Hypothesis. Nevertheless, supplementary data from other trials are introduced as 

required. 

 

Results of the Moomba 77 “pathfinder” trial, that delivered Australia’s first proof-of-concept 

deep coal gas flow in 2007, are ideal for empirically testing The Hypothesis. Eight and a half 

years of continuous, high-quality, high-resolution flowback data were generated. Wellhead and 

fracture network GRV domain pressures were recorded at a 10-minute sample interval, while 

flowing to a flare pit at constant atmospheric pressure drawdown through a constant surface 

manual flow choke setting. No produced formation water was ever detected. The large dataset 

allows detailed observation and interpretation of the reservoir behaviour of Cooper Basin deep 

coal seams during gas production. It should be appreciated that the long-term Moomba 77 

flowback operation is, from a technical perspective, not yet complete. Key “wellbore 

experiments” remain to be performed, to optimally characterise the reservoir behaviour of 
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Cooper Basin deep coal seams during gas production. These experiments are identified in 

Sections 4.7 and 4.8, as future work. 

 

At the time of writing, at least 130 hydraulic fracture stimulation treatments have now been 

conducted within individual Cooper Basin deep coal seams since the Moomba 77 trial (Camac 

et al., 2018, Fraser and Johnson Jr., 2018, B.A. Camac pers. comm. 2019). All have been 

within vertical wellbores. The drilling of horizontal wellbores has been attempted but these 

could not be completed, owing to unstable hole conditions. High fracture placement success 

has been achieved within the vertical wellbores. Treatment design has evolved away from the 

initial application of low proppant concentration slick-water, to high proppant concentration 

cross-linked gel. Average initial gas flow rate per stage is approximately 0.25 MMscfd (7.1 

Mscmd). Despite the growing wellbore flowback / production dataset, much of it is considered 

to be of relatively minor incremental value for testing The Hypothesis. The ability to detect 

and understand the mechanism for dynamic reservoir behaviour during gas production is 

negatively impacted by some or all of the following factors, listed below in approximate order 

of decreasing significance: 

 

1. Most of the deep coal hydraulic fracture stimulation treatments have been conducted within 

existing gas fields, where CBDCG reservoirs are in close stratigraphic proximity to 

conventional sandstone gas reservoirs. Indeed, in some cases, the coal seams may be in 

direct contact with the sandstones (Fraser and Johnson Jr., 2018). The sandstone 

reservoirs may already be pressure-depleted after many years of production. Both coal 

seams and sandstone reservoirs are hydraulically fracture stimulated within the same 

wellbore. This has two detrimental consequences: 

 

a) Coal seam hydraulic fracture stimulation treatments may contact, or penetrate, the 

adjacent sandstone reservoirs, and vice versa. What appears on a production log to be 

a gas flow emanating from a coal seam may actually be partially sourced from one or 

more adjacent gas-saturated sandstones. 

 

b) Commingled gas production, and the likely presence of sand-coal cross-flow effects, 

obscures the pure CBDCG reservoir production signature. 

 

2. Variable downstream flowing pressure, particularly when connected to the surface pipeline 

gas gathering system. 

 

Changing back-pressure on the fracture network GRV domain during production makes it 

difficult to achieve a stable, quasi-steady state gas flow. Similar to the wellbore storage 

effect, the reservoir signature is obscured, and becomes difficult to interpret. 
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3. Insufficient flowback duration to recover the bulk of the moveable hydraulic fracture 

stimulation fluid from within the initial fracture network SRV domain. 

 

4. Insufficient flowback duration to reach stable, quasi-steady state gas flow conditions. 

 

5. Insufficient flowback duration to recognise time-lapse change in reservoir behaviour during 

gas production. 

 

6. Insufficient flowback data resolution for undertaking reservoir engineering studies involving 

techniques such as pressure transient analysis (PTA) and rate transient analysis (RTA). 

 

7. Inappropriate wellbore completion configuration for generating suitable data. 

 

8. Lack of continuous, long-term, down-hole pressure measurement, either direct (using a 

down-hole gauge), or indirect (using a gauge located on the wellhead annulus). 

 

Long-term, time-lapse monitoring of fracture network GRV domain pressure variations is a 

critical requirement for testing The Hypothesis. 

 

4.7 Hypothesis Testing Methodologies Considered 

 

A wide literature search was performed, so as to identify potential methodologies suitable for 

testing The Hypothesis. Given the postulated evolving nature of CBDCG reservoir domains, 

it was clear that a time-lapse approach would be the most appropriate for providing a definitive 

outcome. Those methodologies identified as being worthy of consideration are listed below, in 

approximate order of decreasing value of information: 

 

1. Time-lapse material balance wellbore flowback analysis. 

 

2. Time-lapse pressure transient analysis (PTA) of gas production data. 

 

Cinco-Ley and Samaniego-V (1981) and Gierhart et al. (2007) 

 

3. Time-lapse rate transient analysis (RTA) of gas production data. 

 

Cinco-Ley and Samaniego-V (1981) 

 

4. Wellbore flowback physical simulation and production “history matching”. 

 

5. Time-lapse monitoring of mudlogging data. 
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Dunlop et al. (2017) in Chapter 2, and Salmachi et al. (2018) 

 

6. Pressure arch modelling. 

 

Zhang et al. (2009) and He and Zhang (2015) 

 

7. Time-lapse wellbore hydraulic impedance testing and resonant frequency analysis. 

 

Holzhausen and Gooch (1985) and Stephenson and Surjaatmadja (2006) 

 

The principle of this approach has previously been described by Dunlop et al. (2017) in 

Chapter 2. 

 

8. Time-lapse monitoring of microseismic data. 

 

Maxwell et al. (2002) and Maxwell et al. (2010) 

 

The principle of this approach has previously been described by Dunlop et al. (2017) in 

Chapter 2. 

 

9. Time-lapse monitoring of wellbore sonic transit time log data or density log data. 

 

10. Time-lapse cased-hole drill-stem testing. 

 

11. Time-lapse earth tide effects. 

 

Narasimhan et al. (1984), Hsieh et al. (1987), and Burbey (2010) 

 

4.8 Hypothesis Testing Methodologies Selected 

 

Based on overall feasibility, and value of information, the following methodologies from 

Section 4.7 were selected for testing The Hypothesis: 

 

1. Time-lapse material balance wellbore flowback analysis (reported in Chapter 5). 

 

2. Time-lapse pressure transient analysis (PTA) of gas production data (reported in Chapter 

5, Section 5.21, and in Salmachi et al. (2019) of Appendix 5). 

 



 

129 

3. Time-lapse rate transient analysis (RTA) of gas production data (reported in Chapter 5, 

Section 5.22, and in Dunlop et al. (2020) of Appendix 6). 

 

4. Wellbore flowback physical simulation and production “history matching” (reported in 

Chapter 6). 

 

Those hypothesis testing methodologies not selected remain as future work. 

 

4.9 Hypothesis Testing Method 

 

To rigorously test The Hypothesis as definitively as possible, specific empirical evidence for 

each of the evolving fracture network void space domains postulated in Section 4.5 (the DRV, 

DRV1, DRV2, DRV3, GRV, GRVsump, and GRVgas) will be sought by the four selected hypothesis 

testing methodologies listed in Section 4.8. The existence of the discrete domains, and their 

postulated dynamic behaviour over flowback time, are strongly dependent upon the prevailing 

geomechanical reservoir boundary condition, and stress path during desorptive gas 

production. It should therefore be possible, by proving the existence of the domains, and 

characterising their behaviour in detail, to demonstrate beyond reasonable doubt whether or 

not endogenous tensile “self-fracturing” within an “expanding reservoir boundary and 

decreasing confining stress” condition is occurring. 

 

The results of the hypothesis testing method are reported in Chapter 7. Against each 

postulated fracture network void space domain / sub-domain are listed the lines of supporting 

evidence identified. In the event that evidence contrary to The Hypothesis is identified, this is 

similarly reported. 
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Chapter 5: Time-lapse Wellbore Flowback Analysis of Moomba 77 

 

5.1 Introduction 

 

The Moomba 77 hydraulic fracture stimulation trial in 2007, within a dedicated vertical 

wellbore, was Australia’s first deliberate attempt at producing gas from a “deep coal gas 

reservoir”. The “target coal seam” interval lies at an average depth of 9,500 feet (2,900 metres). 

This is approximately 6,500 feet (1,980 metres) below the commercial permeability depth limit 

for most shallow CSG reservoirs. The original project objective was exclusively to unlock the 

large CBDCG potential resource by demonstrating proof-of-concept for gas production, at 

extreme depth, by departing from the shallow CSG reservoir geology-technology paradigm. 

However, the legacy long-term flowback dataset has exceeded this initial expectation by 

providing high-resolution, time-lapse insight into the dynamic reservoir behaviour of Cooper 

Basin deep coal fracture network domains during gas production. 

 

For this initial trial, it was considered reasonable, at the time, to assume that a shale-like 

reservoir stimulation approach might be an appropriate starting point. 

 

Low proppant concentration slick-water hydraulic fracture stimulation technology, comparable 

to that being used for North American shale gas reservoirs at the time, was applied to four 

distinct, individually perforated and treated “dry” Patchawarra Formation target coal seams, in 

an attempt to create a complex, “dendritic” fracture network SRV domain having high 

permeability, and high fracture / fabric face surface area for gas desorption. No sandstone 

intervals were perforated within the wellbore, so the trial was considered to be a definitive test 

of stimulated coal seam gas flow rate capacity. The shale gas reservoir stimulation approach 

was considered by the project operator to be necessary, so as to compensate for the extremely 

low inherent gas flow rate capacity of the nanoDarcy-scale permeability coal matrix, and the 

likely absence of significant coal fabric aperture width. 

 

The trial was deemed a technical success, having resulted in a low but sustainable gas flow to 

surface, at a rate of approximately 0.1 MMscfd (2.8 Mscmd). This quasi-steady state “base 

gas flow rate”, which will be frequently referenced throughout the Chapter, was achieved from 

a total gross target coal seam thickness of 81 feet (24.7 metres), distributed over a depth 

interval of 309 feet (94.2 metres), extending from 9,385 to 9,694 feet (2,860.5 to 2,954.7 

metres). The gas flow commenced immediately upon flowback, on the same day as the 

completion of the hydraulic fracture stimulation treatment. No produced formation water was 

recovered at any stage of the flowback operation. At the time, Moomba 77 represented the 

deepest known gas production from a coal seam reservoir, surpassing the Cameo Coal zone 

of the Williams Fork Formation of the Upper Cretaceous Mesaverde Group in the Piceance 



 

132 

Basin of Colorado, U.S.A., where production from the naturally fractured coal seams, having 

poor cleat permeability, is generally limited to less than 9,000 feet (2,740 metres) (Decker and 

Seccombe, 1986, Logan and Jones, 1986, Jeu et al., 1988, Olson, 2003, Olson et al., 2003, 

Olsen et al., 2007). 

 

The claim of proof-of-concept for gas production from deep coal seams at Moomba 77 may 

be challenged by asserting that the gas flow did not originate from the target coal seams. 

Instead, it could be argued that one or more of the fracture network SRV domains may have 

contacted, or penetrated, the adjacent conventional sandstone gas reservoirs, and that one or 

more of these may have been responsible for the gas flow. Certainly, this is a valid 

interpretation, since there are already precedents within the literature for this occurring with 

respect to shale gas and shallow CSG reservoirs (King, 2010, Dunlop et al., 2017, Salmachi 

and Karacan, 2017). As an example of the ability of hydraulic fracture stimulation treatments 

to occasionally “grow out-of-zone”, Figure 5.1 shows the microseismic events associated with 

a recent multi-stage hydraulic fracture stimulation treatment, within a horizontal wellbore, 

targeting a “frontier” Cooper Basin “deep CSG” reservoir, at a depth of 6,700 feet (2,040 

metres) (Strike Energy Limited, 2018). It is clear that several of the seven hydraulic fracture 

stimulation stages propagated downwards into an adjacent coal seam, and other strata, that 

were not being targeted. Indeed, natural stratigraphic contact between a coal reservoir and a 

sandstone reservoir may be sufficient for production cross-flow to occur (as per Darcy’s Law). 

It follows, in the opposite sense to the Moomba 77 trial, that conventional gas production from 

sandstone reservoirs, where they are proximal to, or in contact with deep coal seams, may 

have a component of gas production originating from those deep coal seams. This is 

particularly the case when sandstone reservoirs are significantly pressure-depleted, and have 

exposed the deep coal seams to high production pressure drawdown, which then leads to a 

high rate of gas desorption. Such an effect is interpreted to have been boosting the gas 

production from conventional Cooper Basin sandstone gas reservoirs (which are finely 

interbedded within the Permian coal measure sequence) for many years. A well-known 

international example of large-scale cross-flow from a deep, thermogenic source rock reservoir 

into a producing conventional sandstone reservoir is the so-called “Weddington Incongruity”, 

which led to the recognition of the Fayetteville shale gas play in Arkansas, U.S.A. (Powers, 

2013). After many years of production, it became apparent to geologists at Southwestern 

Energy, in 2002, that more gas was being produced from the Weddington Sandstone than 

could be accounted for. It was eventually determined that the excess gas production was 

indeed coming from the directly underlying Fayetteville Shale. With respect to the Moomba 77 

gas flow, whilst conceding that one or more of the fracture network SRV domains may have 

contacted, or penetrated, the adjacent sandstone gas reservoirs to some extent, it is 

considered to be unlikely that the high production pressure drawdown did not lead to a 

meaningful gas desorption event from one or more of the target coal seams, which then 

contributed to the overall gas flow. The basis for this assessment is the unambiguously 
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dynamic reservoir behaviour during gas production exhibited by the Moomba 77 flowback. 

Multiple lines of evidence, reported in this Chapter, suggest that the four fracture network SRV 

domains continuously dilated, expanded, and increased in gas flow rate capacity over the long-

term flowback, as a consequence of the combined, mutually sustaining actions of desorption-

induced coal matrix shrinkage and sympathetic pressure arch stress shield evolution (Chapter 

4). This process cannot occur without desorptive gas production from a “labile” lithotype, 

dominated by organic matter. Coal is the only Cooper Basin lithotype that qualifies. Hence, the 

target coal seams at Moomba 77 must have been producing gas. 

 

The extent to which one or more of the fracture network SRV domains at Moomba 77 may 

have propagated beyond the target coal seams cannot satisfactorily be determined because 

microseismic and tiltmeter monitoring were not performed to visualise the spatial extent and 

geometry of the hydraulic fracture stimulation treatment. 

 

 

Figure 5.1: The microseismic events (multi-coloured circles) associated with a recent multi-stage hydraulic fracture 
stimulation treatment, within a horizontal wellbore, targeting a “frontier” Cooper Basin “deep coal seam gas (CSG)” 
reservoir, at a depth of 6,700 feet (2,040 metres) (Strike Energy Limited, 2018). It is clear that several of the seven 

hydraulic fracture stimulation stages propagated downwards (notably the red and blue circles of Stages 1 and 3 
respectively) into an adjacent coal seam, and other strata, that were not being targeted. 

 

Owing to the moderately overpressured reservoir condition (Section 5.3, and Table 5.1), 

Moomba 77 was able to flow gas to surface continuously, and in an unassisted manner, over 

the long-term flowback which, for experimental purposes, was allowed to continue for 81/2 

years. Flowback fluid was efficiently expelled from within the wellbore to surface, despite the 

base gas flow rate remaining significantly below the minimum rate required to lift flowback fluid 

accumulating within it. This unexpected feat was achieved as a consequence of the wellbore 

exhibiting a geologically induced, cyclical “gas plunger” artificial lift effect (Beauregard and 

Ferguson, 1982). This was caused by a finely balanced, inherently unstable, open-ended 

flowing manometer-like hydrodynamic U-tube interaction between the rising hydrostatic 

column of flowback fluid accumulating within the wellbore and hydrostatically compressed gas 
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spilling from within the gas headspace compartment of the fracture network GRV domain. From 

a commercial perspective, the phenomenon was symptomatic of poor gas production 

performance. However, from a geotechnical perspective, it created a novel diagnostic tool that 

provided detailed insight into the fundamental geological mechanisms controlling gas flow. 

Each natural gas plunger lift cycle generated a discrete “pressure pulse” at surface, 

measurable by wellhead pressure gauges, the size and shape of which were controlled and 

modulated by instantaneous characteristics of the fracture network GRV domain from which 

the pressure pulse had been generated. Conceptually, this pressure pulse was somewhat 

analogous to an electrocardiogram (ECG) signature, which is used in the medical industry to 

diagnose various heart conditions (Figure 5.2). Hence, by monitoring a number of pressure 

signature attributes of the Moomba 77 “fracture network GRV domain pulse” over the long-

term flowback, a detailed, time-lapse diagnosis of changing fracture network GRV domain 

conditions, such as size, fracture / fabric face surface area, permeability, and hence gas flow 

rate capacity was made, thereby enabling The Hypothesis in Chapter 4 to be tested. This 

work is described in Section 5.20.8. A total of 114 “fracture network GRV domain pulses” were 

recorded at Moomba 77, before the flowback pressure monitoring was eventually suspended 

for an indefinite period, on 22nd April, 2016, owing to a major industry downturn, and the 

resulting lack of field operational resources. 

 

 

Figure 5.2: A medical electrocardiogram (ECG) signature conceptual analogy (upper plot) for the “pressure pulse” 
cycles observed on the Moomba 77 flowback pressure profile (lower plot). By monitoring a number of pressure 
signature attributes of the “fracture network GRV domain pulse” over the long-term flowback, a detailed time-lapse 
diagnosis of changing fracture network GRV domain size, fracture / fabric face surface area, permeability, and 
hence gas flow rate capacity was made, thereby enabling The Hypothesis in Chapter 4 to be tested. 

 

Throughout this Chapter (as with the thesis in general), the term “fracture network” is used 

generically, by default, to include not only the initial fracture network SRV domain but also all 

subsequent fabric- and pore space-related coal and host rock apertures that The Hypothesis 

predicts may potentially be created later, during desorptive gas production. As already 

described in Chapter 4, Section 4.5.2, these aperture types are categorised into three 

incremental fracture network void space “sub-domains” - the DRV1, DRV2, and DRV3. Together 

with the initial fracture network SRV domain, these constitute the entire fracture network GRV 

domain, which is an isolated entity of limited lateral extent, encapsulated within the effectively 
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impermeable native coal seam (similar to a shale gas reservoir). Each Moomba 77 void space 

domain / sub-domain has its own special significance to reservoir behaviour during gas 

production, and may be detectable on the “fracture network GRV domain pulse”. In addition, 

some of the void space domains / sub-domains may be detectable on wellbore pressure build-

up tests, and wellbore pressure drawdown tests, using analysis techniques such as the 

pressure transient analysis (PTA) of gas production data, applied in Salmachi et al. (2019) of 

Appendix 5, and the rate transient analysis (RTA) of gas production data, applied in Dunlop 

et al. (2020) of Appendix 6, respectively. For the remainder of this Chapter, the entire 

artificially created Moomba 77 fracture network system, comprising all of the void space 

domains / sub-domains, is referred to as the “fracture network Gross Reservoir Volume 

(GRV) domain”, as defined in Chapter 4, Section 4.5.3. 

 

The concept of “coal fabric” is very important in this Chapter. The definition was provided by 

Dunlop et al. (2017) in Chapter 2 but is worth briefly re-emphasising. Coal fabric refers to all 

planes of weakness (lower tensile strength) within a coal seam. Coal fabric may be open, 

variably cemented (for example with authigenic siderite and kaolinite), or closed by high initial 

reservoir confining stress. It may be large- or small-scale. Coal fabric includes all existing or 

potential non-matrix void space. As may be appreciated when viewing an open-cut coal mine 

wall, coal fabric may be abundant, very complex, and prone to reactivation in response to a 

change in its stress state. Potential coal fabric types include vitrinite cleats, inertinite master 

joints (also termed “master cleats”), other natural fractures, faults, lithology contrasts, and low 

tensile strength bedding planes. 

 

Definition of the term “reservoir”, as applied to Cooper Basin deep coal seams, is effectively 

the same as for a “shale gas reservoir” (Warpinski et al., 2009, Mayerhofer et al., 2010). 

There is currently no evidence for commercially significant naturally occurring coal fabric (and 

matrix) permeability, so a CBDCG “reservoir” must be created by some form of up-front, large-

scale reservoir stimulation treatment, to form a large but isolated “stimulated reservoir 

volume” (SRV) domain. All discussion herein will be on this basis. The concept of a CBDCG 

reservoir bears little resemblance to that of a shallow CSG reservoir. Unlike a pervasively 

permeable, regionally extensive shallow CSG reservoir, a CBDCG reservoir is limited to an 

isolated, artificially created domain of enhanced permeability, having a relatively well-defined 

physical boundary. 

 

Unless otherwise indicated, all references to the term “permeability” are in the absolute sense, 

this being a measure of the flow rate capacity of a single fluid phase at full saturation (in this 

case gas). Consideration of relative permeability effects, although important for shallow CSG 

reservoirs during the reservoir de-watering phase of production, is of limited relevance to 

prospective Cooper Basin deep coal gas reservoirs, and is beyond the scope of investigation. 

This is because, based on the production data for Moomba 77, and the numerous other deep 
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coal seams hydraulically fracture stimulated since then, there does not appear to be a 

significant amount of free, mobile formation water stored within the coal fabric. 

 

The concept of increasing production pressure drawdown-induced “effective stress” plays an 

important role in the interpretation of Moomba 77 flowback behaviour, and is frequently 

discussed. High effective stress is often invoked to explain the exponentially declining 

production performance of some reservoirs, particularly those that are naturally fractured. 

Shallow CSG reservoirs are a good example where, assuming constant vertical reservoir 

confining stress, and the absence of other factors, an exponential decrease in permeability 

occurs with increasing production pressure drawdown-induced effective stress (Pan and 

Connell, 2012). Production reduces pressure within the accessible void space of pores, cleats, 

natural fractures, and other coal fabric apertures. If vertical (lithostatic) and horizontal (tectonic) 

reservoir confining stresses remain relatively constant, this has the impact of increasing the 

effective stress on these voids. Effective stress equals total stress on the reservoir minus pore 

(i.e. reservoir) pressure. This is described by Terzaghi’s equation (Terzaghi, 1951, Terzaghi 

et al., 1996) Equation 5.1: 

 

 

σ = S - P ….. Equation 5.1 

 

 

where σ is the effective stress, S is the total stress on the reservoir (i.e. the maximum stress, 

whether vertical lithostatic, or horizontal tectonic), and P is the pressure within the reservoir 

void space. 

 

Coal has a relatively high compressibility compared to the surrounding host rock strata. 

Depending on the prevailing geomechanical reservoir boundary condition, coal porosity and 

permeability may be significantly reduced by increasing production pressure drawdown-

induced effective stress. In the case of shallow CSG reservoirs, a “uniaxial strain and constant 

vertical confining stress” geomechanical reservoir boundary condition is generally assumed 

(Pan and Connell, 2012). For these reservoirs, and assuming for simplicity that there is no 

significant coal matrix shrinkage effect, if effective stress is low, as a consequence of high pore 

pressure, porosity and permeability will be high. If effective stress is high, as a consequence 

of low pore pressure, porosity and permeability will decrease. Assuming the total stress is 

relatively constant, the coal will have an inherent tendency to compact when exposed to 

production pressure drawdown. 

 

Clearly, the higher the production pressure drawdown, and general reservoir pressure 

depletion, the greater is the tendency for coal fabric apertures to close. Owing to the large 

dynamic range, change in production pressure drawdown-induced effective stress has a 
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significantly greater impact on coal permeability than the initial reservoir confining stress. The 

extent to which resultant compaction may occur over production time is ultimately governed by 

the geomechanical reservoir boundary condition. This is manifested in the collective physical 

response of the coal seam, the surrounding host rock strata, and any proppant that may have 

been injected to counteract the increasing effective stress by “propping” apertures open. The 

currently available literature for CBDCG reservoirs does not adequately characterise this 

dynamic process. 

 

If the host rock strata are relatively “ductile”, and prone to somewhat plastic deformation (low 

Young's Modulus, high Poisson's Ratio), a reduction in reservoir void aperture width, and 

hence a reduction in porosity and permeability, is likely to occur during production. In the case 

of a hydraulic fracture stimulation treatment, proppant injected into relatively hard, “brittle” 

reservoirs would be expected to progressively crush during flowback, as effective stress 

increases, while in soft, “ductile” reservoirs it is more likely to embed into the hydraulic fracture 

faces. Shallow CSG reservoirs are generally negatively impacted by increasing production 

pressure drawdown-induced effective stress. Decreasing pressure within the cleats, and other 

coal fabric apertures, as a consequence of reservoir de-watering, is likely to cause initial down 

warping of the shallow, relatively unconsolidated overburden strata, with possible subsidence 

at surface. The resulting reservoir compaction effect leads to a reduction in coal fabric aperture 

width, and hence permeability. Increasing production pressure drawdown-induced effective 

stress does not always reduce permeability. An exception may occur where the prevailing 

regional stress regime is anisotropic. In this situation, increasing production pressure 

drawdown-induced effective stress may, in some cases, dilate fabric having a favourable 

orientation with respect to the maximum stress direction (Massarotto, 2002, Massarotto et 

al., 2003, Massarotto et al., 2009). 

 

The concepts of “wellbore storage” and “fracture network storage” are fundamental to 

understanding the flowback behaviour of Moomba 77. Hence, to avoid misunderstanding the 

flowback interpretation herein, the definitions require up-front clarification. For the purpose of 

this project, any form of free gas “storage” beyond the limit of the wellbore’s outermost 

production casing string does not contribute to “wellbore storage” but is instead classified as 

“fracture network storage”. Under this definition, “wellbore storage” is static. In contrast, 

“fracture network storage” is potentially dynamic and, when monitored in a time-lapse manner 

during gas production, may provide considerable insight into reservoir behaviour during gas 

production. 

 

The wellbore storage flow regime is a pressure “lag effect”, often referred to as “after-flow”, 

which reflects expansion or compression of gas within the void space of a wellbore conduit 

when it is opened to flow or shut in respectively. The wellbore void space volume may be 

considered as being a “buffer” between the formation and surface pressure gauges, through 
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which the native reservoir pressure signature must first transition. Wellbore storage is well 

known to reservoir engineers, owing to the complications it introduces to wellbore testing 

techniques, such as the pressure transient analysis (PTA) and the rate transient analysis 

(RTA) of production data. Many wellbore test interpretation techniques assume a constant 

surface flow rate. This cannot be attained until wellbore storage dissipates. If wellbore storage 

exists, wellbore pressure build-up profiles, or gas flow rate decline profiles, initially reflect only 

the compression or expansion of gas within the wellbore conduit respectively. Formation-

related effects are masked, or distorted, making it difficult to quantify native reservoir 

properties. Wellbore storage effects persist until a state of dynamic flowing pressure 

equilibrium is reached between the wellbore conduit and the formation. When a producing 

wellbore is shut in at surface, gas from the formation continues to flow into the wellbore. In the 

case of opening a wellbore to flow, the initial reservoir flow rate is zero. The reservoir flow rate 

will increase, over a period of time, until it equals the surface flow rate, at which point wellbore 

storage has now declined to zero. Wellbore storage effects can be minimised by installing 

down-hole shut-in valves that bypass the wellbore void space volume. 

 

The fracture network storage flow regime, which is discussed frequently in this Chapter, buffers 

the native formation response to production pressure drawdown in a similar manner to the 

wellbore storage flow regime. In this sense, and from a practical perspective, it may be 

considered to be a lower permeability, dynamic extension of the wellbore storage flow regime. 

 

The fracture network storage associated with Moomba 77 is represented by the evolving 

fracture network GRV domain postulated in Chapter 4, Section 4.5.3. This is predicted to 

increase in size over flowback time, to eventually far exceed the wellbore storage void space 

volume. 

 

In this Chapter, there is frequent use of the term “wellbore pressure blow-down to 

atmosphere” (BDTA). This refers to the general field operational process whereby a gas 

wellbore is opened following a wellbore shut-in period, so as to flow gas to surface to constant 

atmospheric downstream pressure. The operation may be performed for a variety of reasons, 

often to simply relieve excessive accumulated wellbore casing string pressure. During the 

wellbore shut-in period, wellbore storage, and any fracture network storage that may exist, 

both increase in pressure. After opening the wellbore to flow, compressed gas within both of 

these void space domains flows at an elevated, non-steady state rate to surface, as a 

consequence of the rapid increase in production pressure drawdown. Wellbore storage 

dissipates first, at a high gas flow rate, followed by the dissipation of fracture network storage, 

at a lower gas flow rate. The transition point between the two gas flow regimes is likely to be 

manifested as a prominent high-rate to lower rate inflection, early on the overall gas flow rate 

decline profile. As fracture network storage pressure decreases during a wellbore pressure 

BDTA event, the gas flow rate gradually declines to theoretically align with the low, stable, 
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background, quasi-steady state, reservoir depletion-related gas flow rate trend that existed 

prior to the wellbore shut-in period. Gas flow rate, and the volume of gas produced to surface 

during the wellbore pressure BDTA event, can be determined by measuring the gas flow 

pressure upstream of a choke orifice, and then applying an appropriate choke-based flow rate 

equation. In principle, the combined in situ void space volume of the wellbore storage and the 

fracture network storage may be calculated. By subtracting the contribution of the known 

physical wellbore void space volume, fracture network storage void space volume may then 

be determined. 

 

Unless otherwise indicated, all pressure measurements in this Chapter (as well as in Chapter 

6) are quoted relative to ambient atmospheric pressure (approximately 14.7 psi / 101 kPa at 

mean sea level), as measured by a pressure gauge. Hence, the frequently used pressure units 

of “psi” and “kPa” refer to “psig” and “kPag” by default. 

 

All wellbore depths reported in this Chapter are quoted with reference to the drilling rig rotary 

table (RT), located on the rig floor. 

 

The post-hydraulic fracture stimulation flowback behaviour of Moomba 77 has revealed much 

about the controls on gas production from Cooper Basin deep coal seams. This Chapter 

documents the full, 81/2-year history of the trial, from execution of the initial hydraulic fracture 

stimulation treatment in late October, 2007, to when the long-term flowback data acquisition 

was eventually suspended for an indefinite period, on 22nd April, 2016. It is intended that, by 

reporting and interpreting the entire sequence of events in detail, the reader will most readily 

appreciate the continuously evolving nature of isolated Cooper Basin deep coal fracture 

network domains during gas production, and the powerful hypothesis testing capability 

provided by the time-lapse analysis of cyclical flowback pressure pulse signature attributes, 

wellbore pressure build-up tests, and wellbore pressure BDTA tests. 

 

As a separate, “laboratory experiment” component of this project, the wellbore completion 

configuration and flowback behaviour of Moomba 77 were physically simulated by a computer-

controlled, open-ended flowing manometer apparatus, suspended within The University of 

Adelaide’s experimental wellbore. An accurate flowback pressure profile “history match” was 

obtained. The work, which is beyond the scope of this thesis to describe in detail, is reported 

in a high-level, summarised format in Chapter 6. 

 

5.2 Pre-trial Wellbore History 

 

The vertical Moomba 77 wellbore is located 11 kilometres (6.8 miles) west of the Moomba gas 

and oil processing plant in north-eastern South Australia (Santos Limited (1995), and 

Chapter 1, Figure 1.2). It was originally drilled as a conventional sandstone reservoir gas 
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development wellbore in 1995, with an 8½-inch production hole section extending to a total 

depth (TD) of 10,115 feet (3,083.0 metres). 

 

The entire Patchawarra Formation coal measure sequence was found to be pervasively gas-

saturated, and moderately overpressured, with no significant mobile formation water being 

present (Section 5.3, and Table 5.1). 

 

Four casing strings were installed within the wellbore - three in 1995, as part of the initial drilling 

and wellbore completion process, and one in 2007, immediately prior to the hydraulic fracture 

stimulation trial. These are: 

 

1. Surface casing string (1995) 

 

133/8-inch OD, set at a depth of 1,003 feet (305.7 metres). 

 

2. Intermediate casing string (1995) 

 

95/8-inch OD, set at a depth of 5,616 feet (1,711.8 metres). 

 

3. Production casing string #1 (1995) 

 

7-inch OD, set at a depth of 10,098 feet (3,077.9 metres). 

 

This was a mixed string of 6.366-inch ID, 23 ppf, L-80 and 6.276-inch ID, 26 ppf, K-55 / L-

80 LT&C. 

 

4. Production casing string #2 (2007) 

 

41/2-inch OD, set at a plugged-back total depth (PBTD) of 9,942 feet (3,030.3 metres). 

 

3.920-inch ID, 13.5 ppf, P110 BT&C. 

 

Several gas-saturated Patchawarra Formation sandstone reservoirs were perforated in 1995 

for production purposes but the wellbore was later deemed uneconomic for connection to the 

Moomba Plant gas gathering system. As a temporary wellbore abandonment measure, a 

“cement squeeze” operation was performed. This plugged the wellbore production casing 

string perforations adjacent to the sandstone reservoirs with cement, so as to eliminate 

hydraulic communication between the wellbore and the formation. The wellbore remained 

suspended in this state for 11 years, until 2006, when it was identified as a suitable candidate 

for the 2007 deep coal hydraulic fracture stimulation trial. 
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In preparation for the Moomba 77 deep coal trial, the additional wellbore production casing 

string (#2) was installed in 2007. This was cemented inside the original 7-inch OD wellbore 

production casing string #1, so as to comply with the intended coiled tubing-conveyed 

Halliburton CobraMax® Pinpoint hydraulic fracture stimulation procedure to be applied, and to 

provide additional confidence that the pre-existing cement-squeezed perforations in the 7-inch 

OD wellbore production casing string #1 were indeed isolated. 

 

5.3 Initial Reservoir Conditions 

 

Moomba 77 was drilled more than 10 years before the Cooper Basin Deep Coal Gas Play 

concept was conceived, so, at the time, no specific testing was undertaken within the wellbore 

for the determination of critical coal reservoir properties. It has therefore been necessary to 

derive indicative initial reservoir conditions, applicable to the 2007 hydraulic fracture 

stimulation trial, from a variety of other sources, as well as from the results of the trial itself. 

These are summarised in Table 5.1. It is immediately apparent that initial reservoir conditions 

at the Moomba 77 location bear little resemblance to those of shallow and “deep” CSG 

reservoirs. 

 

Geomechanical data are very important for characterising the physical behaviour of deep, 

thermogenic source rock reservoirs. Unfortunately, such information is relatively scarce for 

Cooper Basin deep coal seams. At the time of the Moomba 77 trial, little quantitative 

information was available. However, 7 years later, in 2014, detailed geomechanical testing 

was performed on a full-hole core from a representative Patchawarra Formation deep coal 

seam at Roswell 1, a vertical wellbore located 22 kilometres (13.7 miles) east of Moomba 77. 

Some of this testing has already been discussed in Chapter 3, Section 3.4.5. The Roswell 1 

coal seam was located within a comparable geological setting to Moomba 77, at a depth of 

10,057 feet (3,065.4 metres). The geomechanical core analysis programme included stress 

path and coal matrix shrinkage analyses. Key results are included in Table 5.1. The data are 

sourced from two independent full-hole core analysis programmes performed by the 

Commonwealth Scientific and Industrial Research Organisation (CSIRO) and Sigra Pty. 

Ltd. respectively (Santos Limited, 2013). The relatively high “ductility” of Cooper Basin deep 

coal seams compared to commercial shale gas formations is clearly demonstrated, using the 

data from these reports, by the Young’s Modulus versus Poisson’s Ratio “brittleness plot” 

shown in Figure 9 of Dunlop et al. (2017) in Chapter 2. More recently, further geomechanical 

evaluation has been performed by Bowker et al. (2018), Cooper et al. (2018), and Fraser 

and Johnson Jr. (2018). This is also included in Table 5.1. A more detailed description of the 

geomechanical properties of Cooper Basin deep coal seams was previously provided by 

Dunlop et al. (2017) in Chapter 2. 
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It is well established that coal properties are dynamic during gas production. Hence, it should 

be appreciated that many of the reservoir parameters listed in Table 5.1 were subject to 

significant change during the flowback of Moomba 77. 
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Moomba 77 Hydraulic Fracture Stimulation Trial - 2007 
Patchawarra Formation Coal - Indicative Initial Reservoir Conditions 

    

PARAMETER INDICATIVE VALUE COMMENTS SOURCE 

    

GEOLOGICAL SETTING 

Depth 
9,385 - 9,694 feet 

(2,860.5 - 2,954.7 metres) 

Located more than 6,000 
feet (1,830 metres) below 

the “commercial 
permeability depth limit” 

for most shallow and 
“deep” CSG reservoirs. 

 

Temperature 
1. 160 °C (320 °F) 
2. 176 °C (349 °F) 
3. 177 °C (351 °F) 

 
1. Moomba 77 drill - 1995. 

2. Moomba 77 MPLT - 2008. 
3. Moomba 77 MPLT - 2012.  

Geothermal gradient 

1. 2.59 °F / 100 feet 
(4.72 °C / 100 metres) 

 
2. 2.87 °F / 100 feet 

(5.23 °C / 100 metres) 
 

3. 2.89 °F / 100 feet 
(5.27 °C / 100 metres) 

 

1. Moomba 77 drill - 1995. 
 
 

2. Moomba 77 MPLT - 2008. 
 
 

3. Moomba 77 MPLT - 2012.  

Thermal maturity 
High 

1.8 - 2.0% VRo 
Dry gas window 
(i.e. VRo > 1.4%). 

 

Formation pressure 

Moderately overpressured 
 

Low-side estimate 
4,300 psi 

(29,650 kPa) 
0.45 psi / ft 

 
High-side estimate  

6,761 - 6,863 psi 
(46,620 - 47,320 kPa) 

0.70 - 0.71 psi / ft 

The entire Patchawarra 
Formation is likely to be  

at original formation 
pressure, since there is  

no significant gas 
production in the area. 

Low-side estimate 
Moomba 77 Patchawarra 

Formation sandstone drill-stem 
test in 1995. Horner Plot 

extrapolated shut-in pressure 
(Santos Limited, 1995). 

 
High-side estimate 

Moomba 77 hydraulic fracture 
stimulation after-closure pressure 

decline analysis in 2007 
(Halliburton, 2007). 

Mobile formation water Negligible 
Disconnected from the 
normal hydrodynamic 

regime. 

Moomba 77 trial - 2007. 
Subsequent deep coal trials. 

COAL MATRIX PROPERTIES 

Matrix porosity 5 - 10% 

Helium-dried, ambient 
basis. 

Comparable to some of 
the best North American 

shale gas reservoirs. 

Full-hole core analysis from the 
Patchawarra Formation in other 
wells (Table 2 of Dunlop et al. 

(2017) in Chapter 2). 

Matrix permeability 300 - 600 nD 

Helium-dried, ambient 
basis. 

Comparable to some of 
the best North American 

shale gas reservoirs. 

Full-hole core analysis from the 
Patchawarra Formation in other 
wells (Table 3 of Dunlop et al. 

(2017) in Chapter 2). 

GAS STORAGE PROPERTIES 

Total gas content 

Oversaturated 
 

700+ scf / short ton 
(21.9+ cc / g) 

Raw basis. 
At least half of this is 

likely to be stored in the 
form of free gas. 

Based on rate-of-penetration 
(ROP) normalised mudlog Total 
Gas (TG) readings (Dunlop et al. 

(2017) in Chapter 2). 

Adsorbed gas saturation Oversaturated 

Free gas dominates the 
coal matrix porosity and 
any remnant coal fabric 

apertures that may exist. 

Full-hole core analysis from the 
Patchawarra Formation in other 

wells. 

Adsorbed gas content 350+ scf / short ton Saturated. 
Full-hole core analysis from the 
Patchawarra Formation in other 

wells. 

Free gas content 350+ scf / short ton 

 
 
 
 

Stored within inertinite 
meso- and macro-pores. 

Possible capillary 
condensation. 

 
 
 
 

Full-hole core analysis from the 
Patchawarra Formation in other 

wells. 
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GAS COMPOSITION AND PROPERTIES 

Methane 76% 

Consistent throughout 
flowback, and comparable 
to that of the surrounding 
sandstone reservoirs. The 

low proportion of heavy 
gas components is 

consistent with the high 
thermal maturity. 

Moomba 77 trial - 2007. 

Carbon dioxide 22% a/a Moomba 77 trial - 2007. 

Ethane 1.5% a/a Moomba 77 trial - 2007. 

Propane 0.1% a/a Moomba 77 trial - 2007. 

Higher molecular weight 
hydrocarbon gases 

0.4% a/a Moomba 77 trial - 2007. 

Specific gravity (SG) 0.78 Air = 1.00 Moomba 77 trial - 2007. 

COAL PROPERTIES 

Coal rank 
Medium volatile bituminous 

(mvb) 
 

Based on the relationship with 
thermal maturity (VRo). 

Coal density 
1. 1.41 - 1.42 g / cc 

 
2. 1.35 g / cc 

Influenced by high-density 
siderite cementation. 

1. Patchawarra Formation full-hole 
core analysis from Roswell 1. 

2. Bowker et al. (2018) 

Moisture 2.0 % 
No mobile formation 

water. 
Patchawarra Formation full-hole 

core analysis from Roswell 1. 

Ash 2.3 - 4.1 %  
Patchawarra Formation full-hole 

core analysis from Roswell 1. 

Volatile matter 4.4 - 4.6 %  
Patchawarra Formation full-hole 

core analysis from Roswell 1. 

Fixed carbon 89.3 - 91.3 %  
Patchawarra Formation full-hole 

core analysis from Roswell 1. 

COAL GEOMECHANICAL PROPERTIES 

Young’s Modulus (E) 

1. 2.81 - 3.26 GPa 
 
 
 

4. 0.1 GPa 

 

1. Patchawarra Formation full-hole 
core analysis from Roswell 1. 

2. Bowker et al. (2018) 
3. Cooper et al. (2018) 

4. Fraser and Johnson Jr. (2018) 

Bulk Modulus (K) 

1. 2.09 - 2.46 GPa 
 

2. 7.97 GPa 
 
 

 

1. Patchawarra Formation full-hole 
core analysis from Roswell 1. 

2. Bowker et al. (2018) 
3. Cooper et al. (2018) 

4. Fraser and Johnson Jr. (2018) 

Shear Modulus 
 

2. 1.71 GPa 
 

 
 

1. Patchawarra Formation full-hole 
core analysis from Roswell 1. 

2. Bowker et al. (2018) 
3. Cooper et al. (2018) 

4. Fraser and Johnson Jr. (2018) 

Poisson’s Ratio (ν) 

1. 0.24 - 0.30 
 
 
 

4. ~0.4 

 

1. Patchawarra Formation full-hole 
core analysis from Roswell 1. 

2. Bowker et al. (2018) 
3. Cooper et al. (2018) 

4. Fraser and Johnson Jr. (2018) 

Shrinkage 1%  
Patchawarra Formation full-hole 

core analysis from Roswell 1. 

STRESS STATE - HOST ROCK STRATA 

Maximum horizontal 
stress (SHmax) 

 
 

2. 116.7 MPa 
 

1. Australian Stress Map  
Hillis and Reynolds (2000) 

2. Bowker et al. (2018) 

Minimum horizontal  
stress (Shmin) 

 
 

2. 44.2 MPa 
 

1. Australian Stress Map 
 Hillis and Reynolds (2000) 

2. Bowker et al. (2018) 

Vertical stress (Sv) 
 
 

2. 60.2 MPa 
 

1. Australian Stress Map 
 Hillis and Reynolds (2000) 

2. Bowker et al. (2018) 

SHmax direction 

1. 101 °T 
 

2. 105 °T 
3. 110 °T 

 

1. Australian Stress Map 
Hillis and Reynolds (2000) 

2. Bowker et al. (2018) 
3. (Cooper et al., 2018) 

STRESS STATE - COAL SEAMS 
In the highly deviatoric regional stress regime of the Cooper Basin (SHmax >> Shmin ~= Sv), deep coal seams are 

interpreted in the literature to be of lower stress than the surrounding host rock strata (Bowker et al., 2018, Cooper et 
al., 2018, Fraser and Johnson Jr., 2018). The latter functions as a buttress for accommodating the high regional 

SHmax. This is advantageous because it is likely to cause preferential acceptance and retention of hydraulic fracture 
stimulation treatments. 

Maximum horizontal 
stress (SHmax) 

 
 

3. ~9 - 10 kpsi 
 

1. Bowker et al. (2018) 
2. Cooper et al. (2018) 

3. Fraser and Johnson Jr. (2018) 

Minimum horizontal  
stress (Shmin) 

 
 

3. ~9 - 10 kpsi 
 

1. Bowker et al. (2018) 
2. Cooper et al. (2018) 

3. Fraser and Johnson Jr. (2018) 
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Vertical stress (Sv) 
 
 

3. ~11 kpsi 
 

1. Bowker et al. (2018) 
2. Cooper et al. (2018) 

3. Fraser and Johnson Jr. (2018) 

 
Table 5.1: A set of indicative initial reservoir conditions for the four “dry” Patchawarra Formation “target coal seams” 
that were slick-water hydraulically fracture stimulated at Moomba 77. No coal-specific testing was performed when 
Moomba 77 was originally drilled as a conventional sandstone reservoir gas development wellbore in 1995, so 
indicative initial reservoir conditions have been derived from a variety of other sources, as well as from the results 
of the 2007 hydraulic fracture stimulation trial itself. 
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5.4 Hydraulic Fracture Stimulation Treatment in 2007 

 

Hydraulic fracture stimulation was conducted at Moomba 77 in late October, 2007, over a total 

309-foot (94.2-metre) depth interval, extending from 9,385 to 9,694 feet (2,860.5 to 2,954.7 

metres), as indicated by the composite well log in Figure 5.3. 

 

Four “dry” Patchawarra Formation “target coal seams” were subjected to individual, low 

proppant concentration, slick-water hydraulic fracture stimulation treatments that progressed 

sequentially up the wellbore. 

 

 

Figure 5.3: A composite well log (gamma ray, sonic transit time, electrical resistivity), showing the four “dry” 
Patchawarra Formation “target coal seams” that were slick-water hydraulically fracture stimulated at Moomba 77.  
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5.4.1 Target Coal Seams 

 

Four “dry” Patchawarra Formation “target coal seams” were selected for low proppant 

concentration slick-water hydraulic fracture stimulation treatment that met the minimum 

pragmatic 10-foot (3.0-metre) thickness cut-off for CBDCG reservoirs (Dunlop et al. (2017) in 

Chapter 2). These target coal seams ranged in thickness from 10 to 32 feet (3.0 to 9.8 metres), 

and totalled 81 feet (24.7 metres). 

 

The target coal seams are henceforth referred to, from the deepest to the shallowest, as either 

Deep Coal Seams 1, 2, 3, and 4, or Fracture Stimulation Stages 1, 2, 3, and 4, depending 

on the context of discussion. The seam thicknesses are 10, 17, 32, and 22 feet (3.0, 5.2, 9.8, 

and 6.7 metres) respectively. 

 

The thickness of the stratigraphic intervals separating the four target coal seams are as follows: 

 

Deep Coal Seams 1 and 2 - 59 feet (18.0 metres). 

 

Deep Coal Seams 2 and 3 - 103 feet (31.4 metres). 

 

Deep Coal Seams 3 and 4 - 66 feet (20.1 metres). 

 

The target coal seam depths, thicknesses, and their stratigraphic separation intervals are 

summarised in Table 5.2. 

 

Moomba 77 - Target Coal Seam Depths, Thicknesses, and Separation Intervals 

TARGET 
COAL 
SEAM 

FRAC 
STAGE 

TOP 
COAL 
SEAM 
(feet) 

BASE 
COAL 
SEAM 
(feet) 

TOP 
COAL 
SEAM 

(metres) 

BASE 
COAL 
SEAM 

(metres) 

COAL SEAM 
THICKNESS 

(feet) 

COAL SEAM 
THICKNESS 

(metres) 

SEPARATION 
INTERVAL 

(feet) 

SEPARATION 
INTERVAL 
(metres) 

          

SEAM 4 STAGE 4 9,385 9,407 2,860.5 2,867.3 22 6.7   

        66 20.1 

SEAM 3 STAGE 3 9,473 9,505 2,887.4 2,897.1 32 9.8   

        103 31.4 

SEAM 2 STAGE 2 9,608 9,625 2,928.5 2,933.7 17 5.2   

        59 18.0 

SEAM 1 STAGE 1 9,684 9,694 2,951.7 2,954.7 10 3.0   

          

TOTAL      81 24.7   

 
Table 5.2: The depths, thicknesses, and the thickness of the stratigraphic intervals separating the four “dry” 
Patchawarra Formation “target coal seams” that were slick-water hydraulically fracture stimulated at Moomba 77. 
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5.4.2 Casing Perforation Strategy 

 

Hydraulic access to Deep Coal Seams 1 and 4, through the two concentric 7-inch OD and 

4½-inch OD wellbore production casing strings, was achieved using standard wireline- 

conveyed plasma jet perforation gun arrays: 

 

27/8-inch Predator HMX EHC, 10-foot gun array length, 60-degree phasing, 6 shots per foot, 

17.5 gram charges. 

 

All shots fired for both of the target coal seams. 

 

Deep Coal Seams 2 and 3 were “hydra-jetted” (Hydra-Jet™) using a coiled tubing-conveyed, 

high-pressure hydraulic jetting tool. This device abraded holes through the two concentric 

wellbore production casing strings using a slurry of 1 ppg, 20 / 40 mesh Brady sand: 

 

3/16-inch CobraMax® Jet, 60-degree phasing, 6 jets per foot. 

 

All of the target coal seams were either gun-perforated, or hydra-jetted near-symmetrically, 

with the respective perforation gun or hydra-jet intervals being centred on their mid-point depth. 

In the case of Deep Coal Seam 1 (only 10 feet / 3.0 metres thick), the entire seam was 

perforated, since the gun array length (10 feet / 3.0 metres) was equal to the height of the coal 

seam. The gun-perforation and hydra-jet intervals for all four target coal seams are shown in 

Figures 5.4, 5.5, 5.6, and 5.7, as well as being summarised in Table 5.3. 

 

It is important to note that, for reasons relating to operational simplicity, convenience, cost, and 

the absence of a specific perforation strategy, Deep Coal Seams 2, 3, and 4 were not fully 

perforated to the roof of the seam. Perforation strategy was not considered, at the time, to be 

a significant factor for trial success. This incomplete perforation coverage, combined with the 

low, stable, background, quasi-steady state base gas flow rate achieved, which remained 

below the minimum rate required to lift flowback fluid up the wellbore to surface, was ultimately 

the root cause of the natural gas plunger lift flowback behaviour exhibited by the wellbore over 

the long-term flowback, as introduced in Section 5.1. 

 

Prior to and during the gun-perforation operation for hydraulic fracture stimulation Stage 1, the 

full wellbore hydrostatic column was in an overbalanced state with respect to the normal 

formation hydrostatic pressure gradient of approximately 8.3 ppg (0.433 psi / ft), comprising 

9.4 ppg (0.49 psi / ft) standard wellbore completion brine (2% KCl). Subsequent hydraulic 

fracture stimulation coiled tubing operations through a wellhead pressure-sealing “lubricator”, 

using 8.3 ppg (0.433 psi / ft) hydraulic fracture stimulation fluid, meant that Stages 2, 3, and 4 

were either gun-perforated, or hydra-jetted with the wellbore fluid column being in pressure 
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equilibrium with the normal formation hydrostatic pressure gradient. Interestingly, a sudden 

pressure increase of a few hundred psi (approximately 1,000 to 2,000 kPa) was observed at 

surface immediately after the Stage 4 perforation gun array was fired. This confirmed that the 

target coal seams were indeed overpressured. 
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Figure 5.4: A composite well log (gamma ray, sonic transit time, electrical resistivity), showing the 10-foot standard 
perforation gun array interval for Fracture Stimulation Stage 1 at Moomba 77. 

 

 

Figure 5.5: A composite well log (gamma ray, sonic transit time, electrical resistivity), showing the 1-foot Hydra-
Jet™ interval for Fracture Stimulation Stage 2 at Moomba 77.  
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Figure 5.6: A composite well log (gamma ray, sonic transit time, electrical resistivity), showing the 1-foot Hydra-
Jet™ interval for Fracture Stimulation Stage 3 at Moomba 77. 

 

 

Figure 5.7: A composite well log (gamma ray, sonic transit time, electrical resistivity), showing the 10-foot standard 
perforation gun array interval for Fracture Stimulation Stage 4 at Moomba 77.  
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Moomba 77 - Target Coal Seam Perforation and Hydra-Jet Intervals 
TARGET 

COAL 
SEAM 

FRAC 
STAGE 

COAL SEAM 
THICKNESS 

(feet) 

COAL SEAM 
THICKNESS 

(metres) 

TOP 
PERF 
(feet) 

BASE 
PERF 
(feet) 

TOP 
PERF 

(metres) 

BASE 
PERF 

(metres) 

PERF 
INTERVAL 

(feet) 

PERF 
INTERVAL 
(metres) 

          

SEAM 4 STAGE 4# 22 6.7 9,390 9,400 2,862.1 2,865.1 10 3.0 

          

SEAM 3 STAGE 3* 32 9.8 9,489 9,490 2,892.2 2,892.5 1 0.3 

          

SEAM 2 STAGE 2* 17 5.2 9,618 9,619 2,931.6 2,931.9 1 0.3 

          

SEAM 1 STAGE 1# 10 3.0 9,683 9,693 2,951.4 2,954.4 10 3.0 

          

TOTAL  81 24.7     22 6.6 

          

# Standard wireline-conveyed perforation gun array * Coiled tubing-conveyed Hydra-Jet™ tool 

 
Table 5.3: The standard perforation gun array (#) and Hydra-Jet™ (*) intervals for the four “dry” Patchawarra 
Formation “target coal seams” that were slick-water hydraulically fracture stimulated at Moomba 77. 

 

5.4.3 Reservoir Stimulation Treatment 

 

For all four fracture stimulation Stages combined, a total 300,000 gallons (7,100 barrels) of 

friction-reduced water (slick-water) and linear gel (at a concentration of 20 pounds per 

thousand gallons) were injected, together with 46,200 pounds (20,960 kilograms) of proppant 

(20 / 40 mesh Brady sand). Linear gel was used for Stage 4 only, in an experimental attempt 

to increase proppant placement efficiency. Linear gel has slightly higher viscosity, and 

therefore better proppant transport properties than friction-reduced water, while exhibiting 

lower friction within a turbulent flow regime. Proppant concentration was gradually increased 

during each fracture stimulation Stage, from 0.1 ppg to a maximum 0.85 ppg achieved in Stage 

4. Maximum injection rate achieved was 35 barrels per minute (bpm), also in Stage 4. The 

sand plug technique was used to hydraulically isolate completed fracture stimulation Stages, 

prior to fracture stimulating the next target coal seam, with the exception of one of the Stages, 

for which a bridge plug was set. Interestingly, the sand plugs had a tendency to “flow”, as a 

slurry, into the previously fracture stimulated target coal seam below. This is indicative of the 

ease at which detrimental “over-flushing” may occur at the end of each hydraulic fracture 

stimulation Stage. The fracture closure pressure gradient for all target coal seams approached 

the lithostatic pressure gradient of 1.0 psi / ft, suggesting a horizontal component to the fracture 

network SRV domain geometries. In general, bottom-hole injection pressure was initially high, 

with a “saw-tooth” profile, but became less variable to almost linear with time, gradually 

increasing in Stage 1 (prior to screen-out) and Stage 2 (fully placed), while decreasing in 

Stage 3 (prior to screen-out) and Stage 4 (fully placed). Other than being a consequence of 

decreasing near-wellbore pressure loss (NWBPL) and tortuosity, this character suggests the 

hydraulic fractures were initially propagating in a tortuous manner through the complex fabric 

of the target coal seam but eventually encountered an easier flow path, where they remained. 
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Most likely candidates for a path of least resistance are; a) the upper or lower boundaries of 

the target coal seam, or b) a fault or large natural fracture. The former scenario is considered 

to be the most likely because all hydraulic fracture stimulation Stages exhibited similar 

behaviour. It is less likely that all of the target coal seams were intersected by a dominant fault, 

or large natural fracture fluid “thief zone”. It could be speculated that a single fault, or natural 

fracture might screen out during an earlier Stage, and therefore not influence subsequent 

Stages. The roof and floor boundaries of the target coal seams are interpreted to have two 

properties capable of causing this behaviour. Firstly, the interfaces between the target coal 

seam and the surrounding host rock strata are interpreted to have uniformly low vertical tensile 

strength, thereby creating laterally continuous preferential planes of weakness. These planes 

would also be prone to preferential shear. Secondly, the high stress contrast between the 

target coal seam (“ductile”, with high Poisson's Ratio, and therefore most likely having the 

lower stress in a high SHmax regime) and the surrounding host rock strata (brittle, with high 

Young's Modulus, and therefore most likely having the higher stress in a high SHmax regime) 

theoretically forms a laterally continuous barrier to vertical fracture propagation, with the 

fracture network systems preferring to remain within the lower stress medium. It is considered 

to be most likely that the hydraulic fracture network systems gradually propagated upwards 

(i.e. in the direction of decreasing stress within the target coal seam) from their origin at the 

wellbore production casing string perforations, to eventually intersect the high stress contrast 

associated with the upper boundary of each target coal seam. By subsequently following this 

horizontal path of least resistance, a “T” fracture geometry may have resulted, a phenomenon 

that is occasionally discussed within the literature (Palmer et al., 1993). 

 

Hydraulic fracture stimulation after-closure analysis indicated that native pressure within the 

target coal seams ranged from 6,761 to 6,863 psi (46,620 to 47,320 kPa), representing a 

pressure gradient of 0.70 to 0.71 psi / ft (Halliburton, 2007). 

 

5.4.4 Tracer Monitoring 

 

Radioactive proppant tracers, having a depth of investigation ranging from 12 to 30 inches (30 

to 76 centimetres) based on gamma ray detection logging of the wellbore, were injected on 

each of the four hydraulic fracture stimulation Stages (Figure 5.8). Stage 1 and Stage 4 used 

Antimony (Sb 124), Stage 2, Scandium (Sc 46), and Stage 3, Iridium (Ir 192). Their decay 

half-lives are 60, 84, and 74 days respectively. The tracer gamma ray log indicated generally 

good near-wellbore vertical proppant isolation within all of the target coal seams. Minor 

propagation may be interpreted to have occurred a short distance along the wellbore 

production casing string - cement interface for Stage 3. 
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Figure 5.8: A radioactive proppant tracer gamma ray log, showing the generally good near-wellbore vertical 

isolation of proppant within the four “dry” Patchawarra Formation “target coal seams” that were slick-water 
hydraulically fracture stimulated at Moomba 77. 

 

Chemical (dye) tracers were also injected on each hydraulic fracture stimulation Stage, so as 

to determine the relative flow contribution of each Stage during the commingled flowback. 

Unfortunately, the dye signatures could not be detected in the flowback fluid at surface. A 

number of possible explanations are postulated. These are: 

 

1. The fluorescein dye is known to be unstable when exposed to light. It may have become 

degraded during the potentially significant time lag at surface between sample collection 

and analysis. 

 

2. The dye may have been degraded by chemicals within the hydraulic fracture stimulation 

fluid. 

 

3. The dye may have been adsorbed (i.e. sequestered) by the target coal seams. 

 

5.5 First Month of Flowback 

 

At the commencement of post-hydraulic fracture stimulation flowback on 28th October, 2007, 

a low-rate gas flow to surface (Figure 5.9) was observed during the coiled tubing-enabled 

bridge plug and sand plug clean-out operation that immediately followed completion of the 

hydraulic fracture stimulation programme (same day). The wellbore was filled with 8.3 ppg 
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(0.433 psi / ft) hydraulic fracture stimulation fluid at the time. The immediate gas flow, despite 

the hydrostatic back-pressure of a full wellbore fluid column, confirmed the pre-trial prediction 

that the target coal seams would be gas-oversaturated and overpressured. A “bubble gas flow 

regime” (Govier and Aziz, 1972) prevailed within the liquid-loaded wellbore that was to 

continue for the remainder of the flowback. Ironically, this poor gas production performance 

ultimately enabled a very detailed characterisation of dynamic reservoir behaviour during gas 

production that would otherwise not have been possible. 

 

 

Figure 5.9: At the commencement of post-hydraulic fracture stimulation flowback at Moomba 77, on 28th October, 

2007, a low-rate gas flow to surface was observed during the coiled tubing-enabled bridge plug and sand plug 
clean-out operation that immediately followed completion of the hydraulic fracture stimulation programme (same 
day). 

 

During the first month of flowback to constant downstream pressure (i.e. atmosphere), 

numerous attempts at artificial lift were made to accelerate flowback fluid recovery by 

increasing vertical gas flow velocity within the wellbore to above the minimum rate required to 

lift flowback fluid up the wellbore to surface. The theoretical minimum gas flow rate required 

for this to occur within the 41/2-inch OD wellbore production casing string was calculated to be 

approximately 1.5 to 2.0 MMscfd (42.5 to 56.6 Mscmd). Nitrogen lift, which is a standard 

technique for de-watering wellbores, was initially performed for 3 days using a coiled tubing 

unit. This involved injecting nitrogen gas down the coiled tubing string at a high rate, gradually 

progressing down the wellbore, so as to blow flowback fluid from the top of the fluid column, 

and out of the wellbore production casing string to surface. Unfortunately, after the wellbore 

had been mostly de-watered in this manner, and the coiled tubing string removed, the 

unassisted gas flow rate failed to respond to the increased production pressure drawdown. 

The wellbore consequently re-filled with newly produced flowback fluid, and the bubble gas 

flow regime continued. The nitrogen lift approach was then substituted by the application of 
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foam-inducing “soap sticks”, which is another technique for reducing the wellbore hydrostatic 

column. Wellbore “cycling” (i.e. repeated wellbore pressure build-up and pressure BDTA 

events), in conjunction with the “soap sticks”, again realised no significant benefit. The gas 

flow rate remained unchanged. The wellbore was then allowed to free-flow to atmosphere. 

Wellbore pressure BDTA events following wellbore shut-in periods, as well as manual needle 

valve surface choke changes, also failed to increase the gas flow rate. 

 

After 25 days of elaborate flowback operations, the maximum hydraulic fracture stimulation 

fluid recovery rate recorded was 550 bwpd. All flowback fluid recovery was accompanied by 

the low but consistent gas flow rate, with no associated produced formation water. An 

extensive, time-lapse flowback fluid analysis programme was conducted. This is described in 

detail in Section 5.16. The results clearly confirm the absence of produced formation water. 

Reliable quantification of the total volume of hydraulic fracture stimulation flowback fluid 

recovered to surface was not possible, owing to insufficient field operational resources. 

 

Eventually, it became apparent that the installation of a small-ID production tubing string would 

be required inside the wellbore production casing string, so as to permanently assist in 

reducing the level of flowback fluid accumulating within the wellbore. A smaller ID gas flow 

conduit increases vertical gas velocity within the wellbore, which then results in a lower 

minimum gas flow rate required to lift flowback fluid up the wellbore to surface. It was 

anticipated that this strategy would significantly increase production pressure drawdown, and 

potentially initiate a higher rate gas flow. The production tubing string was installed on 22nd 

November, 2007. The results and implications of this operation are discussed in Section 5.7. 

 

The complex flowback pressure profile of Moomba 77 for the first month of flowback 

operations, from 28th October to 1st December, 2007, is shown in Figure 5.10. 
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Figure 5.10: The complex flowback pressure profile of Moomba 77 for the first month of flowback operations, from 

28th October to 1st December, 2007. Gas was observed flowing to surface immediately after hydraulic fracture 
stimulation. This was in the form of a “bubble gas flow regime” through the full wellbore flowback fluid column. 
Numerous attempts at permanently reducing the level of flowback fluid within the wellbore with nitrogen lift, “soap 
sticks”, wellbore pressure “blow-down to atmosphere” (BDTA) events following wellbore shut-in periods, as well as 

manual needle valve surface flow choke changes, failed to increase the gas flow rate to above the minimum rate 
required to lift flowback fluid up the 41/2-inch (114.3 mm) OD wellbore production casing string to surface. 

 

5.6 Fracture Network Gas and Flowback Fluid Compartments 

 

As a consequence of Deep Coal Seams 2, 3, and 4 not being fully perforated to the roof of 

the seam (Section 5.4.2, and Figures 5.5, 5.6, and 5.7, and Table 5.3), and the low, stable, 

quasi-steady state base gas flow rate remaining significantly below the minimum rate required 

to lift flowback fluid up the wellbore to surface (Section 5.5), produced gas could not flow 

directly into the liquid-loaded wellbore. The incomplete perforation coverage, combined with 

inefficient flowback fluid expulsion from the fracture network SRV domain, resulted in the 

formation of a relatively static, buoyancy-driven “Fracture Network Gas Headspace 

Compartment” (i.e. “gas cap”), and a relatively stagnant, gravity-segregated “Fracture 

Network Flowback Fluid Sump Compartment” within each of these target coal seams, 

separated by a gas-fluid contact (Figure 5.11). The gas-fluid contact within the fracture 

network SRV domain of each of these target coal seams was coincident with the gas spill-point 

into the wellbore flowback fluid column defined by its uppermost perforations. 

 

Deep Coal Seam 1 had no obvious Fracture Network Gas Headspace Compartment 

because it was fully perforated to the roof of the seam (Section 5.4.2, and Figure 5.4, and 

Table 5.3). All gas produced from this target coal seam therefore had a free path directly into 

the flowback fluid-filled wellbore because there was no spill-point limitation at the level of the 

wellbore production casing string perforations. As a consequence, the fracture network SRV 
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domain of Deep Coal Seam 1 was most likely almost entirely filled with flowback fluid, on a 

permanent basis, with gas flowing to the wellbore predominantly as a thin, continuous phase 

along a fracture network pathway near the roof of the seam. That is, unless structural dip, 

stratigraphic irregularities, or penetration of the hydraulic fracture into the overlying host rock 

strata, created a Fracture Network Gas Headspace Compartment distal to the near-wellbore 

region. Deep Coal Seam 1 may therefore be considered to be a Fracture Network Flowback 

Fluid Sump Compartment that did not have a significant gas cap. The fracture network SRV 

domain gas and flowback fluid compartments collectively represent potentially dynamic 

fracture network storage that is incremental to wellbore storage sensu stricto (Section 5.1). 

 

 

Figure 5.11: The “Fracture Network Gas Headspace” and “Fracture Network Flowback Fluid Sump” 
compartments at Moomba 77, which formed as a consequence of Deep Coal Seams 2, 3, and 4 not being fully 

perforated to the roof of the seam. This resulted in the formation of potentially dynamic “fracture network storage” 
that is incremental to “wellbore storage” sensu stricto. 

 

The Fracture Network Gas Headspace Compartments and the Fracture Network 

Flowback Fluid Sump Compartments are characterised in more detail in Sections 5.6.1 and 

5.6.2 to follow. 

 

5.6.1 Fracture Network Gas Headspace Compartments 

 

For the four target coal seams combined, total Fracture Network Gas Headspace 

Compartment height was 31 feet (9.5 metres), representing 38.3% of the total target coal 

seam thickness of 81 feet (24.7 metres) (Figure 5.11, and Table 5.4). 
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The Fracture Network Gas Headspace Compartments strongly influenced flowback 

behaviour of the liquid-loaded wellbore because they created fracture network storage (as 

explained in detail in Section 5.1). This is effectively the capacity to store a potentially large 

volume of compressed gas. The concept is directly analogous to wellbore storage, the well-

known phenomenon that is familiar to reservoir engineers, owing to the complications it 

introduces to wellbore testing techniques, such as the reservoir pressure transient analysis 

(PTA) and the rate transient analysis (RTA) of production data. It is important to appreciate 

that fracture network storage has the potential to be dynamic, and significantly larger than 

wellbore storage, as predicted by The Hypothesis in Chapter 4, whereas wellbore storage 

sensu stricto is inherently constant. The concept of fracture network storage is therefore critical 

to the interpretation of Moomba 77 flowback behaviour. 

 

From a practical perspective, measuring the volume of gas within the Fracture Network Gas 

Headspace Compartments provides a direct means of determining the void space volume of 

the fracture network GRV domain. This may then be used to infer fracture network GRV 

domain size, and therefore fracture / fabric face surface area for gas desorption. A novel 

method for achieving this is described in Section 5.20.8.7. 

 

Moomba 77 - Fracture Network Gas Headspace Compartments 

TARGET 
COAL 
SEAM 

FRAC 
STAGE 

TOP 
COAL 
SEAM 
(feet) 

TOP 
PERF 
(feet) 

TOP 
COAL 
SEAM 

(metres) 

TOP 
PERF 

(metres) 

COAL 
SEAM 
THICK 
(feet) 

COAL 
SEAM  
THICK 

(metres) 

GAS 
HEADSPACE 

INTERVAL 
(feet) 

GAS 
HEADSPACE 

INTERVAL 
(metres) 

GAS 
HEADSPACE 

% 

           

SEAM 4 STAGE 4 9,385 9,390 2,860.5 2,862.1 22 6.7 5 1.6 22.7 

           

SEAM 3 STAGE 3 9,473 9,489 2,887.4 2,892.2 32 9.8 16 4.8 50.0 

           

SEAM 2 STAGE 2 9,608 9,618 2,928.5 2,931.6 17 5.2 10 3.1 58.8 

           

SEAM 1 STAGE 1# 9,684 9,683 2,951.7 2,951.4 10 3.0 0 0.0 0.0 

           

TOTAL      81 24.7 31  9.5 38.3 

           

# No significant Fracture Network Gas Headspace Compartment - fully perforated to the roof of the target coal seam, 
and therefore most likely almost entirely filled with relatively stagnant flowback fluid. 

 
Table 5.4: Depth interval and height of the “Fracture Network Gas Headspace Compartments” at Moomba 77. 
These were formed as a consequence of Deep Coal Seams 2, 3, and 4 not being fully perforated to the roof of the 

seam. A buoyancy-driven “gas cap” existed above the uppermost perforations in each target coal seam. 

 

5.6.2 Fracture Network Flowback Fluid Sump Compartments 

 

For the four target coal seams combined, total Fracture Network Flowback Fluid Sump 

Compartment height (including Deep Coal Seam 1) was 50 feet (15.2 metres), representing 

61.7% of the total target coal seam thickness of 81 feet (24.7 metres) (Figure 5.11, and Table 

5.5). 
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The Fracture Network Flowback Fluid Sump Compartments are critical to the interpretation 

of Moomba 77 flowback behaviour, and are frequently discussed in Section 5.20. In particular, 

the “wellbore hydrostatic back-pressure and reservoir stress-dependent leak-off” of the 

relatively stagnant flowback fluid within them is postulated to be responsible for triggering the 

cyclical natural gas plunger lift effect introduced in Section 5.1. 

 

Moomba 77 - Fracture Network Flowback Fluid Sump Compartments 

TARGET 
COAL 
SEAM 

FRAC 
STAGE 

TOP 
PERF 
(feet) 

BASE 
COAL 
SEAM 
(feet) 

TOP 
PERF 

(metres) 

BASE 
COAL 
SEAM 

(metres) 

COAL 
SEAM 
THICK 
(feet) 

COAL 
SEAM 
THICK 

(metres) 

FLUID 
SUMP 

INTERVAL 
(feet) 

FLUID SUMP 
INTERVAL 
(metres) 

FLUID SUMP 
% 

           

SEAM 4 STAGE 4 9,390 9,407 2,862.1 2,867.3 22 6.7 17 5.2 77.3 

           

SEAM 3 STAGE 3 9,489 9,505 2,892.2 2,897.1 32 9.8 16 4.9 50.0 

           

SEAM 2 STAGE 2 9,618 9,625 2,931.6 2,933.7 17 5.2 7 2.1 41.2 

           

SEAM 1 STAGE 1# 9,683 9,694 2,951.4 2,954.7 10 3.0 10 3.0 100.0 

           

TOTAL      81 24.7 50 15.2 61.7 

           

# No significant Fracture Network Gas Headspace Compartment - fully perforated to the roof of the target coal seam, 
and therefore most likely almost entirely filled with relatively stagnant flowback fluid. 

 
Table 5.5: Depth interval and height of the “Fracture Network Flowback Fluid Sump Compartments” at Moomba 
77. These were formed as a consequence of Deep Coal Seams 2, 3, and 4 not being fully perforated to the roof of 

the seam. A gravity-segregated, relatively stagnant flowback fluid “sump” existed below the uppermost perforations 
in each target coal seam. 

 

5.6.3 Quantifying the Void Space Volume of the Fracture Network Gas and 

Flowback Fluid Compartments 

 

In Section 5.20.8.7, a novel technique is described that uses the cyclical “pressure pulses” of 

the natural gas plunger lift effect, introduced in Section 5.1, to directly quantify the combined 

void space volume of the Fracture Network Gas Headspace Compartments. From this, the 

combined void space volume of the Fracture Network Flowback Fluid Sump 

Compartments may be indirectly determined. The sum of these two volumes then provides 

an estimate of the void space volume of the entire fracture network GRV domain. 

 

The combined void space volume of the Fracture Network Gas Headspace Compartments 

is determined directly from the volume of hydrostatically compressed gas expelled to surface 

during a natural gas plunger lift cycle. The combined void space volume of the Fracture 

Network Flowback Fluid Sump Compartments cannot be measured in this manner because 

these compartments do not contain a significant amount of hydrostatically compressed gas, 

and therefore do not contribute to the natural gas plunger lift effect. Instead, a simple ratio 

extrapolation is applied, which is based on the relative vertical proportions of gas- and flowback 
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fluid-filled void space within the entire fracture network GRV domain (38.3% and 61.7% 

respectively), as indicated in Tables 5.4 and 5.5. 

 

Once the combined void space volume of the Fracture Network Gas Headspace 

Compartments has been determined from a natural gas plunger lift cycle, the combined void 

space volume of the Fracture Network Flowback Fluid Sump Compartments may be 

calculated using Equation 5.2: 

 

 

FNFFSCvoid = FNGHCvoid x (FNFFSCinterval / FNGHCinterval) ….. Equation 5.2 

 

 

where: 

 

1. FNFFSCvoid = The unknown combined void space volume of the Fracture Network 

Flowback Fluid Sump Compartments. 

 

2. FNGHCvoid = The known combined void space volume of the Fracture Network Gas 

Headspace Compartments, as directly measured from the natural gas plunger lift cycles. 

The method for determining this is described in Section 5.20.8.7. 

 

3. FNFFSCinterval = The known combined vertical extent of the Fracture Network Flowback 

Fluid Sump Compartments. 

 

                             = 50 feet (15.2 metres) from Table 5.5. 

 

4. FNGHCinterval = The known combined vertical extent of the Fracture Network Gas 

Headspace Compartments. 

 

                             = 31 feet (9.5 metres) from Table 5.4. 

 

Hence, the void space volume of the entire Moomba 77 fracture network GRV domain 

(GRVvoid), containing both headspace free gas and flowback sump fluid, is given by Equation 

5.3: 

 

 

GRVvoid = FNGHCvoid + FNFFSCvoid ….. Equation 5.3 

 

 

              = FNGHCvoid + (FNGHCvoid x (FNFFSCinterval / FNGHCinterval)) 
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              = FNGHCvoid + (FNGHCvoid x (50 / 31)) 

 

              = FNGHCvoid + (FNGHCvoid x 1.61) 

 

On this basis, the void space volume of the entire fracture network GRV domain, including 

both gas- and flowback fluid-filled regions, is 2.61 times larger than indicated by the volume of 

gas expelled to surface during a natural gas plunger lift cycle. 

 

5.7 Installation of a Production Tubing String 

 

On 22nd November, 2007, 25 days after the commencement of flowback, a 23/8-inch (60.325 

mm) OD, open-ended, packerless production tubing string was installed inside the 41/2-inch 

(114.3 mm) OD wellbore production casing string of Moomba 77, to a depth of 9,334.7 feet 

(2,845.2 metres). It terminated 55.3 feet (16.9 metres) above the uppermost perforations in the 

shallowest target coal seam (Deep Coal Seam 4). This is shown by the wellbore completion 

diagram in Figure 5.12. The resulting gas and flowback fluid distribution within the wellbore is 

clearly demonstrated. The objective was to permanently reduce the level of flowback fluid 

accumulating within the wellbore (i.e. hydrostatic back-pressure on the fracture network GRV 

domain) by increasing vertical gas flow velocity within the wellbore to above the minimum 

velocity required to lift flowback fluid up the wellbore to surface. It was anticipated that the 

increased production pressure drawdown would result in a higher overall gas flow rate, capable 

of continuously expelling flowback fluid to surface. 

 

The specifications of the production tubing string are as follows: 

 

23/8-inch (60.325 mm) OD, 1.995-inch ID, 4.7 ppf, J-55 EUE. 

 

Contrary to the standard practice for routine gas wells in the Cooper Basin, no down-hole 

packer was installed near the end of the production tubing string. Normally, a down-hole packer 

is used to isolate the annular space between the production tubing string and the wellbore 

production casing string. This protects the annulus from exposure to potentially corrosive 

flowback products, and harmful pressure variations. However, given the originally anticipated 

short time frame of the flowback operation, and low gas flow rate of the Moomba 77 trial, the 

down-hole packer was considered by completion engineers to be unnecessary. It was 

therefore omitted, so as to facilitate early retrieval of the production tubing string, should it have 

been required in another wellbore of higher priority. 
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Figure 5.12: The final wellbore completion configuration of Moomba 77 post-hydraulic fracture stimulation. On 

22nd November, 2007, 25 days after the commencement of flowback, an open-ended, packerless production tubing 
string was installed to a depth of 9,334.7 feet (2,845.2 metres). It terminated 55.3 feet (16.9 metres) above the 
uppermost perforations in the shallowest target coal seam (Deep Coal Seam 4). 
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Although the fully open end of the production tubing string was sufficient to allow the entry of 

produced gas, an additional entry point was provided by a 6.1-foot (1.9-metre) perforated “pup 

joint”. This was inserted 2.4 feet (0.7 metres) above the open end of the production tubing 

string. The uppermost perforations in the production tubing string were therefore located at a 

depth of 9,326.2 feet (2,842.6 metres). The purpose of the perforated pup joint was to 

moderate (or “baffle”) the spill of buoyancy-trapped gas within the headspace compartment of 

the production tubing string - wellbore production casing string annular space into the 

production tubing conduit. The continuous, stable, steady state gas flow through the small 

perforations in the pup joint minimised turbulent gas entry into the large open end of the 

production tubing string. It is likely that, during the base gas flow rate periods between the 

intermittent natural gas plunger lift events, all gas from within the annular space entered the 

pup joint perforations, while the open end of the production tubing string remained submerged 

within the wellbore production casing string flowback fluid sump column. This is clearly shown 

by Figure 5.12. 

 

The original purpose of the production tubing string was to increase vertical gas flow velocity 

within the wellbore to the point where it would continuously lift flowback fluid up the wellbore 

to surface on a long-term basis. The theoretical minimum gas flow rate required for this to 

occur within the 23/8-inch (60.325 mm) OD production tubing string was calculated to be 

approximately 0.4 MMscfd (11.3 Mscmd). Unfortunately, such a gas flow rate was never 

achieved on a sustained, quasi-steady state basis. Newly produced flowback fluid continued 

to accumulate within the wellbore during the base gas flow rate periods between the 

intermittent natural gas plunger lift events for the remainder of the long-term flowback. 

 

Significantly, despite the production tubing string not having achieved the desired “liquid-lifting” 

capability, the wellbore did experience an ongoing series of intermittent, high-rate, non-steady 

state gas flow rate events, overprinted upon the otherwise low, stable, background, quasi-

steady state base gas flow rate. These events were not generated by the “velocity string effect” 

provided by the production tubing string. The relatively brief, high gas flow rate events easily 

exceeded the minimum gas flow rate required to lift flowback fluid up the wellbore to surface, 

and hence efficiently de-watered the production tubing string, albeit on an intermittent basis. 

 

The two types of intermittent, high gas flow rate events experienced at Moomba 77 were: 

 

1. “Natural surge events”. 

 

These represented the natural gas plunger lift “pressure pulses”, introduced in Section 

5.1, that occurred without any deliberate mechanical influence, throughout the long-term 

flowback. The “natural surge events” are characterised in detail in Section 5.20. 
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2. “Forced wellbore pressure BDTA events”. 

 

These occurred only as a consequence of deliberate mechanical influence, when the 

wellbore was opened to flow, following wellbore shut-in periods. The “forced wellbore 

pressure BDTA events” are characterised in Section 5.22. For simplicity, these will 

henceforth be referred to as “wellbore pressure BDTA events” by default. 

 

Such periods of significantly elevated gas flow rate, and rapid flowback fluid expulsion from 

the wellbore to surface, were relatively brief compared to the overall duration of the flowback, 

and therefore did not permanently eliminate flowback fluid accumulation within the wellbore. 

However, serendipitously, the pressure signature generated by each of the high gas flow rate 

events provided a real-time “snapshot” of fracture network GRV domain characteristics that, 

when compared to the other high gas flow rate events in a time-lapse manner, provided 

detailed insight into dynamic reservoir behaviour of the fracture network GRV domain during 

gas production. 

 

After approximately 17 weeks of relatively uninterrupted flowback to atmosphere that followed 

installation of the production tubing string (Section 5.12, and Figures 5.17 and 5.18), a 

production log (Section 5.13.1, and Figure 5.19) and a Modified Isochronal Test (Section 

5.14, and Figure 5.18) were conducted. 

 

5.8 Wellbore Gas and Flowback Fluid Compartments 

 

The installation of the open-ended production tubing string, without a down-hole packer, 

combined with the low, stable, background, quasi-steady state base gas flow rate that 

prevailed between the intermittent natural surge events, the wellbore shut-in periods, and the 

wellbore pressure BDTA events, meant that, similar to the fracture network GRV domains of 

Deep Coal Seams 2, 3, and 4, the wellbore production casing string also developed a gas 

headspace compartment (Section 5.8.1) and a flowback fluid sump compartment (Section 

5.8.2), separated by a gas spill-point-induced gas-fluid contact. Both of these wellbore 

compartments were critical to the interpretation of Moomba 77 flowback behaviour, and are 

frequently discussed in Section 5.20. 

 

Figure 5.13 shows the gas and flowback fluid compartments within the Moomba 77 wellbore 

production casing string, and provides an indication of their size. 

 

5.8.1 Annulus Gas Headspace Compartment 

 

As a consequence of there being no down-hole packer near the end of the production tubing 

string, the annular space between the small-OD production tubing string and the large-ID 
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wellbore production casing string (henceforth termed “The Annulus”) was closed at the 

wellhead and open down-hole (Figure 5.13). This created a single, open-ended compartment, 

9,326.2 feet (2,842.6 metres) long, and having a physical volume of 495 ft3 (14.0 m3). The 

Annulus was in direct pressure communication with the remainder of the wellbore, and hence 

the four fracture network GRV domains too. During the long periods of low, stable, background, 

quasi-steady state base gas flow rate that dominated the flowback, the open-ended 

compartment of The Annulus filled with gas, and this displaced any flowback fluid within it 

downwards in response to the buoyancy effect. Excess gas then spilled from The Annulus 

into the uppermost perforations in the perforated pup joint, located near the end of the 

production tubing string, at a depth of 9,326.2 feet (2,842.6 metres). The large, gas-filled 

annular space, extending all of the way to the wellhead, played an important role in flowback 

interpretation, and is henceforth termed the “Annulus Gas Headspace Compartment” 

(Figure 5.13). This relatively static “wellbore gas cap” volume represented significant wellbore 

storage that contributed to the surface gas volume of all natural surge events, albeit in a 

decreasing proportion over flowback time. 

 

5.8.2 Production Casing Flowback Fluid Sump Compartment 

 

Immediately below, and in direct contact with, the Annulus Gas Headspace Compartment, 

was a relatively stagnant flowback fluid column within the remainder of the wellbore production 

casing string, henceforth termed the “Production Casing Flowback Fluid Sump 

Compartment” (Figure 5.13). This occupied the remaining 615.8 feet (187.7 metres) of the 

wellbore production casing string, extending to the PBTD. At its top, a persistent gas-fluid 

contact was maintained at the spill-point of the Annulus Gas Headspace Compartment, 63.8 

feet (19.4 metres) above the level of the uppermost wellbore production casing string 

perforations for Deep Coal Seam 4, at 9,390 feet (2,862.1 metres). 

 

The physical volume of the Production Casing Flowback Fluid Sump Compartment was 

51.6 ft3 (1.46 m3). 

 

5.8.3 Gas and Flowback Fluid Dynamics within the Wellbore Compartments 

 

During the long periods of low, stable, background, quasi-steady state base gas flow rate that 

dominated the flowback of Moomba 77, all gas entering the wellbore from the four submerged 

target coal seams percolated upwards, in a bubble gas flow regime, through the relatively 

stagnant Production Casing Flowback Fluid Sump Compartment, before entering the 

production tubing string. Gas entry into the production tubing string was both direct (through 

the open end), in the form of isolated bubbles from the Production Casing Flowback Fluid 

Sump Compartment, and indirect (through the pup joint perforations), by delayed spill-

displacement from the continuous gas phase trapped within the Annulus Gas Headspace 
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Compartment. The latter, indirect gas entry mechanism was dominant during the base gas 

flow rate periods. Substantial gas entry into the open end of the production tubing string 

occurred only during the high gas flow rate natural surge events, and wellbore pressure BDTA 

events, when the dynamic gas storage capacity of the Annulus Gas Headspace 

Compartment became overwhelmed. 

 

For most of the long-term flowback, the Production Casing Flowback Fluid Sump 

Compartment was relatively stagnant. The only exceptions were the following: 

 

1. During wellbore shut-in periods, when the wellbore sump fluid slowly “back-flowed” into the 

fracture network GRV domain, so as to maintain hydrodynamic pressure equilibrium. 

 

2. During the intermittent, high gas flow rate wellbore pressure BDTA events, introduced in 

Section 5.7. On these occasions, accumulated flowback fluid within the interval of the 

Production Casing Flowback Fluid Sump Compartment above the lowest perforations 

in Deep Coal Seam 1 was mostly expelled to surface. This is well demonstrated by a 

production log that was acquired immediately after a large wellbore pressure BDTA event 

on 24th July, 2012 (Section 5.13.2, and Figure 5.20). Upon declining to the low, stable, 

background, quasi-steady state base gas flow rate (approximately 28 days later), the 

Production Casing Flowback Fluid Sump Compartment slowly re-filled with newly 

expelled flowback fluid emanating from the perforations in Deep Coal Seams 1, 2, 3, and 

4. 

 

In both of these circumstances, the wellbore conduit became almost entirely free of 

accumulated flowback fluid. 

 

The smaller, cyclical natural surge events (to be described in detail in Section 5.20) did not 

have a sufficiently long peak gas flow rate period to expel significant amounts of accumulated 

flowback fluid from within the large-ID wellbore production casing string. Hence, the fluid level 

of the Production Casing Flowback Fluid Sump Compartment remained relatively 

unchanged. 

 

During the low, stable, background, quasi-steady state base gas flow rate periods between the 

intermittent natural surge events, and the wellbore pressure BDTA events, when the vertical 

gas flow velocity within the production tubing string was insufficient to lift flowback fluid up the 

wellbore to surface, flowback fluid entering the wellbore, in excess of the Production Casing 

Flowback Fluid Sump Compartment volume, could not enter the Annulus Gas Headspace 

Compartment because this void space was already filled with the more buoyant gas phase. 

Instead, the flowback fluid was displaced by spill into the production tubing string, where it 

slowly accumulated as a continuous flowback fluid column that gradually rose towards surface. 
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This liquid loading process generated a steadily increasing hydrostatic back-pressure on the 

Annulus Gas Headspace Compartment, and hydrostatically compressed the gas within it. 

The gas-fluid contact located at the base of The Annulus could not move upwards into the 

blanked-off Annulus Gas Headspace Compartment, as a consequence of gas compression, 

because additional produced gas continued to “fill-and-spill” from it. Hence, gas bubbles 

displaced from The Annulus Gas Headspace Compartment constantly entered the 

production tubing string, via the pup joint perforations, where they then percolated upwards, in 

a bubble gas flow regime, through the slowly rising column of flowback fluid accumulating 

within it. Owing to the overpressured reservoir condition of the target coal seams, gas was 

continuously produced to surface in this quasi-steady state manner, independent of the 

amount of hydrostatic back-pressure exerted by flowback fluid accumulating within the 

production tubing string. 
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Figure 5.13: The absence of a down-hole packer near the end of the 23/8-inch (60.325 mm) OD production tubing 
string of Moomba 77 created an “Annulus Gas Headspace Compartment” (i.e. “wellbore gas cap”) within the 

annular space between the production tubing string and the wellbore production casing string. A corresponding 
“Production Casing Flowback Fluid Sump Compartment” formed within the remainder of the wellbore production 
casing string, extending to the plugged-back total depth (PBTD). The two compartments were separated by a 

persistent gas-fluid contact, coincident with the uppermost perforations in the “pup joint” of the production tubing 
string. 
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5.9 Manometer-like Hydrodynamic Behaviour of the Wellbore and Fracture 

Network Systems 

 

The production tubing string of Moomba 77 did not achieve the original commercial objective 

of increasing vertical gas flow velocity within the wellbore to above that required to continuously 

lift flowback fluid up the wellbore to surface on a long-term basis. Nevertheless, it did play an 

important alternative role that instead improved the understanding of dynamic reservoir 

behaviour of the fracture network GRV domain during gas production. 

 

The rising hydrostatic column of flowback fluid accumulating within the production tubing string 

exerted a dynamic “U-tube” back-pressure on the Annulus Gas Headspace Compartment. 

The Fracture Network Gas Headspace Compartments also experienced this hydrostatic 

back-pressure, since they were in hydraulic pressure communication with the production 

tubing string via the intervening Production Casing Flowback Fluid Sump Compartment 

(Figure 5.13). The Wellhead Annulus Pressure gauge was therefore capable of remotely 

performing the role of a “virtual” permanent down-hole pressure gauge (Section 5.10). Hence, 

a novel, surface-based technique for continuously monitoring the characteristics of isolated 

fracture network domains emerged that was used to detect dynamic reservoir behaviour of the 

Moomba 77 fracture network GRV domain during gas production. In essence, the multiple, 

hydrodynamically linked gas headspace compartments of the wellbore conduit and the fracture 

network GRV domain, compressed by the hydrostatic column of accumulated flowback fluid 

within the production tubing string, collectively functioned as a large, dynamic, multi-

component, “open-ended flowing manometer” system. The basic concept is demonstrated by 

Figure 5.14. This meant that standard principles of manometry could be applied to accurately 

calculate fracture network GRV domain pressure from Wellhead Annulus Pressure over the 

long-term flowback. However, this was only possible during stable, base gas flow rate periods, 

when the gas flow rate remained below the minimum rate required to lift flowback fluid up the 

wellbore to surface, and the wellbore conduit - fracture network GRV domain system was in 

quasi-steady state dynamic flowing pressure equilibrium. 
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Figure 5.14: The concept of an “open-ended flowing manometer”, as applied to the gas and flowback fluid dynamics 
of the Moomba 77 wellbore conduit - fracture network GRV domain system. 

 

As will be appreciated later, in Section 5.20.8, the open-ended flowing manometer-like 

hydrodynamic behaviour of the Moomba 77 wellbore completion configuration allowed 

changes in the size, fracture / fabric face surface area, and permeability of the fracture network 

GRV domain to be detected in a semi-quantitative, time-lapse manner over flowback time. This 

information was then used as the basis for testing The Hypothesis in Chapter 4. 

 

The Moomba 77 multi-component, open-ended flowing manometer system consisted of two 

“manometer sub-systems”. These are: 

 

1. The Annulus Manometer sub-system. 

 

2. The Fracture Network Manometer sub-system. 

 

These are described in Sections 5.9.1 and 5.9.2 respectively. 

 

The overall configuration is shown in Figure 5.15. 

 

The two manometer sub-systems were hydrodynamically linked by the continuous flowback 

fluid phase within the Production Casing Flowback Fluid Sump Compartment. Pressure 

variations within all manometer compartments were synchronised, as a consequence of being 

controlled exclusively by the variable hydrostatic column of flowback fluid accumulating within 

the production tubing string. The multi-component, open-ended flowing manometer system is 
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fundamental to understanding the natural gas plunger lift flowback behaviour of the Moomba 

77 wellbore, and interpreting its geological significance. 

 

 

Figure 5.15: The combined, hydrodynamically linked, open-ended flowing Annulus Manometer and Fracture 
Network Manometer sub-systems at Moomba 77. 

 

5.9.1 Annulus Manometer Sub-system 

 

The Annulus Manometer sub-system (Figure 5.15) was formed by a hydrodynamic U-tube 

interaction between the rising hydrostatic column of flowback fluid accumulating within the 

production tubing string and hydrostatically compressed gas spilling from within the Annulus 

Gas Headspace Compartment (Section 5.8.1, and Figure 5.13). 

 

Provided the wellbore was not shut in, gas flowed continuously through the Annulus 

Manometer sub-system, so it may be classified as an “open-ended, flowing, quasi-steady 

state system”. 

 

The Annulus Manometer “Axis”, where excess produced gas accumulating within the 

Annulus Gas Headspace Compartment spilled into the production tubing string, was located 

at the gas-fluid contact coincident with the uppermost perforations in the pup joint of the 

production tubing string. 
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From a practical perspective, the Annulus Manometer sub-system enabled the Wellhead 

Annulus Pressure gauge to remotely perform the role of a “virtual” permanent down-hole 

pressure gauge, provided the gas flow rate remained below the minimum rate required to lift 

flowback fluid up the wellbore to surface, and the wellbore conduit - fracture network GRV 

domain system was in quasi-steady state dynamic flowing pressure equilibrium. Wellhead 

Annulus Pressure was a direct measure of the hydrostatic back-pressure exerted on the 

Annulus Gas Headspace Compartment by the slowly rising column of flowback fluid 

accumulating within the production tubing string. Hence, the pressure at any level within the 

wellbore conduit - fracture network GRV domain system could be accurately calculated, based 

on its vertical location relative to the total wellbore flowback fluid hydrostatic column. This 

allowed the continuous, accurate measurement of fracture network GRV domain pressure 

during the periods of low, stable, background, quasi-steady state base gas flow rate between 

the intermittent natural surge events, the wellbore shut-in periods, and the wellbore pressure 

BDTA events. 

 

5.9.2 Fracture Network Manometer Sub-system 

 

The Fracture Network Manometer sub-system (Figure 5.15) was formed by a hydrodynamic 

U-tube interaction between the rising hydrostatic column of flowback fluid accumulating within 

the combined production tubing string - wellbore production casing string conduits and 

hydrostatically compressed gas spilling from within the Fracture Network Gas Headspace 

Compartments (Section 5.6.1, and Figure 5.11). 

 

Provided the wellbore was not shut in, gas flowed continuously through the Fracture Network 

Manometer sub-system, so it may be classified as an “open-ended, flowing, quasi-steady 

state system”. 

 

There were three separate Fracture Network Manometer sub-systems, one for each of Deep 

Coal Seams 2, 3, and 4. All were hydrodynamically linked by the continuous flowback fluid 

phase within the Production Casing Flowback Fluid Sump Compartment. Deep Coal 

Seam 1 did not constitute an active Fracture Network Manometer sub-system because it 

was fully perforated to the roof of the seam, and was therefore most likely almost entirely filled 

with flowback fluid on a permanent basis. 

 

The Fracture Network Manometer “Axis” for each target coal seam sub-system, where 

excess produced gas accumulating within its Fracture Network Gas Headspace 

Compartment spilled into the Production Casing Flowback Fluid Sump Compartment, 

was located at the gas-fluid contact coincident with its uppermost perforations in the wellbore 

production casing string. 
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From a practical perspective, the Fracture Network Manometer sub-system, being 

hydrodynamically linked to the Annulus Manometer sub-system, allowed fracture network 

GRV domain pressure to be measured by the surface Wellhead Annulus Pressure gauge. It 

was also primarily responsible for initiating the cyclical natural surge events, introduced in 

Sections 5.1 and 5.7, and contributing to the natural surge event gas volume. 

 

5.10 Flowback Pressure Monitoring 

 

Surface and down-hole pressure measurements were recorded continuously at Moomba 77 

over most of the long-term flowback. The surface data were acquired directly from the 

wellhead, as described in Section 5.10.1. The down-hole data were derived from the surface 

data using the novel method described in Section 5.10.2. 

 

5.10.1 Wellbore Pressure Monitoring 

 

On 12th November, 2007 (approximately 2 weeks after the commencement of flowback), the 

Moomba 77 wellhead was connected to a portable, trailer-mounted, self-contained, solar-

powered wellsite data capture and telemetry device, referred to as a “Portable Remote 

Operations Controller” (PortaROC) (Figure 5.16). This data logger enabled flowback pressure 

data to be continuously recorded at a high sample rate, and transmitted wirelessly to off-site 

locations in real time. Prior to this, pressure data were recorded manually, and on a 

discontinuous basis. 

 

Two standard wellbore pressure parameters were continuously recorded by the PortaROC 

system, at a 10-minute sample interval, for the remainder of the long-term flowback. These 

are: 

 

1. Tubing Head Pressure (THP) 

 

This is the pressure within the production tubing string at surface. The measurement point 

was at a gauge located on the tubing flowline emanating from the wellhead, immediately 

upstream of a manual needle valve surface flow choke (Figure 5.16). When the wellbore 

was flowing, the term “Flowing Tubing Head Pressure” (FTHP) applied. When the 

wellbore was shut in, the term “Shut-in Tubing Head Pressure” (SITHP) applied. THP 

data recording commenced on 12th November, 2007, approximately 2 weeks after the 

commencement of flowback. 

 

2. Wellhead Annulus Pressure (WAP) 
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This is the pressure at the top of the Annulus Gas Headspace Compartment. The 

measurement point was at a gauge located directly on the wellhead annulus (Figure 5.16). 

Wellhead Annulus Pressure data recording commenced on 3rd April, 2008, 

approximately 5 months after the commencement of flowback. 

 

 

Figure 5.16: The Moomba 77 “Portable Remote Operations Controller” (PortaROC) system, a portable, trailer-
mounted, self-contained, solar-powered wellsite data capture and telemetry device that recorded Tubing Head 
Pressure (THP) and Wellhead Annulus Pressure (WAP) at a 10-minute sample interval for most of the long-term 

flowback, from 12th November, 2007 to 22nd April, 2016, a period of approximately 81/2 years. 

 

5.10.2 Fracture Network GRV Domain Pressure Monitoring 

 

Measuring reservoir pressure during production normally requires the use of some form of 

down-hole pressure gauge system, either temporary, or permanent. These systems may be 

quite sophisticated, to the point where permanently mounted pressure sensors at specific 

locations within a wellbore enable the use of “smart wellbore technology” for optimising 

wellbore production performance, or wellbore integrity maintenance. However, owing to a 

variety of limiting factors, such as cost, inconvenience, battery life, and hostile wellbore 

conditions, the use of down-hole pressure gauge systems is not widespread, and is generally 

the exception rather than the rule. 

 

At Moomba 77, fracture network GRV domain pressure was monitored continuously, for 

approximately 81/2 years, without the use of a down-hole pressure gauge system. Remote 

measurement from surface was possible because the dynamic, open-ended flowing 

manometer-like hydrodynamic behaviour of the wellbore completion configuration enabled 
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down-hole pressure to be accurately calculated from Wellhead Annulus Pressure (Section 

5.9.1). 

 

During periods of low, stable, background, quasi-steady state base gas flow rate, which was 

applicable to most of the flowback, the slowly accumulating column of flowback fluid within the 

production tubing string exerted an increasing hydrostatic back-pressure on both the Annulus 

Gas Headspace Compartment of the Annulus Manometer sub-system and the Fracture 

Network Gas Headspace Compartments of the Fracture Network Manometer sub-system. 

Pressure within each of the four target coal seam fracture network GRV domains was 

calculated, while reasonably assuming negligible flowing friction pressure within the wellbore 

conduit during the base gas flow rate periods between the intermittent natural surge events, 

the wellbore shut-in periods, and the wellbore pressure BDTA events, by summing the 

following wellbore back-pressure components: 

 

1. The variable hydrostatic pressure head of accumulated flowback fluid within the production 

tubing string, as measured by Wellhead Annulus Pressure. 

 

2. The variable pressure head of gas within the Annulus Gas Headspace Compartment. 

 

This varied continuously, with changing hydrostatic back-pressure, and hence changing 

static gas gradient, in proportion to the height of the flowback fluid column present within 

the production tubing string. 

 

3. The constant hydrostatic pressure head of accumulated flowback fluid within the 

Production Casing Flowback Fluid Sump Compartment, within the interval above the 

level of the uppermost perforations in the target coal seam. 

 

For each target coal seam, the hydrostatic pressure head of accumulated flowback fluid 

within the overlying sub-interval of the Production Casing Flowback Fluid Sump 

Compartment is calculated by multiplying the height of the sub-interval (from Figure 5.13) 

by the flowback fluid hydrostatic gradient (0.433 psi / ft): 

 

Deep Coal Seam 1 = 154 psi (1,060 kPa) 

i.e. 356.8-foot hydrostatic head sub-interval x 0.433 psi / ft. 

 

Deep Coal Seam 2 = 126 psi (870 kPa) 

i.e. 291.8-foot hydrostatic head sub-interval x 0.433 psi / ft. 

 

Deep Coal Seam 3 = 70 psi (480 kPa) 

i.e. 162.8-foot hydrostatic head sub-interval x 0.433 psi / ft. 
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Deep Coal Seam 4 = 28 psi (190 kPa) 

i.e. 63.8-foot hydrostatic head sub-interval x 0.433 psi / ft. 

 

The interpretation of Moomba 77 flowback behaviour was greatly enhanced by the availability 

of this permanent means of accurately measuring fracture network GRV domain pressure 

during stable flowback periods, when the gas flow rate remained below the minimum rate 

required to lift flowback fluid up the wellbore to surface. This is considered to be a new, albeit 

“special case”, technique for continuously monitoring the pressure of an isolated fracture 

network SRV (or GRV) domain on a long-term basis. Without it, the unusual dynamic reservoir 

behaviour of the Moomba 77 deep coal seams during gas production would not have been as 

clearly recognised. 

 

5.11 Gas Flow Rate Calculation 

 

Gas flow pressure (FTHP) at Moomba 77 was measured through a manual needle valve 

surface flow choke. 

 

All gas flow rates quoted in this Chapter are based on the standard gas flow rate equation (for 

a needle valve flow choke) used by Santos Limited, the project operator of Moomba 77. The 

equation is as follows: 

 

 

Q = (C x FTHP x 19.94) / √ (SG x T) ….. Equation 5.4 

 

 

where: 

 

Q is the gas flow rate in Mscfd. 

 

C is the needle valve choke constant, which is given by the following equation: 

 

 

C = 0.0048 x (needle valve choke size in 64ths-inch)2.00619 ….. Equation 5.5 

 

 

For the 32/64-inch needle valve choke setting used for most of the Moomba 77 flowback, C = 

5.02. 

 

FTHP is the Flowing Tubing Head Pressure (psi). 
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SG is the specific gas gravity, relative to air. 

 

For Moomba 77, SG = 0.78 (air = 1.00). 

 

T = Flowing wellhead temperature (in degrees Rankine). 

 

For Moomba 77, T = 535 °R (75 °F, 24 °C). 

 

This gas flow rate equation is effectively the standard critical flow equation for gas flow through 

a valve or orifice, with the coefficients modified for Cooper Basin field units. 

 

5.12 First 5 Months of Flowback 

 

Figures 5.17 and 5.18 show the complex flowback operations at Moomba 77 during the first 

5 months after hydraulic fracture stimulation treatment, from 28th October, 2007 to 3rd April, 

2008. A low-rate gas flow prevailed that remained below the minimum rate required to lift 

flowback fluid up the wellbore to surface. No produced formation water was ever detected. 

Note that only Tubing Head Pressure (THP) was available at this stage of the flowback 

operation. Pressure data acquisition was intermittent, and mainly in the form of manual spot 

readings. Frequent operational disturbances meant that a steady state gas flow rate could not 

be achieved. Hence, much of this unstable early flowback period was of minimal benefit to the 

interpretation of reservoir behaviour during gas production. A summary list of the operational 

disturbances, in approximate order of occurrence, is as follows: 

 

1. De-watering of the wellbore with compressed nitrogen using a coiled tubing string. 

 

2. The introduction of foam-inducing “soap sticks”, so as to de-water the wellbore. 

 

3. Cyclical wellbore shut-in and pressure BDTA events, so as to de-water the wellbore. 

 

4. Regular changes to the manual needle valve surface flow choke setting, in an attempt to 

increase the gas flow rate, so as to de-water the wellbore. 

 

5. Wellbore maintenance, which involved shutting in the wellbore. 

 

6. Production logging. 

 

7. The installation of a production tubing string. 
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8. A Modified Isochronal Test programme. 

 

9. Gas separator flow testing. 
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Figure 5.17: The first 5 months of flowback at Moomba 77, from 28th October, 2007 to 3rd April, 2008. A low-rate 

gas flow prevailed that remained below the minimum rate required to lift flowback fluid up the wellbore to surface. 
No produced formation water was ever detected. Note that only Tubing Head Pressure (THP) was available at 

this stage of the flowback operation. Frequent operational disturbances meant that a steady state gas flow rate 
could not be achieved. Hence, much of this unstable early flowback period was of minimal benefit to the 
interpretation of reservoir behaviour during gas production. 

 

 

Figure 5.18: The fifth month of flowback at Moomba 77, from 29th February, 2008 to 3rd April, 2008. Multiple 

attempts at expelling flowback fluid from within the wellbore by wellbore pressure “blow-down to atmosphere” 
(BDTA) events, and with nitrogen lift, failed to elevate the gas flow rate to above the minimum rate required to lift 
flowback fluid up the wellbore to surface. The first of two production logs (MPLT) was acquired, followed by a 
Modified Isochronal Test (Guo and Ghalambor, 2014). The wellbore was subsequently shut in for 1 week, and 

then opened to long-term, unassisted flowback to atmosphere on 3rd April, 2008, on a constant 32/64-inch manual 
needle valve surface flow choke setting, with significantly reduced operational disturbances, in an experimental 
attempt to detect dynamic reservoir behaviour during gas production. 
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5.13 Production Logging 

 

Two wireline production logs were acquired at Moomba 77, in 2008 and 2012 respectively. 

 

The production logs were not acquired to quantify the wellbore’s stable, background, quasi-

steady state base gas flow rate, which was too low for the purpose. Instead, the main objective 

was to establish the relative flow rate capacity of each target coal seam, as well as down-hole 

conditions, such as flow temperature, flow pressure, mineral scale accumulation, wellbore 

production casing string damage, and the level of accumulated flowback fluid within the 

wellbore. To achieve a reliable flow measurement response on the production logging tool 

“flow spinner”, both of the production logs were acquired shortly after the initiation of wellbore 

pressure BDTA events that followed extended wellbore shut-in periods. Hence, the gas flow 

rates measured were not representative of the wellbore’s long-term low, stable, background, 

quasi-steady state base gas flow rate. 

 

5.13.1 First Production Log in 2008 

 

The first wireline production log was acquired on 16th March, 2008, 41/2 months after the 

commencement of flowback (Figure 5.19). 

 

Prior to the survey, the wellbore had been shut in for 14 hours. In that time, the SITHP reached 

728 psi (5,020 kPa). 

 

The flowing production logging survey commenced shortly after opening the wellbore to 

atmosphere on a 64/64-inch manual needle valve surface choke setting. All of the wellbore 

storage, and a small proportion of the fracture network storage, had been dissipated. 

 

The FTHP at the commencement of the production logging survey was 50 psi (340 kPa) on a 

64/64-inch manual needle valve surface flow choke setting, which is equivalent to a gas flow 

rate of 1.0 MMscfd (28.3 Mscmd). This declined to 20 psi (140 kPa), or 0.4 MMscfd (11.3 

Mscmd), by the end of the survey, as additional fracture network storage was dissipated. 

 

Both up- and down-log flowing surveys were performed, as is customary. These indicated all 

four target coal seams to be flowing gas to surface. The uppermost target coal seam (Deep 

Coal Seam 4) was clearly the dominant contributor. However, owing to excessive co-produced 

flowback fluid, the data could not be fully interpreted to the point of reliably quantifying the 

relative gas flow rate contributions of the other target coal seams. 

 

The maximum recorded temperature over the target coal seam interval during the survey was 

349 °F (176 °C). Based on a mean surface temperature datum of 70 °F (21 °C), this represents 
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a geothermal gradient of 2.87 °F / 100 feet (5.23 °C / 100 metres), which is quite high compared 

to many other basins worldwide. This is likely to be caused primarily by the Carboniferous 

radiogenic granodiorite basement that directly underlies the Permian coal measures of the 

Moomba Field domal anticline. 

 

Pronounced adiabatic cooling (i.e. gas expansion) effects were evident adjacent to all 

perforated zones in the wellbore production casing string, indicating high near-wellbore 

pressure loss. 

 

Mineral scale accumulation on the inner wall of the wellbore production casing string, 

recognised by its high gamma ray log response, was identified adjacent to the perforations in 

all four target coal seams. 

 

Wellbore production casing string damage was evident adjacent to Deep Coal Seams 2 and 

3, at a depth of 9,618 feet (2,931.6 metres) and 9,500 feet (2,895.6 metres) respectively. 

Interestingly, Deep Coal Seams 2 and 3 were the hydra-jetted zones, whereas Deep Coal 

Seams 1 and 4 were the zones perforated with conventional gun arrays. 

 

The wellbore production casing string damage, together with the mineral scale accumulation, 

caused the production logging tool “flow spinner” cage to close temporarily as it passed through 

these zones. The impact on the gas flow rate is unclear. 
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Figure 5.19: The first Moomba 77 wireline production log that was acquired on 16th March, 2008 (down-log with 

the wellbore flowing), approximately 41/2 months after the commencement of flowback. This shows all four target 
coal seams to be flowing gas. The uppermost target coal seam (Fracture Stimulation Stage 4) was the dominant 

contributor. Note the presence of mineral scale accumulation on the inner wall of the wellbore production casing 
string adjacent to all perforated zones, as indicated by the high gamma ray log response. Wellbore production 
casing string damage was also evident adjacent to Deep Coal Seams 2 and 3, at a depth of 9,618 feet (2,931.6 

metres) and 9,500 feet (2,895.6 metres) respectively. 

 

5.13.2 Second Production Log in 2012 

 

The second, and final, wireline production log was acquired on 25th July, 2012, 4 years and 9 

months after the commencement of flowback (Figure 5.20). On this occasion, flowback fluid-

free gas flow data were obtained, which allowed a detailed quantitative interpretation to be 

performed. 

 

Prior to the survey, the wellbore had been shut in for 250 days. In that time, the SITHP reached 

2,500 psi (17,240 kPa). 

 

The flowing production logging survey commenced 19 hours after opening the wellbore to 

atmosphere on a 64/64-inch manual needle valve surface choke setting. All of the wellbore 

storage, and a significant proportion of the fracture network storage, had been dissipated. The 

gas flow rate from the fracture network GRV domain had declined from an initial production 
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rate (IP) of 12.0 MMscfd / 340.0 Mscmd (605 psi / 4,170 kPa on a 64/64-inch manual needle 

valve surface flow choke setting) to approximately 0.8 MMscfd / 22.7 Mscmd (157 psi / 1,080 

kPa on a 32/64-inch manual needle valve surface flow choke setting). No flowback fluid was 

being expelled to surface at the time of the production logging survey. 

 

The relative gas flow rate contributions of Deep Coal Seams 1, 2, 3, and 4 were 8%, 28%, 

28%, and 36% respectively. 

 

The maximum recorded temperature over the target coal seam interval during the survey was 

351 °F (177 °C). Based on a mean surface temperature datum of 70 °F (21 °C), this represents 

a geothermal gradient of 2.89 °F / 100 feet (5.27 °C / 100 metres). 

 

Pronounced adiabatic cooling (i.e. gas expansion) effects were again evident adjacent to all 

perforated zones in the wellbore production casing string, indicating high near-wellbore 

pressure loss. 

 

Mineral scale accumulation on the inner wall of the wellbore production casing string, 

recognised by its high gamma ray log response was, as with the 2008 production log, still 

present adjacent to the perforations in all four target coal seams. 

 

Wellbore production casing string damage was again evident adjacent to Deep Coal Seams 

2 and 3, at a depth of 9,618 feet (2,931.6 metres) and 9,500 feet (2,895.6 metres) respectively. 

 

The wellbore production casing string damage, together with the mineral scale accumulation, 

again caused the production logging tool “flow spinner” cage to close temporarily as it passed 

through these zones. The very high gas flow rate achieved from the fracture network GRV 

domain, during the wellbore pressure BDTA event that immediately preceded the survey, 

suggested that there was minimal obstruction to gas flow within the wellbore. 

 

Capacitance and fluid density readings indicated that almost all of the wellbore’s previously 

accumulated flowback fluid within the Production Casing Flowback Fluid Sump 

Compartment had been evacuated to surface by the preceding high gas flow rate wellbore 

pressure BDTA event. The flowback fluid level was now located at 9,662 feet (2,944.9 metres), 

21 feet (6.4 metres) above the level of the uppermost perforations in Deep Coal Seam 1, and 

only 280 feet (85.3 metres) short of the wellbore plugged-back total depth (PBTD). Gas 

bubbling through the top of the flowback fluid column resulted in an unstable “flow spinner” 

response at this location. This has been highlighted in Figure 5.20. At this depth within the 

wellbore, flow pressure and temperature were recorded to be 341 psi (2,350 kPa) and 350 °F 

(177 °C) respectively. 
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Figure 5.20: The second, and final, Moomba 77 wireline production log that was acquired on 25th July, 2012 

(down-log with the wellbore flowing), approximately 4 years and 9 months after the commencement of flowback. 
This shows all four target coal seams to be flowing gas. The uppermost target coal seam (Fracture Stimulation 
Stage 4) was the dominant contributor, generating 36% of the flow. As a consequence of the preceding high gas 
flow rate wellbore pressure “blow-down to atmosphere” (BDTA) event, the wellbore was almost entirely evacuated 
of its previously accumulated flowback fluid, the level now being detected 21 feet (6.4 metres) above Deep Coal 
Seam 1, only 280 feet (85.3 metres) short of the wellbore plugged-back total depth (PBTD). 

 

5.14 Modified Isochronal Test 

 

A Modified Isochronal Test (Guo and Ghalambor, 2014) was performed over a 4-day period, 

from 19th to 22nd March, 2008, commencing 2 days after the first wireline production log 

(Section 5.13.1, and Figure 5.19). This consisted of a series of four 1-day wellbore shut-in 

and pressure BDTA cycles from a consistent initial SITHP of approximately 1,250 psi (8,620 

kPa) on a 32/64-inch manual needle valve surface flow choke setting (Figure 5.18). Despite 

being a prominent feature of the Moomba 77 flowback pressure profile, the test sensu stricto 

does not have a material impact on the testing of The Hypothesis in Chapter 4, and is 

therefore not discussed further. 

 

5.15 Long-term 81/2-year Flowback 

 

Owing to the wellbore’s sub-commercial gas flow rate after the hydraulic fracture stimulation 

trial, Moomba 77 was not connected to the Moomba Plant gas gathering system for production 

purposes. Instead, it was dedicated exclusively to the role of data gathering and 

experimentation, generating a high-quality, high-resolution, long-term flowback dataset, 

specifically for the purpose of understanding deep coal reservoir behaviour during gas 
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production. Hence, on 3rd April, 2008, Moomba 77 was placed on long-term, unassisted 

flowback to atmosphere, with significantly reduced operational disturbances. It was anticipated 

that this would reveal the suspected dynamic reservoir behaviour. The long-term, stable 

flowback commenced immediately after a 1-week wellbore shut-in period that followed the 

Modified Isochronal Test programme (Figure 5.18). Unassisted flowback to the flare pit, at 

constant atmospheric pressure drawdown, was allowed to continue for a further 8 years. This 

soon had the desired effect of achieving a long-term, quasi-steady state gas flow. The constant 

32/64-inch manual needle valve surface flow choke setting and the constant, low downstream 

flowing pressure played important roles in revealing subtle, diagnostic wellbore pressure 

fluctuations that would otherwise have been masked. Wellbores producing to the surface 

pipeline gas gathering system are typically subject to high (and varying) flowline pressure, the 

average for which may significantly exceed 1,000 psi (6,900 kPa), so wellbore pressure 

signatures induced by dynamic reservoir behaviour during gas production would be more 

difficult to identify and interpret. 

 

The entire 81/2-year flowback pressure profile, from 28th October, 2007 to 22nd April, 2016, is 

shown in Figure 5.21. The pressure profile in this plot will be used for the remainder of this 

Chapter, in other Figures, as a “frame of reference” for demonstrating the time-lapse change 

of other data types. An initial indication of dynamic reservoir behaviour during gas production 

was provided by the systematic evolution of a “saw-tooth” pattern of cyclical Wellhead 

Annulus Pressure and FTHP features, overprinted upon the otherwise low, stable, 

background, quasi-steady state base gas flow rate profile. The cycles (i.e. the “natural surge 

events” introduced in Sections 5.1 and 5.7) first appeared on 23rd February, 2008, 

approximately 4 months after the commencement of flowback (Section 5.20.1). They have 

been analysed in considerable detail, and found to be diagnostic of dynamic reservoir 

behaviour during gas production, as will be described in Section 5.20. 

 

Figure 5.22 shows a plot of the total cumulative gas production for Moomba 77 versus 

flowback time. Total gas produced to surface, to the end of flowback pressure monitoring on 

22nd April, 2016, was 0.18 Bscf (5.10 MMscm). Note the increasing average gas flow rate. 
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Figure 5.21: The entire, long-term flowback pressure profile of Moomba 77 over 81/2 years, from 28th October, 

2007 to 22nd April, 2016. An initial indication of dynamic reservoir behaviour during gas production was provided 
by the systematic evolution of a “saw-tooth” pattern of cyclical Wellhead Annulus Pressure (WAP) and Flowing 
Tubing Head Pressure (FTHP) features, overprinted upon the otherwise low, stable, background, quasi-steady 

state base gas flow rate profile. The cycles (i.e. the “natural surge events”) first appeared on 23rd February, 2008, 
approximately 4 months after the commencement of flowback. 

 

 

Figure 5.22: The entire, long-term flowback pressure profile of Moomba 77 over 81/2 years, from 28th October, 

2007 to 22nd April, 2016, showing the cumulative gas production to surface (green circles), which totalled 0.18 Bscf 
(5.10 MMscm). Note the increasing average gas flow rate. 

 

  



 

188 

5.16 Formation Water Production 

 

Throughout the long-term flowback of Moomba 77, no produced formation water was 

identified. 

 

A total of 58 flowback fluid samples were collected at Moomba 77, at regular intervals over a 

period of 2 years and 8 months, from the commencement of flowback, until sampling was 

eventually terminated on 9th June, 2010. Laboratory compositional analysis indicated the early 

samples to be dominated by recovered hydraulic fracture stimulation fluid, as would be 

expected. The “make-up water” for the hydraulic fracture stimulation fluid was sourced from 

the shallow freshwater aquifers of the overlying Great Artesian Basin. This water was easily 

recognised by its known composition, and its electrical resistivity of approximately 1.1 Ohmm 

at the standard laboratory measurement temperature of 25 °C (77 °F). The flowback fluid 

samples then gradually transitioned to significantly fresher (i.e. less saline) water, having an 

electrical resistivity as high as 11 Ohmm at 25 °C (77 °F). Figure 5.23 shows a plot of water 

sample electrical resistivity versus flowback time. Figure 5.24 shows water sample chemical 

composition versus flowback time, as represented by a time-lapse series of Stiff Plot signatures 

(Stiff Jr., 1951). 

 

 

Figure 5.23: A plot of flowback fluid electrical resistivity (Ohmm at 25 °C / 77 °F) (green circles) versus flowback 
time at Moomba 77. Regular flowback fluid sampling and analysis showed no indication of produced Patchawarra 

Formation water being recovered from the target coal seams. Flowback fluid samples gradually transitioned to 
significantly fresher (i.e. less saline) water over flowback time, as the rate of accumulation within the production 
tubing string declined to less than 0.3 barrels per day. The ongoing, very low rate of flowback fluid accumulation is 
interpreted to represent water of condensation, resulting from a “distillation column” effect within the upper, lower 
temperature region of the production tubing string. For an explanation of points “A”, “B”, and “C”, refer to the text of 
Section 5.16. 
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Figure 5.24: A time-lapse series of flowback fluid Stiff Plot signatures (Stiff Jr., 1951) versus flowback time at 
Moomba 77. Regular flowback fluid sampling and analysis showed no indication of produced Patchawarra 

Formation water being recovered from the target coal seams. Flowback fluid samples gradually transitioned to 
significantly fresher (i.e. less saline) water over flowback time, as the rate of accumulation within the production 
tubing string declined to less than 0.3 barrels per day. The ongoing, very low rate of flowback fluid accumulation is 
interpreted to represent water of condensation, resulting from a “distillation column” effect within the upper, lower 
temperature region of the production tubing string. For an explanation of points “A”, “B”, and “C”, refer to the text of 
Section 5.16. 

 

The late-time fresh water influence on flowback fluid recovery is interpreted to be the 

consequence of a “distillation column” effect within the production tubing string. This only 

became recognisable when recovery of the hydraulic fracture stimulation fluid sensu stricto 

neared completion. The effect continued for the remainder of the long-term flowback. Water 

vapour, carried by the produced gas stream, condensed within the upper, lower temperature 

region of the production tubing string. This “distilled” water then fell back, under the influence 

of gravity, and accumulated at the top of the fluid column within the production tubing string. 

This may have created a halocline (i.e. salinity gradient) effect between the wellbore conduit 

and the Fracture Network Flowback Fluid Sump Compartments. Hence, late in the 

flowback, as hydraulic fracture stimulation fluid recovery neared completion, very low rate 

water of condensation formed the bulk of the fluid accumulating within the production tubing 

string. The accumulation rate could not be measured directly because no flowback fluid 

reached surface during the low, stable, background, quasi-steady state base gas flow rate 

periods between the intermittent natural surge events, the wellbore shut-in periods, and the 

wellbore pressure BDTA events. Instead, the accumulation rate was calculated based on the 

daily increment in wellbore hydrostatic back-pressure the flowback fluid exerted on the 

Annulus Gas Headspace Compartment, and the underlying Fracture Network Gas 

Headspace Compartments. This increment was approximately 32 psi (220 kPa) per day. By 

applying the water column hydrostatic pressure gradient of 0.433 psi / ft, this corresponded to 

a rate of flowback fluid height increase within the production tubing string of approximately 75 
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feet (22.9 metres) per day. Given the linear internal volumetric capacity of the 23/8-inch (60.325 

mm) OD production tubing string of 0.0039 barrels per foot, this equates to a rate of water 

condensation accumulation of less than 0.3 barrels per day. 

 

Compositional analysis of water samples recovered from deep sandstone reservoirs in nearby 

areas of the Cooper Basin, where mobile Patchawarra Formation water is known to be present, 

indicate that if there was any mobile formation water present within the Patchawarra Formation 

target coal seams at Moomba 77, it would have been relatively saline, with an electrical 

resistivity ranging from 0.3 to 0.5 Ohmm at 25 °C (77 °F). The chemical composition of 

Patchawarra Formation water is relatively consistent on a regional basis, resulting in a 

characteristic “spinnaker-shaped” Stiff Plot signature (Figure 5.24). If the hydraulically fracture 

stimulated intervals at Moomba 77 had contained mobile formation water, the electrical 

resistivity of the recovered flowback fluid should have graded from 1.1 Ohmm at 25 °C (77 °F) 

(i.e. 100% hydraulic fracture stimulation fluid) to approximately 0.3 to 0.5 Ohmm at 25 °C (77 

°F) over flowback time, as saline formation water gradually replaced the fresher hydraulic 

fracture stimulation flowback fluid. This did not occur. Instead, flowback fluid salinity trended 

in the opposite direction, gradually decreasing. In addition, the chemical composition of the 

flowback fluid (as indicated by the Stiff Plot signatures) was, at all times, different to the known 

composition of Patchawarra Formation water in the area. Three anomalous, low-resistivity 

flowback fluid samples, recorded late in the flowback on 14th March, 2008, 19th March, 2008, 

and 9th June, 2010 (labelled “A”, “B”, and “C” respectively in Figures 5.23 and 5.24), were 

within the range of expected Patchawarra Formation water electrical resistivity but the 

associated chemical compositions did not match, as clearly demonstrated by their Stiff Plot 

signatures, which more closely resembled the hydraulic fracture stimulation fluid (Figure 5.24). 

In fact, given this compositional resemblance, the late-time, low-resistivity flowback fluid 

samples, which were more saline than Patchawarra Formation water, are interpreted to be 

evaporatively concentrated hydraulic fracture stimulation fluid from within the relatively 

stagnant Production Casing Flowback Fluid Sump Compartment and Fracture Network 

Flowback Fluid Sump Compartments. During periods of brief, elevated gas flow rate (i.e. 

the natural surge events and the wellbore pressure BDTA events), some of this increasingly 

more concentrated brine may have been intermittently expelled to surface, immediately 

following the expulsion of the overlying column of accumulated condensed fresh water already 

present within the production tubing string. 

 

The timing of sample collection during a natural surge event, or a wellbore pressure BDTA 

event, was somewhat random, so the flowback fluid samples tended to be either fresh, if 

collected early in the flowback stream to surface, or saline, if collected late, when all of the 

fresh water within the production tubing string had already been expelled to surface. 
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5.17 Coal Fines Production 

 

The mobilisation of “coal fines” during gas production is a frequent, inconvenient, and 

expensive occurrence within shallow CSG wellbores (Marcinew and Hinkel, 1990). Coal 

fabric apertures (i.e. cleats etc.) may become occluded, thereby reducing permeability. 

Similarly, the coal fines may accumulate within the wellbore itself, restricting the flow path of 

gas to surface. Interestingly, none of these effects were evident during the Moomba 77 trial. 

Throughout the long-term flowback, no significant coal fines production was identified, despite 

the occurrence of numerous high-pressure, high gas flow rate wellbore pressure BDTA events. 

Within shallow CSG wellbores, such vigorous flowback operations would normally be expected 

to break down and mobilise the abundant weak vitrinitic coal matrix. The lack of coal fines 

production at Moomba 77 may be attributed to the high proportion of the inertinite coal maceral 

compared to vitrinite (approximately 85% and 15% respectively), together with the abundance 

of siderite (FeCO3) cementation. Vitrinite is a bright, low-strength, “glassy”, gel-like coal 

maceral, prone to disintegration, and is primarily responsible for the generation of coal fines 

within shallow CSG wellbores. In contrast, inertinite is more geomechanically competent 

(consolidated), and does not disintegrate as easily. Siderite cementation further enhances coal 

matrix cohesion. 

 

From a commercial perspective, the lack of coal fines production is clearly an advantageous 

feature of Cooper Basin deep coal gas reservoirs. 

 

5.18 Gas Composition 

 

A total of 60 produced gas samples were collected at Moomba 77, at regular intervals, over a 

period that extended from the commencement of flowback on 28th, October, 2007, until the 

sampling programme was eventually terminated after the final sample was collected on 24th, 

July, 2012. Most of the samples were collected directly from the wellhead but a short period of 

gas separator data was also acquired. Wellhead sampling required the wellbore to be shut in 

for approximately 10 minutes, so as to obtain sufficient pressure within a steel sample cylinder 

for reliable analysis (approximately 100+ psi / 690+ kPa). This process resulted in small THP 

spikes appearing on the flowback pressure profile. The final gas sample for which analysis 

was performed was collected on 12th July, 2010. Of the total 60 samples, 55 samples were 

subjected to laboratory compositional analysis. Four of the samples were spurious, as a result 

of air contamination within the gas sample cylinder. For the remaining 51 valid analyses, the 

produced gas composition was relatively consistent, with the long-term average comprising: 

 

Methane: 76% 

Carbon dioxide: 22% 

Ethane: 1.5% 
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Propane: 0.1% 

Higher molecular weight hydrocarbon gases: 0.4% 

 

The specific gravity (SG) of the produced gas, relative to air, was 0.78 (air = 1.00). 

 

Produced gas composition for the Moomba 77 flowback was comparable to that of the gas-

saturated Patchawarra Formation sandstone reservoirs in nearby wellbores. One possible 

explanation for this is that the adjacent gas-saturated sandstone reservoirs at Moomba 77 

contributed to most of the gas flow, as discussed in Section 5.1. However, this need not be 

the case. Canister gas desorption analysis for numerous full-hole cores acquired within Cooper 

Basin deep coal seams (Dunlop et al. (2017) in Chapter 2) indicates that gas composition 

within the coal seams is indeed very similar to that of the surrounding sandstone reservoirs. In 

principle, this should not be surprising, since it is already well established that coal seams 

across the entire Cooper Basin are the main source of gas for charging the sandstone 

reservoirs. In addition, the free gas phase within the coal matrix meso- and macro-porosity 

would be expected to have reached a degree of compositional equilibrium (via diffusion) with 

the free gas phase within the surrounding sandstone reservoirs over geological time. Hence, 

evidence for the origin of the gas flow at Moomba 77, based on gas composition, is considered 

to be inconclusive at this stage. 

 

5.19 Gas Production Characteristics: The Bipolar Gas Flow Rate Regimes 

 

Throughout the long-term flowback of Moomba 77, the fracture network GRV domain exhibited 

two distinct “bipolar” gas flow rate regimes, both of which gradually increased in rate capacity. 

These were: 

 

1. A low, stable, background, quasi-steady state Base Gas Flow Rate Regime. 

 

2. A high, intermittent, overprinted, non-steady state Blow-down Gas Flow Rate Regime. 

 

The intermittent Blow-down Gas Flow Rate Regime was overprinted upon the background 

Base Gas Flow Rate Regime. This is clearly evident on the complete, long-term flowback 

pressure profile in Figure 5.21. 

 

The bipolar gas flow rate regimes are interpreted to be diagnostic of a very high contrast, dual-

permeability, isolated reservoir system (domain) that is characterised by the following end-

members: 
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1. The very low permeability, unstimulated native coal matrix and fabric outside the artificially 

created fracture network GRV domain - which is responsible for the Base Gas Flow Rate 

Regime. 

 

2. The high-permeability, artificially created coal fracture / fabric apertures inside the fracture 

network GRV domain - which is responsible for the Blow-down Gas Flow Rate Regime. 

 

This means that, similar to a shale fracture network SRV domain, the fracture network GRV 

domain of a Cooper Basin deep coal seam may be treated as a region of isolated, high-

permeability “dispersed coal fabric void space”, for which fracture / fabric face surface area for 

gas desorption is the single most important factor driving long-term commercial gas production. 

 

5.19.1 Base Gas Flow Rate Regime 

 

The low, stable, background, quasi-steady state Base Gas Flow Rate Regime, which 

averaged approximately 0.1 MMscfd (2.8 Mscmd), reflected the low inherent gas flow rate 

capacity of the very low permeability, unstimulated native coal matrix and fabric to deliver gas 

to the high-permeability, artificially created fracture network GRV domain. 

 

Fracture / fabric face surface area for gas desorption was the main limiting variable controlling 

the flow rate capacity of the Base Gas Flow Rate Regime. 

 

Despite slowly increasing over flowback time, the capacity of the Base Gas Flow Rate Regime 

remained below the minimum rate required to lift flowback fluid up the wellbore to surface, 

even with the assistance of the small-ID production tubing string (Section 5.7). This, combined 

with the target coal seams not being fully perforated to the roof of the seam, was the root cause 

of the natural gas plunger lift flowback behaviour exhibited by the wellbore over the long-term 

flowback, as introduced in Sections 5.1 and 5.7. 

 

5.19.2 Blow-down Gas Flow Rate Regime 

 

The high, intermittent, non-steady state Blow-down Gas Flow Rate Regime reached its 

highest capacity late in the flowback, as demonstrated by a maximum recorded initial gas flow 

rate of 12.0 MMscfd (340.0 Mscmd). This reflected the high inherent gas flow rate capacity of 

the high-permeability, artificially created fracture network GRV domain to deliver gas to the 

wellbore. 

 

Fracture / fabric aperture width (i.e. permeability / flow conductivity) was the main limiting 

variable controlling the flow rate capacity of the Blow-down Gas Flow Rate Regime. 
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The capacity of the Blow-down Gas Flow Rate Regime increased significantly over flowback 

time and, unlike the Base Gas Flow Rate Regime, was at all times capable of efficiently lifting 

accumulated flowback fluid up the wellbore to surface. 

 

It is important to appreciate that the definition of Blow-down Gas Flow Rate Regime does 

not include the expansion and discharge of compressed gas from within the wellbore conduit 

(i.e. wellbore storage). It represents exclusively the non-steady state expansion and discharge 

of compressed gas from within the high-permeability Fracture Network Gas Headspace 

Compartments of the fracture network GRV domain (i.e. fracture network storage). 

 

Early in the flowback, the dilated coal matrix of the DRV3 sub-domain, adjacent to the fracture 

network GRV domain fracture / fabric faces, did not contribute a significant volume of gas to 

the Blow-down Gas Flow Rate Regime. However, as will be demonstrated in Section 

5.20.7.2, this no longer applied as the fracture network GRV domain dilated and expanded 

over flowback time, resulting in a larger, and more porous DRV3 sub-domain that was capable 

of becoming significantly “supercharged” with resorbed gas during wellbore shut-in periods, or 

whenever a significant incremental back-pressure was applied to the Fracture Network Gas 

Headspace Compartments. 

 

There were two types of Blow-down Gas Flow Rate Regime features: 

 

1. “Natural surge events”. 

 

These natural gas plunger lift features were generated intermittently during the Base Gas 

Flow Rate Regime, without any deliberate mechanical influence, by some form of natural 

“trigger mechanism” that suddenly perturbed the finely balanced, quasi-steady state 

dynamic flowing pressure equilibrium between the rising hydrostatic column of flowback 

fluid accumulating within the production tubing string and hydrostatically compressed gas 

spilling from within the Annulus Gas Headspace Compartment, and the underlying 

Fracture Network Gas Headspace Compartments. This resulted in a significantly 

elevated, “geyser-like”, non-steady state Blow-down Gas Flow Rate Regime FTHP spike 

that gradually subsided back to the low, stable, background, quasi-steady state Base Gas 

Flow Rate Regime. Detailed characterisation of this process is provided in Section 5.20. 

 

2. Forced wellbore pressure “blow-down to atmosphere” (BDTA) events. 

 

These were generated by the deliberate opening of the wellbore following shut-in (i.e. 

wellbore pressure build-up) periods, thereby exposing compressed gas within both the 

Annulus Gas Headspace Compartment and the underlying Fracture Network Gas 

Headspace Compartments to sudden atmospheric pressure drawdown. The increased 
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production pressure drawdown resulted in a significantly elevated, non-steady state Blow-

down Gas Flow Rate Regime decline profile that gradually subsided back to the low, 

stable, background, quasi-steady state Base Gas Flow Rate Regime, as fracture network 

storage dissipated. Detailed characterisation of this process is provided in Section 5.22. 

 

The FTHP and Wellhead Annulus Pressure signatures for both types of Blow-down Gas 

Flow Rate Regime features (one naturally occurring, the other “forced”) yielded a variety of 

information relating to fracture network GRV domain characteristics, such as size, fracture / 

fabric face surface area, and permeability. When the pressure signatures for consecutive 

events were compared in a time-lapse manner, changes in fracture network GRV domain 

characteristics were detected, thereby revealing dynamic reservoir behaviour during gas 

production. It was possible to deduce whether the fracture network GRV domain was 

expanding, contracting, or remaining constant in size over flowback time, thereby testing The 

Hypothesis in Chapter 4. 

 

The fundamental gas production character, over flowback time, of the two bipolar gas flow rate 

regimes (the Base Gas Flow Rate Regime and the Blow-down Gas Flow Rate Regime) 

may be summarised as follows: 

 

1. Time-lapse variation in the flow rate capacity of the quasi-steady state Base Gas Flow 

Rate Regime is a function of changing artificially created fracture / fabric face surface area 

for gas desorption within the fracture network GRV domain (i.e. “size” is the limiting factor). 

 

2. Time-lapse variation in the flow rate capacity of the non-steady state Blow-down Gas 

Flow Rate Regime is a function of changing artificially created fracture / fabric aperture 

width within the fracture network GRV domain (i.e. “permeability / flow conductivity” is the 

limiting factor). 

 

3. Time lapse variation in the surface gas volume of the Blow-down Gas Flow Rate Regime 

is a function of changing void space volume within the fracture network GRV domain (i.e. 

“size” is the limiting factor). 

 

The Hypothesis is tested on this basis. 

 

5.20 Natural Surge Events 

 

5.20.1 Recognition and Significance 

 

The intermittent natural surge events of the Blow-down Gas Flow Rate Regime first became 

evident as a distinct change in the Moomba 77 flowback pressure profile on 23rd February, 
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2008, approximately four months after the commencement of flowback (Figure 5.25). Earlier, 

the flowback pressure profile was characterised by erratic, high-frequency, low-amplitude 

FTHP fluctuations associated with relatively continuous, low-volume gas and flowback fluid co-

expulsion to surface. Instead, more regular, isolated, higher amplitude FTHP pulses started to 

appear, with flowback fluid being expelled to surface only at the time of the gas flow pulses. 

These features represented the earliest recognisable natural surge events, and marked the 

onset of an evolving series of cyclical natural surge event pressure signatures that persisted 

for the remainder of the flowback. When the small gas flow pressure pulses first appeared, 

Wellhead Annulus Pressure data recording was not yet available on the PortaROC system, 

so only variations in FTHP could be used to characterise the wellbore gas and flowback fluid 

dynamics of the nascent natural surging phenomenon. 

 

The change in flowback behaviour associated with the onset of the natural surge events 

marked the point at which the dynamic reservoir behaviour of the target coal seams during gas 

production first became detectable. 

 

 

Figure 5.25: The flowback pressure profile of Moomba 77 for the period from 7th February, 2008 to 3rd March, 

2008, showing the first six recognisable natural surge events, of the total 114 events recorded over the entire 81/2-
year flowback period. These were identified as a distinct change in the flowback pressure profile on 23rd February, 
2008, approximately 4 months after the commencement of flowback. Only Flowing Tubing Head Pressure (FTHP) 

was available at this time to characterise the wellbore gas and flowback fluid dynamics of the nascent natural 
surging phenomenon. 

 

The first six recognisable natural surge events were recorded approximately three weeks 

before the first production log (MPLT) that preceded the Modified Isochronal Test 

programme (Figures 5.17 and 5.18). The first natural surge event on 23rd February, 2008 

(Surge #1), shown in Figure 5.25, had a duration of 3 hours, a surface gas volume of 40,400 

scf (1,140 scm), and generated a peak FTHP of 47 psi (320 kPa), as measured through a 42/64-
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inch manual needle valve surface flow choke setting. This represented a peak gas flow rate of 

0.40 MMscfd (11.3 Mscmd). Approximately 19 hours elapsed before Surge #2 occurred. 

During the Base Gas Flow Rate Regime period between the natural surge events, no 

significant flowback fluid was expelled to surface. Instead, it accumulated as a hydrostatic 

column within the production tubing string. 

 

At the conclusion of the Modified Isochronal Test programme, the wellbore was shut in for 

one week of maintenance operations. During this time, the SITHP increased to 1,925 psi 

(13,270 kPa). On 3rd April, 2008, the wellbore was opened to pressure BDTA flow on a 64/64-

inch manual needle valve surface flow choke setting, with both THP and Wellhead Annulus 

Pressure data recording now operating on the PortaROC system. The initial gas flow rate 

from the fracture network GRV domain (after the dissipation of wellbore storage) was 0.7 

MMscfd (19.8 Mscmd). Figure 5.26 shows the subsequent well-defined series of nascent 

natural surge event pressure signatures that resumed, 3 days later, on 6th April, 2008 

(commencing with Surge #7), after the wellbore pressure BDTA gas flow rate had subsided 

back to the Base Gas Flow Rate Regime. The “saw-tooth” Wellhead Annulus Pressure 

profile clearly indicated that the natural surge event mechanism involved a cyclical slow 

increase, and then rapid decrease, in the level of accumulated flowback fluid within the 

production tubing string. 

 

 

Figure 5.26: The flowback pressure profile of Moomba 77 for the period from 3rd April, 2008 to 29th April, 2008, 
showing the well-defined series of nascent natural surge event pressure signatures (Surges #7 to #16) that were 
overprinted upon the Base Gas Flow Rate Regime. Note the minimal gas storage response of the Fracture 
Network Gas Headspace Compartments following the wellbore pressure “blow-down to atmosphere” (BDTA) 
event from a SITHP of 1,925 psi (13,270 kPa), on 3rd April, 2008. This is consistent with the small size of the natural 
surge events at this early stage of flowback. Both Flowing Tubing Head Pressure (FTHP) and Wellhead Annulus 
Pressure (WAP) were available at this time to characterise the wellbore gas and flowback fluid dynamics of the 

nascent natural surging phenomenon. 
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Each natural surge event generated an initial peak gas flow rate spike that, in most cases, 

easily exceeded the minimum rate required to lift flowback fluid up the small-ID production 

tubing string to surface. However, the magnitude and duration of these spikes was insufficient 

to expel a significant amount of accumulated flowback fluid from within the larger ID wellbore 

production casing string. Hence, although the natural surge events efficiently expelled the 

relatively small amount of accumulated flowback fluid from within the production tubing string, 

for the entire duration of the long-term flowback, they were unable to reduce the higher volume 

hydrostatic column of relatively stagnant flowback fluid within the larger ID Production Casing 

Flowback Fluid Sump Compartment. In contrast, the larger ID Production Casing 

Flowback Fluid Sump Compartment was easily evacuated by the significantly higher (and 

longer duration) gas flow rates achieved during the wellbore pressure BDTA events that 

followed extended wellbore shut-in periods. This was well demonstrated by the wireline 

production log acquired on 24th July, 2012 that immediately followed a large wellbore pressure 

BDTA event (Section 5.13.2, and Figure 5.20). 

 

A total of 114 natural surge cycles were recorded over the next 8 years, before flowback 

pressure monitoring was eventually suspended for an indefinite period, on 22nd April, 2016. 

The unique flowback pressure signatures for these are shown in Appendix 2, which is at the 

flowback time scale of the full cycles, and in Appendix 3, which is at the shorter flowback time 

scale of the natural surge events. Each cycle, and natural surge event therein, was analysed 

in detail, and its pressure signature attributes recorded for time-lapse comparison (Section 

5.20.8). It became immediately apparent that natural surge event pressure signature attributes 

were not constant but were instead gradually evolving over flowback time. The most obvious 

initial observation was that natural surge event gas volume and peak gas flow rate were 

steadily increasing, and that these increases had commenced at Surge #1. This provided the 

first clear indication of dynamic reservoir behaviour occurring during gas production at 

Moomba 77, and suggested that a detailed time-lapse analysis of these, and other natural 

surge event pressure signature attributes, may provide further insight. However, before 

undertaking such an investigation, it was first considered necessary to closely examine the 

mechanism by which the natural surge events were being generated. This would provide the 

basis for understanding what the natural surge event pressure signature attributes actually 

represented, and how they might reveal the fracture network GRV domain characteristics that 

are postulated to control gas production. The interpreted mechanism for the generation of 

natural surge events is described in Section 5.20.2 to follow. 

 

5.20.2 Mechanism 

 

The mechanism for the generation of natural surge events at Moomba 77 is interpreted to be 

analogous to that of a mechanical gas plunger artificial lift system, which is a device used to 

cyclically “de-water” low flow rate, liquid-loaded gas wellbores, for which the reservoir has 
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difficulty in producing gas to surface against accumulated hydrostatic back-pressure 

(Beauregard and Ferguson, 1982). De-watering such wellbores reduces bottom-hole 

pressure, creates higher production pressure drawdown, and hence increases gas flow rate, 

in accordance with Darcy’s Law. The process involves cyclical wellbore shut-in and pressure 

BDTA periods. The wellbore shut-in periods boost pressure within both the wellbore conduit 

and the production pressure transient region of the reservoir. The wellbore pressure BDTA 

periods use the stored energy of this compressed gas to rapidly expel accumulated flowback 

fluid from within the wellbore. These operations are coordinated and optimised by a surface 

control system. During the wellbore pressure BDTA period, compressed gas within the 

wellbore and reservoir causes a free piston (“plunger”) to travel rapidly upwards inside the 

production tubing string, thereby displacing the fluid above it to surface. The piston provides a 

seal against the inner wall of the production tubing string, and is therefore far more efficient at 

expelling fluid than the natural slug gas flow or bubble gas flow regimes that would otherwise 

prevail (Govier and Aziz, 1972). Liquid fall-back is effectively eliminated. After the piston 

reaches surface, and when the gas flow rate declines to below a pre-defined commercial 

threshold, the wellbore is again shut in by the surface control system. The piston then falls 

back to bottom under the influence of gravity, where it remains until the next fluid lifting cycle 

is triggered. In this manner, a mechanical gas plunger artificial lift system harnesses natural 

reservoir energy to efficiently de-water liquid-loaded gas wellbores on a long-term basis. 

 

At Moomba 77, a similar (but less efficient) gas plunger lift effect occurred naturally during gas 

production, without the wellbore ever being mechanically shut in. This is described by Figure 

5.27. The resulting cyclical natural surge events were generated exclusively by the open-

ended flowing manometer-like hydrodynamic U-tube interaction between the rising hydrostatic 

column of flowback fluid accumulating within the production tubing string and hydrostatically 

compressed gas spilling from within the Annulus Gas Headspace Compartment, and the 

underlying Fracture Network Gas Headspace Compartments (Section 5.9). Since gas was 

being produced up the wellbore through a standing flowback fluid column, in a bubble gas flow 

regime, the continuous fluid phase between the isolated bubbles provided a partial “hydrostatic 

back-pressure seal” to the compressed gas within the Annulus Gas Headspace 

Compartment, and the underlying Fracture Network Gas Headspace Compartments. 

Hence, the hydrostatic back-pressure of slowly accumulating flowback fluid within the 

continuously producing wellbore created a partial “hydrostatic shut-in” effect that slowly 

compressed gas within the Annulus Gas Headspace Compartment, and the underlying 

Fracture Network Gas Headspace Compartments. A finely balanced, quasi-steady state 

dynamic flowing pressure equilibrium prevailed until some form of natural “trigger mechanism” 

(to be discussed further in Section 5.20.6, and then investigated in detail Chapter 6), caused 

the compressed gas within the two compartments to suddenly blow down to atmosphere, whilst 

simultaneously expelling accumulated flowback fluid from within the production tubing string 

to surface; this being a natural surge event. Hence, by emulating a mechanical gas plunger 
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artificial lift system, the natural surge events at Moomba 77 were able to de-water the 

constantly liquid loading wellbore on an intermittent but long-term basis, thereby allowing the 

target coal seams to flow gas to surface at a high average production pressure drawdown, 

without the requirement for a mechanical artificial lift system. 

 

 

Figure 5.27: The natural “gas plunger lift” effect at Moomba 77, which was responsible for the generation of cyclical 
“natural surge events”. The gas volume of the natural surge events was sourced from the Annulus Gas Headspace 
Compartment, and the underlying Fracture Network Gas Headspace Compartments. As flowback proceeded, 
the natural surge event gas volume became increasingly dominated by the dilating and expanding Fracture 
Network Gas Headspace Compartments. 

 

The mechanism for natural surge event generation within the Moomba 77 wellbore is 

described in more detail as follows: 

 

During the Base Gas Flow Rate Regime, Deep Coal Seams 1, 2, 3, and 4 were submerged 

within the relatively stagnant Production Casing Flowback Fluid Sump Compartment. 

Natural surge events resulted from the inability of produced gas from within the target coal 

seams to flow directly from the fracture network GRV domain and into the liquid-loaded 

wellbore. The gas was temporarily trapped, by buoyancy, within the Fracture Network Gas 

Headspace Compartments of Deep Coal Seams 2, 3, and 4. Deep Coal Seam 1 had no 

obvious Fracture Network Gas Headspace Compartment, and therefore did not contribute 

a significant volume of gas to the natural surge events, only to the ongoing Base Gas Flow 

Rate Regime. Gas pressure within the Fracture Network Gas Headspace Compartments 

steadily increased in response to the increasing hydrostatic back-pressure exerted by the 

slowly rising column of flowback fluid accumulating within the production tubing string. 
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Simultaneously, excess produced gas accumulating within the fracture network GRV domain 

spilled continuously from the uppermost perforations in each target coal seam, and into the 

Production Casing Flowback Fluid Sump Compartment. As the gas then percolated 

upwards, through the relatively stagnant flowback fluid column within the production casing 

string, in a bubble gas flow regime, some of it again became temporarily trapped, this time 

within the Annulus Gas Headspace Compartment, from where it then spilled, by 

displacement, into the production tubing string via the uppermost perforations in the pup joint 

(Figures 5.12 and 5.13). Here, the gas bubbles now travelled unhindered to surface. Hence, 

during the Base Gas Flow Rate Regime, a finely balanced, quasi-steady state dynamic 

flowing pressure equilibrium persisted, within this multi-component, open-ended, “fill-and-spill”, 

flowing manometer system (Section 5.9), until such time as the hydrodynamic balance was 

perturbed, and a natural surge event was generated, by some form of “trigger mechanism” that 

was equivalent to the opening of a wellbore during a mechanical gas plunger artificial lift cycle. 

 

A number of potential natural surge event “trigger mechanisms” are described in Section 

5.20.6 and Chapter 6. All are based on the same fundamental principle that, after a period of 

gradual flowback fluid accumulation within the production tubing string, a natural surge event 

is triggered when the finely balanced, quasi-steady state dynamic flowing pressure equilibrium 

between the hydrodynamically linked Annulus Gas Headspace Compartment, Fracture 

Network Gas Headspace Compartments, and the intervening wellbore hydrostatic column 

of the Production Casing Flowback Fluid Sump Compartment, is perturbed, so as to create 

a sudden pressure overbalance in favour of at least one of these gas headspace 

compartments. Once a natural surge event is triggered, which ultimately results in a decrease 

in the amount of accumulated flowback fluid within the production tubing string, the pressure 

overbalance becomes irreversible, and then simultaneously involves all of the other gas 

headspace compartments, which are also on the verge of becoming pressure overbalanced. 

Hence, the “dynamic wellbore pressure BDTA” action of a natural surge event is self-

perpetuating, forced to continue as a consequence of high differential pressure, in accordance 

with Darcy’s Law, until the pressure of all gas headspace compartments declines in unison, to 

eventually reach quasi-steady state dynamic flowing pressure equilibrium with the now 

significantly reduced column of accumulated flowback fluid remaining within the production 

tubing string. 

 

The overall rate of flowback fluid accumulation within the production tubing string gradually 

decreased for consecutive natural surge cycles over the long-term flowback, as the recovery 

of hydraulic fracture stimulation fluid approached completion, and eventually transitioned to 

water of condensation (Section 5.16). The time interval between the natural surge event 

trigger points correspondingly increased. This observation provided insight into the nature of 

the “trigger mechanism” by clearly indicating that it was necessary for some form of wellbore 

hydrostatic head threshold to be exceeded before a natural surge event trigger point would 
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occur. The slower the flowback fluid accumulation rate for a cycle, the longer the time required 

to reach the natural surge event trigger point. A fundamental question then arose. Having 

reached this hydrostatic head threshold, which of the following two possible actions might then 

be responsible for the sudden trigger point pressure overbalance? It must be one or the other 

of: 

 

1. A sudden decrease in wellbore hydrostatic back-pressure on the Annulus Gas 

Headspace Compartment, and the underlying Fracture Network Gas Headspace 

Compartments. 

 

2. A sudden increase in gas pressure within the Fracture Network Gas Headspace 

Compartments (or less likely, within the Annulus Gas Headspace Compartment). 

 

This, in turn, led to another critical question. For whichever of the two potential trigger 

mechanisms above is occurring, what might be the cause? 

 

These issues are investigated in Section 5.20.6 and Chapter 6. The conclusion reached has 

profound, paradigm shift implications for the understanding of deep coal reservoir behaviour 

during gas production, and the testing of The Hypothesis in Chapter 4. 

 

As shown by the long-term flowback pressure profile in Figure 5.21, and the catalog of natural 

surge cycles in Appendix 2, the overall decreasing flowback fluid accumulation rate within the 

production tubing string over the 81/2-year flowback period resulted in a gradually increasing 

natural surge “Cycle Duration”. This is defined as the time interval between the natural surge 

event trigger points. In addition, it was evident that “Surge Trigger Pressure”, henceforth 

defined as the Wellhead Annulus Pressure at which a natural surge event was triggered, 

was also variable, and had a significant impact on Cycle Duration. Subject to the combined 

influences of flowback fluid accumulation rate within the production tubing string and Surge 

Trigger Pressure, it can be seen in Appendix 2 that Cycle Duration ranged from less than 

1 day, very early in the flowback for Surge #1, to 90 days, late in the flowback for Surge #90. 

 

The height of the flowback fluid column within the production tubing string at each natural surge 

event trigger point was easily calculated from the Wellhead Annulus Pressure and the 

flowback fluid hydrostatic pressure gradient within the wellbore (0.433 psi / ft). As can be seen 

in Appendix 2, this height ranged from a minimum of 1,224 feet (373.1 metres) prior to the 

triggering of Surge #87 (a Surge Trigger Pressure of 530 psi / 3,650 kPa), to a maximum of 

2,855 feet (870.2 metres) prior to the triggering of Surge #107 (a Surge Trigger Pressure of 

1,236 psi / 8,520 kPa). 
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The average Surge Trigger Pressure for all 114 natural surge events was 692 psi (4,770 

kPa). 

 

Based on the fracture network GRV domain pressure calculation method described in Section 

5.10.2, Appendix 2 shows that the range in Surge Trigger Pressure quoted above translates 

into a total wellbore hydrostatic back-pressure (i.e. flowing fracture network GRV domain 

pressure / FBHP), at the mid-point of the target coal seam interval, ranging from a minimum 

of 673 psi (4,640 kPa) for Surge #87, to a maximum of 1,379 psi (9,510 kPa) for Surge #107. 

For the purpose of the natural surge cycle summary Tables in Appendix 2, this is referred to 

as the “cycle start GRV domain pressure”. 

 

The average “cycle start GRV domain pressure”, at the mid-point of the target coal seam 

interval, at the trigger points of all 114 natural surge events, was 835 psi (5,760 kPa). This 

means that on average, and even at the point of maximum wellbore liquid loading per natural 

surge cycle, the target coal seams were still generally producing gas within the pressure range 

for optimum gas desorption rate (i.e. less than approximately 1,000 psi / 6,890 kPa), based on 

typical methane gas adsorption isotherms for Cooper Basin deep coal seams (Figure 5.30). 

 

Interestingly, Surge Trigger Pressure varied in a non-linear but systematic manner over 

flowback time, as can be seen in Figure 5.21, suggesting that it was being controlled by some 

form of evolving dynamic reservoir property during gas production. This is investigated in 

Section 5.20.6 and Chapter 6. 

 

The flowback pressure signature of a typical, well-developed natural surge event, selected 

from 3 years and 10 months into flowback time (Surge #92, on 3rd September, 2011), is shown 

in Figure 5.28. The evolving, time-lapse series of cyclical natural surge event pressure 

signatures is evident in the 3D waterfall plot in Figure 5.29. This evolution may also be 

appreciated by comparing and contrasting the consecutive natural surge cycles and the 

consecutive natural surge events displayed within the catalogs of Appendices 2 and 3 

respectively. 
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Figure 5.28: The flowback pressure signature of a typical, well-developed natural surge event at Moomba 77, 
selected from 3 years and 10 months into flowback time (Surge #92, on 3rd September, 2011). 

 

 

Figure 5.29: A 3D waterfall plot, showing the evolving, time-lapse series of cyclical natural surge event pressure 
signatures at Moomba 77 over the 81/2-year flowback period, from 28th October, 2007 to 22nd April, 2016. 

 

The 114 “geyser-like” natural surge events were easily recognised, overprinted with respect to 

the Base Gas Flow Rate Regime, as a sudden increase in gas flow rate at surface, 

culminating in a sharp FTHP peak (Figure 5.28). This then declined over a period ranging from 

approximately 1 hour, early in the flowback, to approximately 2 weeks, late in the flowback. 

For Surges #7 to #114 that were fully monitored by the PortaROC system, all of which were 

measured through a constant 32/64-inch manual needle valve surface flow choke setting, the 
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FTHP peaks ranged in magnitude from 50 psi (340 kPa) early in the flowback (Surge #7), to 

529 psi (3,650 kPa) late in the flowback (Surge #107). This translates into peak gas flow rates 

ranging from 0.25 to 2.6 MMscfd (7.1 to 73.6 Mscmd), uncorrected for flowback fluid initially 

entrained within the gas stream. For all of the natural surge events, most of the accumulated 

flowback fluid within the production tubing string was rapidly expelled, initially as a heavy 

“spray”, then transitioning to a fine “mist”. The Production Casing Flowback Fluid Sump 

Compartment remained filled with flowback fluid because the magnitude and duration of the 

peak natural surge event gas flow rate was insufficient to expel a significant amount of flowback 

fluid from within this much larger ID conduit. Over the duration of each natural surge event, the 

gas flow at surface eventually became dry (free of “mist”), and subsided back to the Base Gas 

Flow Rate Regime, where it remained until the next natural surge event was triggered. 

 

Over flowback time, an increasingly long “low-rate decline tail” developed on the natural surge 

event pressure profiles (Figures 5.28 and 5.29). This feature is interpreted to represent the 

more gradual pressure blow-down of hydrostatically compressed gas from less permeable, far-

field regions of the Fracture Network Gas Headspace Compartments (i.e. the distal DRV2 

and DRV3 sub-domains), in much the same manner in which background tight gas contributes 

to late-time, low-rate gas production from an isolated, pressure-depleted conventional 

sandstone gas reservoir. The FTHP profiles of the earliest natural surge events were sharp, 

and relatively symmetrical, without a low-rate decline tail. This is consistent with The 

Hypothesis in Chapter 4, which predicts the early absence of a well-developed DRV2-DRV3 

sub-domain system. The DRV2 and DRV3 sub-domains are predicted to gradually increase in 

size over flowback time. Hence, the low-rate decline tail of natural surge events did not become 

prominent until later in the flowback, approximately at the time of Surge #21, on 2nd June, 

2008. 

 

Natural surging behaviour had a major impact on the Wellhead Annulus Pressure profile. 

After a natural surge event was triggered, Wellhead Annulus Pressure decreased rapidly, as 

most of the accumulated flowback fluid within the production tubing string was expelled to 

surface. At the end of the natural surge event gas flow rate decline period, hydrostatic back-

pressure exerted on the Annulus Gas Headspace Compartment reached a minimum. This 

was as low as 60 psi (420 kPa), as measured by Wellhead Annulus Pressure for Surge 

#101. Achieving this very high production pressure drawdown highlights the ability of the 

natural gas plunger lift effect to de-water the Moomba 77 production tubing string. Using the 

fracture network GRV domain pressure calculation method in Section 5.10.2, the 

corresponding post-surge pressures within the four target coal seams (permanently 

submerged within the Production Casing Flowback Fluid Sump Compartment) were as 

follows: 

 

Deep Coal Seam 4: 140 psi (970 kPa). 
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Deep Coal Seam 3: 182 psi (1,250 kPa). 

 

Deep Coal Seam 2: 238 psi (1,640 kPa). 

 

Deep Coal Seam 1: 266 psi (1,830 kPa). 

 

The total wellbore hydrostatic back-pressure (i.e. flowing fracture network GRV domain 

pressure / FBHP), at the mid-point of the target coal seam interval, at the conclusion of Surge 

#101 (i.e. when liquid loading resumed) was 203 psi (1,400 kPa). This represents the lowest 

flowing fracture network GRV domain pressure experienced at Moomba 77 over the long-term 

flowback. For the purpose of the natural surge cycle summary Tables in Appendix 2, this is 

referred to as the “surge finish GRV domain pressure”. 

 

The average “surge finish GRV domain pressure”, at the mid-point of the target coal seam 

interval, for all 114 natural surge events, was 329 psi (1,450 kPa). 

 

Based on the average “cycle start GRV domain pressure” (defined earlier in this Section) of 

835 psi (5,760 kPa), and the average “surge finish GRV domain pressure” of 329 psi (1,450 

kPa), at the mid-point of the target coal seam interval, the average FBHP (i.e. flowing fracture 

network GRV domain pressure) for the entire Moomba 77 long-term flowback was in the order 

of 580 psi (4,000 kPa). 

 

Figure 5.30 shows a typical methane gas adsorption isotherm plot for a Cooper Basin deep 

coal seam that was full-hole cored at Bobs Well 2, a vertical wellbore located approximately 

30 kilometres (18.6 miles) from Moomba 77 (Santos Limited, 2009). The reservoir pressure 

range for optimum gas desorption rate is approximately 0 to 1,000 psi (0 to 6,890 kPa). It may 

therefore be concluded that, unlike many shallow CSG reservoirs (which require extensive, 

time-consuming pressure reduction via de-watering), the Moomba 77 target coal seams 

experienced a near optimum rate of gas desorption, and hence coal matrix shrinkage, for most 

of the long-term flowback. 
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Figure 5.30: A typical methane gas adsorption isotherm plot for a Cooper Basin deep coal seam that was full-hole 
cored at Bobs Well 2, a vertical wellbore located approximately 30 kilometres (18.6 miles) from Moomba 77 
(Santos Limited, 2009). The low flowing fracture network GRV domain pressure achieved within the Moomba 77 

target coal seams by the natural “gas plunger lift” effect averaged approximately 580 psi (4,000 kPa) at their 
collective mid-point depth. This lies within the reservoir pressure range for optimum gas desorption rate of 
approximately 0 to 1,000 psi (0 to 6,890 kPa). It may therefore be concluded that, unlike many shallow coal seam 
gas (CSG) reservoirs (which require extensive, time-consuming pressure reduction via de-watering), the Moomba 
77 target coal seams experienced a near optimum rate of gas desorption, and hence coal matrix shrinkage, for 

most of the long-term flowback. 

 

The completion of a natural surge event was recognised by the resumption of the Base Gas 

Flow Rate Regime, when pressure within the Annulus Gas Headspace Compartment, and 

the underlying Fracture Network Gas Headspace Compartments, had declined sufficiently 

to reach quasi-steady state dynamic flowing pressure equilibrium with the now significantly 

reduced post-surge hydrostatic column of accumulated flowback fluid within the production 

tubing string. With no further gas plunger-like wellbore energy remaining to lift flowback fluid 

up the wellbore to surface, flowback fluid resumed accumulating within the production tubing 

string for the next cycle, re-pressurising the Annulus Gas Headspace Compartment, and the 

underlying Fracture Network Gas Headspace Compartments, in advance of the next natural 

surge event. The natural surging process thus repeated in a cyclical manner, analogous to a 

mechanical gas plunger artificial lift system, in response to ongoing flowback fluid 

accumulation within the production tubing string. 
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5.20.3 Wellbore Flowback Physical Simulation and Production “History 

Matching” 

 

The mechanism for natural surge event generation has been validated, in principle, by 

physically simulating the wellbore completion configuration and the resultant gas plunger-like 

flowback behaviour of Moomba 77 using a computer-controlled, open-ended flowing 

manometer apparatus, suspended within The University of Adelaide’s experimental wellbore, 

at a depth of 230 feet (70 metres). An accurate natural surge event pressure profile “history 

match” was obtained. The work, which is beyond the scope of this thesis to describe in detail, 

is reported in a high-level, summarised format in Chapter 6. 

 

5.20.4 Contribution of the Annulus Gas Headspace Compartment 

 

The constant void space volume of the Annulus Gas Headspace Compartment was an 

integral part of the multi-component, open-ended flowing manometer system described in 

Section 5.9. It was the basis for the Annulus Manometer sub-system (Section 5.9.1). This 

wellbore storage compartment contributed a significant volume of gas to all natural surge 

events. The physical volume of the 9326.2-foot (2842.6-metre) long annular space between 

the 3.92-inch ID wellbore production casing string and the 23/8-inch (2.375-inch) OD production 

tubing string was easily calculated to be 495 ft3 (14.0 m3). Of course, during a natural surge 

event, the actual volume of gas delivered to surface at “standard gas volume conditions” was 

significantly larger than this, owing to the impact of the gas expansion factor (1/Bg) that was 

controlled by Surge Trigger Pressure. 

 

The surface gas volume contributed to a natural surge event by the Annulus Gas Headspace 

Compartment is given by Equation 5.6. This accounts for the fact that not all of the expanding 

gas reaches surface. One “unit” of the 1/Bg gas expansion multiplier remains trapped within 

the Annulus Gas Headspace Compartment. 

 

 

AGHCsurface = AGHCvoid x (1/Bg -1) ….. Equation 5.6 

 

 

where: 

 

1. AGHCsurface = The unknown surface gas volume contributed to a natural surge event by 

the Annulus Gas Headspace Compartment. 
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2. AGHCvoid = The known physical void space volume of the Annulus Gas Headspace 

Compartment (495 ft3 / 14.0 m3). 

 

5.20.5 Contribution of the Fracture Network Gas Headspace Compartments 

 

As indicated in Section 5.20.1, the natural surge events steadily increased in surface gas 

volume, and peak gas flow rate, over the long-term flowback. Clearly, this could not be 

attributed to the static wellbore storage of the Annulus Gas Headspace Compartment. The 

only reasonable explanation was that an increasing volume of hydrostatically compressed gas 

was being released to surface by the dynamic fracture network storage of the Fracture 

Network Gas Headspace Compartments, which were collectively the basis for the Fracture 

Network Manometer sub-system (Section 5.9.2). 

 

During the earliest stages of flowback, the nascent Fracture Network Gas Headspace 

Compartments would have consisted mainly of gas-filled void space volume associated with 

the porous proppant pack within the initial fracture network SRV domain. Hence, based on; a) 

the known amount of proppant injected, b) the likely porosity of the proppant pack, and c) the 

ratio of “total gas headspace height” to “total flowback fluid sump height” for all of the target 

coal seams combined (Section 5.6, and Tables 5.4 and 5.5), the initial combined void space 

volume of the Fracture Network Gas Headspace Compartments at the commencement of 

flowback, on 28th October, 2007, was calculated to be 71 ft3 (2.0 m3), as shown in Section 

5.20.5, and Table 5.6. 

 

Moomba 77 - Initial Combined Void Space Volume of the Fracture 
Network Gas Headspace Compartments (“Fracture Network Storage”) 

 IMPERIAL METRIC COMMENT 

Total Hydraulic Fracture Stimulation Fluid Volume 300,000 gal 1,136,000 l  

Total Mass of Proppant Placed 46,200 lb 20,960 kg  

Grain Density of 20 / 40 mesh Brady Sand 165.4 lb / ft3 2,650 kg / m3  

Bulk Density of 20 / 40 mesh Brady Sand 99.8 lb / ft3 1,600 kg / m3  

Total Proppant Bulk Volume 463 ft3 13.1 m3  

Proppant Pack Porosity 40 % 40 % Theoretical maximum  

Total Proppant Pack Void Space Volume 185 ft3 5.2 m3  

Total Fracture Network Gas Headspace % 38.3 % 38.3 % From Table 5.4 

Total Fracture Network Flowback Fluid Sump % 61.7 % 61.7 % From Table 5.5 

Fracture Network Gas Headspace Volume 71 ft3 2.0 m3  

Fracture Network Flowback Fluid Sump Volume 114 ft3 3.2 m3  

 
Table 5.6: The initial combined void space volume of the Fracture Network Gas Headspace Compartments at 
Moomba 77 at the commencement of flowback, on 28th October, 2007, was calculated to be 71 ft3 (2.0 m3). This 

represents “fracture network storage” associated with the proppant pack of the initial fracture network stimulated 
reservoir volume (SRV) domain. 
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To enable the total surface gas volume of a natural surge event to quantitatively reflect the 

combined void space volume of the Fracture Network Gas Headspace Compartments from 

which it was generated, it was first necessary to subtract the now known surface gas volume 

contribution of the Annulus Gas Headspace Compartment (Section 5.20.4 and Equation 

5.6). This is described by Equation 5.7: 

 

 

FNGHCsurface = Surge Surface Gas Volume - AGHCsurface ….. Equation 5.7 

 

 

where: 

 

1. FNGHCsurface = The unknown combined surface gas volume contributed to a natural surge 

event by the Fracture Network Gas Headspace Compartments. 

 

2. Surge Surface Gas Volume = The known total volume of gas measured at surface for a 

single natural surge event, in excess of that attributable to the low, stable, background, 

quasi-steady state base gas flow rate. 

 

3. AGHCsurface = The known surface gas volume contributed to a natural surge event by the 

Annulus Gas Headspace Compartment (calculated from Equation 5.6). 

 

The volume of the Annulus Gas Headspace Compartment (495 ft3 / 14.0 m3) was initially 7 

times the combined initial void space volume of the Fracture Network Gas Headspace 

Compartments (71 ft3 / 2.0 m3). Hence, gas expelled to surface from the Annulus Gas 

Headspace Compartment would have initially dominated the natural surge events. It may be 

reasonably (and conservatively) assumed that when the total surface gas volume of a natural 

surge event reached twice the calculated surface gas volume contributed by the Annulus Gas 

Headspace Compartment that the combined void space volume of the Fracture Network 

Gas Headspace Compartments had grown to match the physical void space volume of the 

Annulus Gas Headspace Compartment. This “milestone” occurred at the time of Surge #27, 

on 2nd June, 2008, seven months after the commencement of flowback (Appendices 2 and 

3). Hence, it is concluded that the increasingly larger natural surge events for the remainder of 

the long-term flowback were increasingly dominated by gas expulsion from the Fracture 

Network Gas Headspace Compartments, and were no longer primarily a result of pressure 

blow-down of the Annulus Gas Headspace Compartment. 

 

On the basis that the physical void space volume and other physical properties of the Annulus 

Gas Headspace Compartment were effectively constant, any change in natural surge event 

character over flowback time may be interpreted to be a direct indicator of dynamic reservoir 
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behaviour during gas production. The surface gas volume and peak gas flow rate of a natural 

surge event are reasonably interpreted to be proportional to the combined void space volume 

and permeability respectively of the Fracture Network Gas Headspace Compartments at 

the time the natural surge event was generated. Hence, the evolution of natural surge events 

over flowback time may be used to infer changes in fracture network GRV domain 

characteristics, such as size, fracture / fabric face surface area, and permeability, thereby 

testing The Hypothesis in Chapter 4. 

 

5.20.6 Insight from Natural Surge Event Trigger Pressure 

 

The Wellhead Annulus Pressure at which natural surge events were triggered varied in a 

gradual, systematic manner. This is clearly evident on the long-term, 81/2-year flowback 

pressure profile in Figure 5.21. 

 

There were three main Surge Trigger Pressure trends: 

 

1. Early-time trend. 

 

Surge Trigger Pressure gradually increased over a period of 123 days, from a minimum 

value of 534 psi (3,680 kPa) for Surge #7, to reach a maximum value of 754 psi (5,200 

kPa) for Surge #40. At this point, Surge Trigger Pressure started gradually decreasing. 

 

2. Middle-time trend. 

 

Surge Trigger Pressure gradually decreased over a period of 918 days, from a maximum 

value of 754 psi (5,200 kPa) for Surge #40, to reach a minimum value of 530 psi (3,650 

kPa) for Surge #87. This middle-time period was characterised by the natural surge cycles 

having extended “pre-surge hydrostatic back-pressure plateaus”. This phenomenon is 

described later in this Section. 

 

3. Late-time trend. 

 

Surge Trigger Pressure gradually increased over a period of 1,294 days, from a minimum 

value of 530 psi (3,650 kPa) for Surge #87, to reach a maximum value of 1,236 psi (8,520 

kPa) for Surge #107. 

 

There is currently no definite explanation for the evolving Surge Trigger Pressure profile but 

some form of dynamic reservoir behaviour during gas production is suspected to be the 

underlying cause. 
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It is clear that the fundamental mechanism for the generation of natural surge events at 

Moomba 77 was a sudden perturbation in the finely balanced, quasi-steady state dynamic 

flowing pressure equilibrium between the rising hydrostatic column of flowback fluid 

accumulating within the production tubing string and hydrostatically compressed gas spilling 

from within the Annulus Gas Headspace Compartment, and the underlying Fracture 

Network Gas Headspace Compartments. What caused this perturbation is uncertain. A 

number of potential natural surge event trigger mechanisms are described in detail in Chapter 

6, Section 6.1.1. Of these, the trigger mechanism that is most consistent with the character of 

the Surge Trigger Pressure profile, field analogs, and indeed The Hypothesis in Chapter 4 

is: 

 

“Wellbore hydrostatic back-pressure and reservoir stress-dependent leak-off”. 

 

This is discussed below, and further in Chapter 6, Sections 6.1.1.4 and 6.1.1.5. 

 

It is postulated that the pressure disequilibrium required for triggering a natural surge event is 

created when flowback fluid within the Production Casing Flowback Fluid Sump 

Compartment suddenly leaks-off, through the wellbore production casing string perforations, 

and back into one or more of the target coal seams, in response to a hydrostatic back-pressure-

assisted “self-fracturing” event that creates incremental GRV domain void space. This is a 

fundamental prediction of The Hypothesis. The resultant rapidly falling hydrostatic column of 

flowback fluid within the small-ID production tubing string causes a sudden reduction in 

hydrostatic back-pressure on the Annulus Gas Headspace Compartment, and the 

underlying Fracture Network Gas Headspace Compartments. Since fluid is filling the new 

GRV domain void space, the reduction of hydrostatic back-pressure is far greater than the 

pressure reduction within these two gas headspace domains. This allows the hydrostatically 

compressed gas within them to expand rapidly into the wellbore and surge uncontrollably up 

the wellbore to surface. The flowback fluid leak-off event occurs as a consequence of the 

gradually increasing wellbore hydrostatic back-pressure eventually exceeding the reservoir 

confining stress-dependent tensile dilation pressure of the low tensile strength, multiple 

orientation coal fabric planes of weakness. The coal seam leak-off pressure at which natural 

surge events are triggered may therefore be treated as an indicator of the minimum in situ 

stress at the outer boundary of the fracture network GRV domain. The systematic variation of 

Surge Trigger Pressure over flowback time suggests that the reservoir confining stress of the 

coal seam is changing as a function of both reservoir pressure depletion (which promotes gas 

desorption-induced coal matrix shrinkage) and the combined physical response of the coal 

seam and the surrounding host rock strata. Such behaviour is inconsistent with the “uniaxial 

strain and constant vertical confining stress” geomechanical reservoir boundary condition that 

is assumed by default for most shallow CSG reservoirs (Chapter 3, Section 3.5.2.1). 
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If Surge Trigger Pressure is indeed proportional to the minimum in situ stress at the outer 

boundary of the fracture network GRV domain, this parameter may be used to test The 

Hypothesis prediction that coal seams far below the commercial permeability depth limit for 

shallow CSG reservoirs are able to de-stress during gas production, as a consequence of the 

combined, mutually sustaining actions of gas desorption-induced coal matrix shrinkage and 

sympathetic pressure arch stress shield evolution. 

 

The concept of “wellbore hydrostatic back-pressure and reservoir stress-dependent leak-

off” within a producing deep coal seam being a reservoir confining stress indicator is directly 

analogous to the use of a static drilling fluid “leak-off test” (LOT) pressure profile to estimate 

the minimum in situ stress of any type of geological formation, including coal seams (White et 

al., 2002). 

 

A series of LOT pressure profiles for a typical, drilling fluid-filled wellbore is shown in Figure 

5.31. Note the similarity in form to the steady build-up, natural surge event trigger point, and 

then sudden decline of Wellhead Annulus Pressure in Moomba 77 during a natural surge 

cycle, as shown for example in Figure 5.26. 

 

In a normal drilling scenario, a leak-off test is a drilling fluid injection operation that determines 

the maximum equivalent drilling fluid density (“mud weight”) that can be applied before the 

formation starts to undergo tensile fracturing in a direction orthogonal to the minimum in situ 

stress. “Leak-off pressure” (LOP) is a measure of the pressure at which closed fractures open 

under tension, or new fracture apertures start to form. A leak-off test is typically performed to 

determine the competence of the formation immediately below a newly installed wellbore 

casing string. This is important information for “well control” purposes. The technique involves 

drilling a short distance beyond the casing shoe, and then injecting drilling fluid into the 

wellbore while it is temporarily shut in at surface. The increasing surface injection pressure is 

continuously monitored for indications of formation breakdown (fracturing). The process of 

injecting drilling fluid into the shut-in wellbore increases the bottom-hole pressure to beyond 

that of the static drilling fluid column. This initially results in elastic deformation of the uncased 

section of the wellbore. The LOP is reached when the trend of increasing injection pressure 

versus the volume of drilling fluid injected commences deviating downwards from the 

ascending straight line (Figure 5.31). This indicates that deformation of the formation is 

becoming inelastic. At this point, drilling fluid is likely to commence leaking-off into the 

formation below the casing shoe along new, hydraulically induced fracture apertures. Once 

leak-off has been verified, injection is stopped, and the wellbore is allowed to regain pressure 

equilibrium with the formation. 
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Figure 5.31: An analogy for the postulated “wellbore hydrostatic back-pressure and reservoir stress-
dependent leak-off” trigger mechanism for the generation of natural surge events at Moomba 77. Drilling fluid 
“leak-off test” (LOT) pressure profiles acquired in fluid-filled wellbores may be used to estimate the minimum in situ 
stress of any type of geological formation, including coal seams (White et al., 2002). Note the similarity in form to 
the steady build-up, natural surge event trigger point, and then sudden decline of Wellhead Annulus Pressure 
(WAP) during natural surge cycles at Moomba 77. 

 

The concept of hydrostatic back-pressure-induced flowback fluid leak-off being responsible for 

the triggering of natural surge events at Moomba 77 is most clearly demonstrated by a 21/2-

year period of anomalous natural surge cycles on the long-term flowback trend involving 

Cycles #70 to #93 (Figure 5.21 and Appendix 2). The dynamic hydrostatic back-pressure 

build-up profile for each of these cycles (as measured by Wellhead Annulus Pressure) 

reached an irregular “saw-tooth plateau”, before abruptly terminating when a natural surge 

event was eventually triggered. The plateau effect is well demonstrated by Cycle #92 in Figure 

5.32. Before and after the flowback period exhibiting the plateaus, the natural surge cycles 

were characterised by the Wellhead Annulus Pressure rising continuously to a single, sharp 

“natural surge event trigger point” peak. 

 

The “pre-surge wellbore hydrostatic back-pressure plateaus” were imperceptible early in the 

long-term flowback. They evolved systematically, at varying Wellhead Annulus Pressure, 

gradually increasing in duration over flowback time to a maximum of 90 days (for Cycle #90), 

before eventually disappearing from the long-term flowback pressure profile immediately after 

the large wellbore pressure BDTA event on 24th July, 2012. Also notable was a clear 

correspondence of the plateaus to the period of lowest Surge Trigger Pressure. The 

systematic evolution and extinction of the pre-surge wellbore hydrostatic back-pressure 

plateaus suggests that some form of dynamic reservoir behaviour during gas production may 

have been responsible. It is postulated that the plateaus may represent the critical wellbore 

hydrostatic back-pressure threshold at which the constantly accumulating flowback fluid within 

the wellbore is able to leak-off, back into the target coal seams, by opening, dilating and 

extending hydraulic fractures and existing coal fabric apertures, or by creating and extending 
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new coal fabric apertures. Hence, as a consequence of flowback fluid leak-off occurring at 

approximately the same rate as flowback fluid accumulation, the rising Wellhead Annulus 

Pressure trend ceases. Rather than accumulating within the production tubing string, flowback 

fluid leaks off, back into the de-stressing target coal seams. 

 

A pre-surge wellbore hydrostatic back-pressure plateau persists, in a state of dynamic 

flowback fluid “leak-off pressure equilibrium”, until a more rapid flowback fluid leak-off event 

occurs that is of sufficient volume to perturb the finely balanced wellbore conduit - fracture 

network GRV domain system pressure equilibrium, and trigger a natural surge event. This is 

supported by Cycle #92 in Figure 5.32 (as well as numerous other cycles in Appendix 2), 

which exhibits what appears to be a series of “failed” leak-off events, which were of insufficient 

rate, and / or volume, to perturb the system pressure equilibrium, and trigger a natural surge 

event. No flowback fluid was expelled to surface during the plateau period, so the intermittent 

loss of hydrostatic back-pressure within the production tubing string appears to be most likely 

a consequence of flowback fluid leak-off, back into the de-stressing target coal seams. After 

each “failed” natural surge event trigger point, the liquid loading trend appears to resume, but 

at a different rate of accumulation (for a given Wellhead Annulus Pressure). This suggests 

that the rate of flowback fluid leak-off is variable during the pre-surge wellbore hydrostatic 

back-pressure plateaus. 

 

The postulated natural surge event trigger mechanism of “wellbore hydrostatic back-

pressure and reservoir stress-dependent leak-off” was physically simulated within The 

University of Adelaide’s experimental wellbore, and an accurate flowback pressure profile 

“history match” obtained. The work, which is beyond the scope of this thesis to describe in 

detail, is reported in a high-level, summarised format in Chapter 6. 
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Figure 5.32: The “pre-surge wellbore hydrostatic back-pressure plateau” at Moomba 77. This is interpreted to 

represent a sensitive state of dynamic flowback fluid “leak-off pressure equilibrium”, whereby the hydrostatic back-
pressure of accumulated flowback fluid within the wellbore matches the minimum in situ stress at the outer boundary 
of the fracture network GRV domain. The plateaus may represent the critical wellbore hydrostatic back-pressure 

threshold at which the constantly accumulating flowback fluid within the wellbore is able to leak-off, back into the 
target coal seams. Hence, the rising Wellhead Annulus Pressure (WAP) trend ceases. Rather than accumulating 

within the production tubing string, flowback fluid leaks off, back into into the de-stressing target coal seams. A 
plateau persists, in a state of dynamic flowback fluid “leak-off pressure equilibrium”, until a more rapid flowback fluid 
leak-off event occurs that is of sufficient volume to perturb the finely balanced wellbore conduit - fracture network 
GRV domain system pressure equilibrium, and trigger a natural surge event. 

 

5.20.7 Impact of Sudden or Prolonged Periods of Back-pressure Increase 

 

The open-ended flowing manometer-like hydrodynamic behaviour of the wellbore conduit - 

fracture network GRV domain system (Section 5.9), and the gas plunger-like mechanism for 

the generation of natural surge events (Section 5.20.2), clearly demonstrate how a subtle 

decrease in the hydrostatic back-pressure exerted on the fracture network GRV domain by the 

rising hydrostatic column of flowback fluid accumulating within the production tubing string 

easily perturbed the finely balanced, quasi-steady state dynamic flowing pressure equilibrium 

between it and hydrostatically compressed gas spilling from within the Annulus Gas 

Headspace Compartment, and the underlying Fracture Network Gas Headspace 

Compartments. Similarly, a sudden or prolonged increase in back-pressure on the fracture 

network GRV domain, hydrostatic or otherwise, created a state of disequilibrium that was 

responsible for the generation of three other non-steady state flowback phenomena on the 

Moomba 77 flowback pressure profile. These were: 

 

1. Forced triggering of surge events. 

 

2. DRV3 sub-domain supercharging. 
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3. Post-surge fluid fall-back and back-flow into the fracture network GRV domain. 

 

Each of these phenomena provided further insight into dynamic fracture network GRV domain 

behaviour during gas production, and are described in the following Sections. 

 

5.20.7.1 Forced Triggering of Surge Events 

 

The finely balanced, easily perturbed, quasi-steady state dynamic flowing pressure equilibrium 

between the rising hydrostatic column of flowback fluid accumulating within the production 

tubing string and hydrostatically compressed gas spilling from within the Annulus Gas 

Headspace Compartment, and the underlying Fracture Network Gas Headspace 

Compartments, was particularly well demonstrated, early in the flowback, during brief 

wellbore shut-in periods that were required for collecting gas samples at the wellhead (Section 

5.18). 

 

To obtain sufficient pressure within a steel gas sample cylinder for reliable analysis, it was 

necessary to shut in the wellbore and allow SITHP to increase to approximately 100+ psi (690+ 

kPa) over a period of approximately 10 minutes. Negligible flowback fluid accumulated within 

the production tubing string during this short time frame. Hence, the hydrostatic back-pressure 

of the flowback fluid column on the fracture network GRV domain did not increase significantly. 

Indeed, it may have slightly decreased because it is known, from fluid static gradient surveys 

in Moomba 77, that accumulated wellbore fluid slowly back-flowed, through the wellbore 

production casing string perforations, and back into the target coal seams during wellbore shut-

in periods. During the brief gas sample shut-in periods, the 100+ psi (690+ kPa) of incremental 

back-pressure on the fracture network GRV domain (from the shut-in pressure, not the 

hydrostatic column) caused the Annulus Gas Headspace Compartment, and the underlying 

Fracture Network Gas Headspace Compartments, to become pressure-overbalanced with 

respect to the effectively unchanged (or slightly lower) hydrostatic column of accumulated 

flowback fluid within the production tubing string. For as long as the wellbore remained shut in, 

this overbalance did not perturb the finely balanced wellbore conduit - fracture network GRV 

domain system pressure equilibrium because it was counterbalanced by the SITHP. However, 

after the gas sample had been collected, and the wellbore was then opened to flow, the sudden 

release of pressure (to atmosphere) within the gas-filled space above the hydrostatic column 

of accumulated flowback fluid within the production tubing string created a 100+ psi (690+ kPa) 

pressure differential with respect to the Annulus Gas Headspace Compartment, and the 

underlying Fracture Network Gas Headspace Compartments. This pressure disequilibrium 

immediately triggered a “forced” surge event, as shown in Figure 5.33. The peak gas flow rate, 

surface gas volume, and duration of the forced surge event were all proportional to the total 

amount of back-pressure applied to the gas headspace compartments at the end of the gas 
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sample shut-in period, i.e. immediately prior to opening the wellbore to flow. For the Fracture 

Network Gas Headspace Compartments specifically, this was equal to the sum of: 

 

1. Wellhead Annulus Pressure, which incorporated: 

 

a) The hydrostatic pressure head of accumulated flowback fluid within the production 

tubing string. 

 

b) The pressure head of gas within the interval between the top of the production tubing 

string hydrostatic column and the wellhead. 

 

c) The Shut-in Tubing Head Pressure (SITHP). 

 

2. The pressure head of gas within the Annulus Gas Headspace Compartment. 

 

3. The hydrostatic pressure head of accumulated flowback fluid within the Production 

Casing Flowback Fluid Sump Compartment above the underlying Fracture Network 

Gas Headspace Compartments. 

 

Such prematurely triggered forced surge events had the same characteristics as the natural 

surge events (Section 5.20.1). The non-steady state gas flow rate eventually subsided back 

to the low, stable, background, quasi-steady state Base Gas Flow Rate Regime. 

 

The forced triggering of surge events is significant to the understanding of dynamic reservoir 

behaviour in Cooper Basin deep coal seams during gas production because it confirms; a) the 

open-ended flowing manometer-like hydrodynamic behaviour of the wellbore conduit - fracture 

network GRV domain system, and b) the fundamental basis for the trigger mechanism by which 

natural surge events are initiated, as described in Section 5.20.2. 
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Figure 5.33: An example of a “forced” surge event at Moomba 77. These were triggered in response to pressure 

disequilibrium between the hydrostatic column of accumulated flowback fluid within the wellbore and the gas 
headspace compartments of The Annulus and the fracture network GRV domain, which was generated by the 

process of manually collecting 100+ psi (690+ kPa) gas samples from the shut-in wellhead in a steel cylinder. The 
action of briefly shutting in and then opening the wellbore was sufficient to perturb the finely balanced, quasi-steady 
state dynamic flowing pressure equilibrium between the rising hydrostatic column of flowback fluid accumulating 
within the production tubing string and hydrostatically compressed gas spilling from within the Annulus Gas 
Headspace Compartment, and the underlying Fracture Network Gas Headspace Compartments. 

 

5.20.7.2 DRV3 Sub-domain Supercharging 

 

During the long-term flowback of Moomba 77, several extended wellbore shut-in periods 

caused fracture network GRV domain pressure to increase to well above the long-term 

average FBHP. When the wellbore was then opened to pressure BDTA, and the Base Gas 

Flow Rate Regime eventually regained, the surface gas volume (but not the peak gas flow 

rate) of subsequent natural surge events was considerably larger than before the wellbore 

shut-in period, deviating from the original quasi-steady state base trend. This effect is 

henceforth termed “DRV3 sub-domain supercharging”. It is postulated that the phenomenon is 

a consequence of a component of the surface gas volume of “supercharged” natural surge 
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events not being sourced from within the SRV, DRV1, and DRV2 apertures of the fracture 

network GRV domain sensu stricto. An additional volume of gas was being rapidly “re-

desorbed” from the large coal matrix surface area of the DRV3 sub-domain, as a direct 

consequence of having been resorbed during the preceding wellbore shut-in period. 

 

DRV3 sub-domain supercharging is most clearly demonstrated by the anomalously large 

natural surge events that were generated shortly after the two largest wellbore pressure BDTA 

events performed on 16th December, 2010 and 24th July, 2012 (Figure 5.34). The preceding 

extended wellbore shut-in periods had durations of 157 and 259 days respectively, and both 

were allowed to reach the same final SITHP of 2,500 psi (17,240 kPa). The corresponding 

maximum Shut-in Bottom-hole Pressure (SIBHP) for both wellbore shut-in periods for the 

mostly “dry” wellbore was 3,200 psi (22,060 kPa), as calculated in Salmachi et al. (2019) of 

Appendix 5. This is 2,620 psi (18,060 kPa) higher than the long-term average FBHP of 

approximately 580 psi (4,000 kPa). When the low, stable, background, quasi-steady state base 

gas flow rate was regained, and the natural surge events then resumed, 40 days and 28 days 

after each wellbore pressure BDTA event (in 2010 and 2012 respectively), an immediate large 

increase in their surface gas volume (but not peak gas flow rate) was observed. The DRV3 

sub-domain supercharging effect gradually dissipated, after a prolonged flow period to 

constant atmospheric pressure drawdown, as shown in Figure 5.34. The surface gas volume 

of the natural surge events gradually declined, to eventually realign with the previous long-

term, near-linear, quasi-steady state surface gas volume base trend but this required 

approximately 6 months of continuous flowback following the 2010 wellbore pressure BDTA 

event. Even more flowback “recovery time” was required for supercharge dissipation following 

the 2012 wellbore pressure BDTA event. In fact, the subsequent natural surge event series 

failed to realign with the surface gas volume base trend before the next wellbore shut-in period 

occurred (Figure 5.34). The implications of DRV3 sub-domain supercharging for the time-lapse 

flowback monitoring of natural surge events are discussed in Section 5.20.8.2. 
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Figure 5.34: A plot of the surface gas volume of natural surge events (green circles) versus flowback time at 
Moomba 77 (normalised to constant “Surge Trigger Pressure”), showing the “DRV3 sub-domain supercharging” 
of those natural surge events generated shortly after the wellbore “blow-down to atmosphere” (BDTA) events that 

followed extended wellbore shut-in periods. The surface gas volume of natural surge events following extended 
wellbore shut-in periods was considerably larger than for those generated before the wellbore shut-in periods, 
deviating from the original long-term, near-linear, quasi-steady state base trend. 

 

DRV3 sub-domain supercharging is interpreted to be a wellbore shut-in pressure- and wellbore 

shut-in time-dependent coal matrix gas resorption effect. The impact on natural surge event 

characteristics became greater as the gas-depleted DRV3 sub-domain increased in size, and 

hence coal matrix internal surface area for gas resorption, over flowback time. The extra 

volume of gas for each DRV3 sub-domain supercharged natural surge event was being 

produced mainly from the recharged (re-saturated) coal matrix of the DRV3 sub-domain 

(Chapter 4, Section 4.5.2.3), rather than from exclusively the combined gas-filled fracture / 

fabric apertures of the initial fracture network SRV domain, and the DRV1 and DRV2 sub-

domains (Chapter 4, Sections 4.5.1, 4.5.2.1, and 4.5.2.2). During the extended wellbore shut-

in periods, a proportion of the increasingly compressed gas within the void space of the fracture 

network GRV domain slowly resorbed to the high surface area of gas-depleted, and 

permeability-enhanced, coal matrix associated with the DRV3 sub-domain, in response to the 

combined supercharge driving mechanisms of increasing shut-in pressure and increasing 

shut-in time. 

 

It appears that, unlike gas desorption, which is fast for Cooper Basin deep coal seams (Figure 

8 of Dunlop et al. (2017) in Chapter 2), gas resorption for Cooper Basin deep coal seams is 

a very slow process. This strong time-dependence is well demonstrated by laboratory gas 

resorption experiments involving full-hole core segments (Santos Limited, 2013). In one 

experiment, core samples did not reach full gas saturation equilibrium after having been 

exposed to reservoir pressure conditions for 70 days. In another experiment, core samples 
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remained undersaturated after 125 days of applied gas pressure. The strong pressure- and 

time-dependence of gas resorption may explain why DRV3 sub-domain supercharging effects 

were imperceptible during quasi-steady state gas flow periods, when the periods of hydrostatic 

back-pressure increase associated with natural surge cycles were of much shorter duration 

than the extended wellbore shut-in periods, and Surge Trigger Pressure (Sections 5.20.2, 

5.20.6, and 5.20.8.4, and Figure 5.38) was comparatively low. 

 

To fully appreciate the concept of DRV3 sub-domain supercharging, it is important to consider 

how the process of “sorption” differs from “adsorption”. The term “adsorption” refers to the 

mostly pressure-dependent process by which gas molecules reversibly bind to coal micro-pore 

surfaces via weak electrostatic van der Waals forces, so as to form a semi-liquid layer, one or 

more molecules thick (Langmuir, 1916, Langmuir, 1918). This is moderated by increasing 

temperature, which has the effect of breaking these bonds. The term “sorption” refers to the 

process by which the free gas phase is also incorporated into the coal matrix, but instead via 

compression within the void space of meso- and macro-pores, in accordance with Boyle's Law. 

Hence, the “sorbed gas content” of the coal matrix is defined as the sum of the adsorbed gas 

and the free gas components. This is commonly referred to as “total gas”, and is what is 

measured during the canister desorption (“de-gassing”) of full-hole core samples. For a specific 

reservoir temperature, both the adsorbed gas content and the free gas content of the coal 

matrix initially increase simultaneously with increasing pressure. Adsorbed gas content 

increases rapidly, then typically slows towards some form of saturation state, in accordance 

with the relevant gas adsorption isotherm, which may not necessarily be confined to simple 

monolayer adsorption (Evans et al., 1986, Clarkson et al., 1997, Tuller et al., 1999). Free 

gas content continues to increase, in a linear manner by simple compression, without reaching 

saturation under the normal range of reservoir PVT conditions. This is why the total gas content 

of typical Cooper Basin deep coal seams significantly exceeds the total gas content of 

adsorbed gas-saturated shallow CSG reservoirs (which generally contain no free gas). 

 

At the time of the two extended wellbore shut-in periods in 2010 and 2012 respectively, the 

fracture network GRV domain was large, and accommodated a high fracture / fabric face 

surface area for gas resorption and re-desorption. This resulted in resorbed gas within the coal 

matrix of the DRV3 sub-domain contributing significantly to the produced gas volume of those 

natural surge events generated shortly after the wellbore pressure BDTA events that followed 

these extended wellbore shut-in periods. During the gas flow periods between the extended 

wellbore shut-in periods, the comparatively low hydrostatic back-pressure exerted by the 

dynamic natural surge cycles, combined with their comparatively short duration, meant that 

the gas-depleted DRV3 sub-domain coal matrix could not become supercharged to the same 

extent. 
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Based on the reasoning above, it is interpreted that during the extended wellbore shut-in 

periods that immediately preceded the 2010 and 2012 wellbore pressure BDTA events, 

compressed gas within the re-pressurising Fracture Network Gas Headspace 

Compartments was forced, as a saturation equilibrium requirement, to resorb to the 

previously gas-depleted coal matrix of the DRV3 sub-domain. This process was analogous to 

large-scale laboratory gas sorption isotherm testing, whereby a fully gas-depleted full-hole coal 

core sample (intact, not crushed) is re-saturated with both adsorbed and free gas by exposing 

it to increasing gas pressure (effectively the canister “de-gassing” of a full-hole core sample in 

reverse). The prolonged increase in back-pressure on the fracture network GRV domain during 

these two extended wellbore shut-in periods partially recharged both the adsorbed gas and 

the free gas storage capacity of the depleted coal matrix. The previously gas-depleted coal 

matrix of the DRV3 sub-domain had, over a flowback time of more than 21/2 years, developed 

enhanced gas storage and inherent gas flow rate capacity characteristics because it existed 

within the de-stressed fracture network GRV domain of fine-scale, shrinkage-dilated coal 

fabric, where coal matrix porosity and permeability had rebounded from their native states. 

Since SIBHP did not reach original reservoir pressure, coal matrix swelling, and resultant re-

stressing, were insufficient to close the previously dilated coal fabric, and return porosity and 

permeability to their very low native states. Hence, during each of the flowback periods that 

followed the large 2010 and 2012 wellbore pressure BDTA events respectively, natural surge 

event gas was produced not only from the gas-filled fracture / fabric apertures of the initial 

fracture network SRV domain, and the DRV1 and DRV2 sub-domains, but also from the partially 

re-saturated coal matrix of the enhanced porosity / permeability DRV3 sub-domain. It follows 

that, if the porosity- and permeability-enhanced coal matrix adjacent to the fracture / fabric 

faces is forced to resorb gas during an extended wellbore shut-in period, this previously gas-

depleted coal matrix will store more free gas for a specific reservoir pressure than in its native 

state. It will then deliver more gas to the wellbore, at a higher rate, during a subsequent 

wellbore pressure BDTA event. Such behaviour was indeed manifested in the anomalously 

high surface gas volume recorded for the supercharged natural surge events that were 

generated shortly after the large 2010 and 2012 wellbore pressure BDTA events at Moomba 

77. 

 

Despite an increase in the gas flow rate capacity of coal matrix within the DRV3 sub-domain, 

the trend of peak gas flow rate for the natural surge events over flowback time did not appear 

to be significantly affected by DRV3 sub-domain supercharging. This is to be expected, since 

coal matrix permeability of the DRV3 sub-domain, even when enhanced by coal matrix 

shrinkage, was not the critical controlling factor for gas flow rate during the Blow-down Gas 

Flow Rate Regime (Section 5.19.2) that defines the peak gas flow rate. Instead, peak gas 

flow rate was controlled primarily by the far greater permeability and gas flow rate capacity of 

the initial fracture network SRV domain, and the DRV1 and proximal DRV2 sub-domains. 
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The increasingly dominant gas resorption capacity of the DRV3 sub-domain over flowback 

time, as reflected by the increased DRV3 sub-domain supercharging, is interpreted to have 

also influenced the rate of wellbore pressure build-up during wellbore shut-in periods. This is 

investigated in Section 5.21. 

 

It is predicted that the DRV3 sub-domain supercharging effect would have become even more 

pronounced over flowback time, had the flowback been allowed to continue for longer. The 

DRV3 sub-domain would have grown larger, and generated a greater volume of gas-depleted, 

enhanced coal matrix gas storage capacity available for gas resorption during extended 

wellbore shut-in periods. 

 

5.20.7.3 Post-surge Fluid Fall-back and Back-flow into the Fracture Network GRV 

Domain 

 

At the conclusion of each natural surge event, when the gas flow had declined to below the 

minimum rate required to lift flowback fluid up the production tubing string to surface, remnant 

flowback fluid, entrained within the gas stream, fell back down the production tubing string 

under the influence of gravity, and re-accumulated as a continuous liquid phase. This post-

surge “fluid fall-back” caused residual hydrostatically compressed gas within the headspace 

compartments of the fracture network GRV domain to become temporarily pressure-

underbalanced with respect to the rapidly re-accumulating (settling) flowback fluid within the 

wellbore. This, in turn, caused flowback fluid within the Production Casing Flowback Fluid 

Sump Compartment to “back-flow”, through the wellbore production casing string 

perforations, and back into the fracture network GRV domain. The pressure response of the 

resulting open-ended flowing manometer-like hydrodynamic fluid-gas redistribution between 

the wellbore conduit and the fracture network GRV domain provided surprisingly detailed 

insight into dynamic fracture network GRV domain behaviour. A distinctive and persistent 

Wellhead Annulus Pressure (i.e. wellbore fluid level) signature was generated at the tail-end 

of each natural surge event. This feature is henceforth termed the “Post-surge Fluid Fall-

back and Back-flow” pressure signature. A well-developed example, from late in the flowback 

(Surge #110), is shown in Figure 5.35. 

 

The same effect most likely occurred, in parallel, with respect to the Annulus Gas Headspace 

Compartment. This analogous hydrodynamic interaction will not be investigated further. It is 

reasonably assumed to be a static effect over flowback time, the pressure signature for which 

does not provide information about dynamic reservoir behaviour during gas production. 
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Figure 5.35: The well-developed “Post-surge Fluid Fall-back and Back-flow” pressure signature of Surge #110 
at Moomba 77, on 3rd January, 2015, 7.2 years after the commencement of flowback. Key features of the pressure 
signature, described within the text of Section 5.20.7.3, are labelled as “A” to “M”. 

 

The Post-surge Fluid Fall-back and Back-flow pressure signature was imperceptible early 

in the flowback. As shown in Figure 5.36, it became large enough to be recognised 

approximately at the time of Surge #49, on 9th October, 2008, 347 days after the 

commencement of flowback. From that point onwards, the duration and character definition of 

the pressure signature gradually increased, in parallel with the increasing size of the natural 

surge events. This evolution may be appreciated by comparing and contrasting the pressure 

signatures for consecutive natural surge cycles displayed within the catalog of Appendix 2. 
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Figure 5.36: The flowback pressure profile of Moomba 77, showing the gradual appearance of the distinctive and 
persistent “Post-surge Fluid Fall-back and Back-flow” pressure signature. This Wellhead Annulus Pressure 
(WAP) feature became large enough to be recognised approximately at the time of Surge #49, on 9th October, 

2008, 347 days after the commencement of flowback. 

 

A comprehensive, step-by-step description of the Post-surge Fluid Fall-back and Back-flow 

process is provided below, with reference to the well-developed pressure signature of Surge 

#110, shown in Figure 5.35. Key features of the pressure signature are labelled as “A” to “M”. 

 

The basic steps of the process are: 

 

1. A natural surge event commences (A) in response to a trigger mechanism that suddenly 

perturbs the finely balanced, quasi-steady state dynamic flowing pressure equilibrium 

between the rising hydrostatic column of flowback fluid accumulating within the production 

tubing string and hydrostatically compressed gas spilling from within the Annulus Gas 

Headspace Compartment, and the underlying Fracture Network Gas Headspace 

Compartments. 

 

This causes an initial rapid expulsion of accumulated flowback fluid from within the 

production tubing string, followed by a large decline in fracture network GRV domain 

pressure (B), as described in Section 5.20.1. 

 

2. The natural surge event gas flow rate declines to reach the minimum rate required to lift 

flowback fluid up the production tubing string to surface (C). This critical gas flow rate is 

calculated to be approximately 0.4 MMscfd (11.3 Mscmd). 
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At this point, flowback fluid entrained within the gas stream becomes “suspended” within 

the production tubing string, as a consequence of the lower upward gas flow velocity, and 

starts to accumulate as a thin, mobile “layer”, or “film”, on its inner surface. This semi-

equilibrium state is often referred to as “liquid hold-up” (Zhou and Yuan, 2010). The 

minimum level of accumulated flowback fluid within the production tubing string has been 

reached. 

 

3. The natural surge event gas flow rate falls below the threshold required to maintain 

suspension of the flowback fluid layer. 

 

With insufficient upward gas flow velocity to suspend it, the flowback fluid layer on the inner 

surface of the production tubing string commences moving downwards under the influence 

of gravity. Flowback fluid commences re-accumulating (settling) at the bottom of the 

production tubing string. This causes hydrostatic back-pressure on the Annulus Gas 

Headspace Compartment (and the underlying Fracture Network Gas Headspace 

Compartments) to increase, as measured by the Wellhead Annulus Pressure (D). 

 

The sudden, relatively rapid re-accumulation (settling) of post-surge flowback fluid at the 

bottom of the near-empty production tubing string, at an average rate of approximately 2 - 

5 psi (14 - 34 kPa) of hydrostatic back-pressure per hour, 5 - 12 feet (1.5 - 3.7 metres) of 

hydrostatic column per hour, or 0.5 - 1.1 barrels of fluid per day, introduces a relatively 

sudden hydrostatic back-pressure increment on the surge-depleted Fracture Network 

Gas Headspace Compartments of Deep Coal Seams 2, 3, and 4 (Section 5.6.1, and 

Figure 5.11, and Table 5.4). These compartments are still in the process of blowing down 

to atmosphere. As such, gas flow from the target coal seams into the wellbore is still 

significantly more turbulent than during the Base Gas Flow Rate Regime. The previously 

sharp, stable gas-fluid contacts, at the level of the uppermost perforations in each target 

coal seam, are now more diffuse. A vertical zone of gas entry into the wellbore, involving 

additional perforations, may extend a significant distance towards the base of each target 

coal seam. 

 

The reversed pressure differential generated by the relatively rapid rise of the hydrostatic 

column within the production tubing string forces flowback fluid within the Production 

Casing Flowback Fluid Sump Compartment to flow back through the wellbore 

production casing string perforations, and into the fracture network GRV domain as “back-

flow”. The resultant incremental compression experienced by the Fracture Network Gas 

Headspace Compartments causes the diffuse vertical zones of gas entry into the wellbore 

to retreat upwards, towards the ultimate gas spill-points at the uppermost perforations in 

the wellbore production casing string. As a consequence, gas flow into the wellbore from 

the three target coal seams is reduced. Gas flow from an individual target coal seam into 



 

228 

the wellbore may even be terminated, if the compression effect is sufficient to force its 

flowback fluid sump level above the uppermost perforation. The outcome of this gas 

headspace compression is a negative (downward) inflection in the overall natural surge 

event gas flow rate decline profile (E). There appears to be a lag-time involved (F), with 

the negative (downward) inflection occurring after the flowback fluid column within the 

production tubing string commences rising. Gas flow through the standing flowback fluid 

column within the wellbore, and then to surface, does not cease completely because, as 

explained in Section 5.6, Deep Coal Seam 1 is fully perforated to the roof of the seam, 

and therefore does not have a compressible Fracture Network Gas Headspace 

Compartment. This target coal seam is therefore relatively unaffected by wellbore 

flowback fluid column back-pressure, and is able to flow gas into the Production Casing 

Flowback Fluid Sump Compartment continuously. Initially, the post-surge fluid fall-back 

accumulation rate within the production tubing string is greater than the rate of fluid back-

flow into the fracture network GRV domain, so the column of accumulated flowback fluid 

within the production tubing string continues to rise, but at a steadily decreasing rate, as 

the rate of fluid fall-back accumulation declines (G). In response to the decreasing rate of 

hydrostatic back-pressure increase, the gas flow rate starts to slowly recover (H). 

 

4. Most of the suspended flowback fluid layer on the inner surface of the production tubing 

string eventually gravity-settles to the bottom, leaving behind an equivalent incremental 

hydrostatic column (I). 

 

The incremental volume of post-surge flowback fluid re-accumulation (settling) within the 

production tubing string (i.e. “fall-back” volume) ranged from 0.2 barrels early in the 

flowback, to 1.4 barrels late in the flowback. This represents an incremental hydrostatic 

column that ranged from 60 to 350 feet (18 to 107 metres) above the post-surge minimum 

production tubing string fluid level (I). 

 

At this point, the incremental hydrostatic back-pressure exerted by the flowback fluid 

column within the production tubing string is still slightly higher than the pressure within the 

Fracture Network Gas Headspace Compartments. As a consequence, accumulated 

flowback fluid within the wellbore continues to slowly back-flow, through the wellbore 

production casing string perforations, and back into the fracture network GRV domain. This 

causes the hydrostatic column of accumulated flowback fluid within the production tubing 

string to slowly decrease. The decreasing flowback fluid level within the production tubing 

string is manifested on the Wellhead Annulus Pressure profile as a slight downward trend 

(J) after the initial rise. The rising, then falling, fluid level reversal creates a characteristic 

“hump” on the Wellhead Annulus Pressure profile. This hump is relatively subtle, and 

was imperceptible early in the flowback. It became large enough to be recognised, above 
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the resolution of the “stair-stepping” pressure gauge, approximately at the time of Surge 

#56, on 12th December, 2008, 411 days after the commencement of flowback. 

 

5. Continued gas production from the fracture network GRV domain increases pressure within 

the depleted Fracture Network Gas Headspace Compartments to the point where it 

eventually reaches equilibrium with the hydrostatic back-pressure exerted by the stabilising 

hydrostatic column of accumulated flowback fluid within the production tubing string. 

 

The process of flowback fluid fall-back within the production tubing string and back-flow 

into the fracture network GRV domain is now complete. The incremental compression 

effect on the Fracture Network Gas Headspace Compartments of Deep Coal Seams 2, 

3, and 4 ceases, and a finely balanced, quasi-steady state dynamic flowing pressure 

equilibrium is regained. This is the “turn-around” point at which flowback fluid flow direction 

through the perforations in the production casing string reverses, back into the wellbore 

(K). 

 

6. The Fracture Network Gas Headspace Compartments of Deep Coal Seams 2, 3, and 

4 commence re-filling with newly produced gas, and their resultant expansion displaces 

the gas-fluid contacts downwards. Flowback fluid is once again expelled from within the 

fracture network GRV domain, and into the wellbore. This causes the hydrostatic column 

of accumulated flowback fluid within the production tubing string to commence moving 

upwards again (L). 

 

7. The downward-moving gas-fluid contacts of the Fracture Network Gas Headspace 

Compartments for each target coal seam eventually reach the respective uppermost 

perforations in the wellbore production casing string. 

 

Gas resumes spilling into the wellbore from Deep Coal Seams 2, 3, and 4. All four target 

coal seams now contribute fully to gas production to surface. The original, slower, pre-

surge flowback fluid accumulation rate within the production tubing string is now evident 

on the Wellhead Annulus Pressure profile (M). Flowback fluid continues to accumulate 

within the production tubing string until the next natural surge event is triggered. 

 

The Post-surge Fluid Fall-back and Back-flow process at the tail-end of natural surge events 

is significant to the understanding of dynamic fracture network GRV domain behaviour in 

Cooper Basin deep coal seams during gas production because; a) it clearly demonstrates the 

open-ended flowing manometer-like hydrodynamic behaviour of the wellbore conduit - fracture 

network GRV domain system, and b) it provides a qualitative indicator of dynamic fracture 

network GRV domain behaviour during gas production. The amount of flowback fluid back-

flow is interpreted to be, in principle, an indicator of the size and permeability of the fracture 
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network GRV domain. Unfortunately, it does not appear to be possible to use the pressure 

signature to reliably track, and quantify, fracture network GRV domain size, permeability, and 

other characteristics over flowback time. This is because the pressure signature is the result 

of a complex hydrodynamic process that is controlled by multiple variables that are difficult to 

normalise for. 

 

5.20.8 Time-lapse Monitoring of Natural Surge Event Pressure Signature 

Attributes 

 

5.20.8.1 Rationale 

 

The cyclical pattern of natural surge event pressure pulses on the Moomba 77 flowback 

pressure profile resembles a series of “heartbeats”. Indeed, the underlying mechanisms for 

each of these “surging processes” are somewhat comparable. Broad cardiology principles may 

therefore be adopted for analysing the reservoir behaviour of Cooper Basin deep coal seams 

during gas production. Analogous to medical electrocardiography (ECG), where attributes of a 

heartbeat electrical signature are used to diagnose various heart conditions (Figure 5.2), 

attributes of a natural surge event pressure signature may similarly be used to diagnose 

fracture network GRV domain conditions. It is important to appreciate that this is purely a 

conceptual analogy that is in no way intended to reflect any potential approach for defining the 

spatial extent and geometry of the fracture network GRV domain. The purpose is only to assist 

the reader in conceptualising the non-classical hypothesis testing methodology being applied 

in Chapters 5 and 6, which does not attempt to quantify spatial extent and geometry. 

 

To quantitatively investigate the spatial extent and geometry of the fracture network GRV 

domain would require a technique such as microseismic monitoring (Maxwell et al., 2002) or 

similar - ideally performed in a time-lapse manner. Earlier, in Chapter 4, Section 4.5, it was 

defined that, for the purpose of quantitatively investigating Cooper Basin deep coal gas 

reservoirs within this study, all references to the term “stimulated reservoir volume” (SRV), and 

indeed “dilated reservoir volume” (DRV), refer specifically to the created and enhanced coal 

fabric aperture and coal matrix pore “void space” sensu stricto, and not simply to the broad 

spatial envelope that is routinely used to describe artificially created shale fracture network 

SRV domains. 

 

The spatial extent and geometry of the Moomba 77 fracture network GRV domain remains 

very uncertain, to the point of being effectively unknown. However, as demonstrated in 

Chapters 5 and 6, quantitative aspects of the “void space volume” (a proxy for “size”), and its 

general hydrodynamic interaction with the wellbore during production, are remarkably well 

understood, to the extent that the conceptual analogy becomes tenable. Indeed, in Chapter 6, 
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a physical model for the Moomba 77 wellbore conduit - fracture network GRV domain “cardiac 

system” generates a remarkably accurate “deep coal ECG history match”. 

 

Hence, the cyclical flowback pressure profile of Moomba 77 may be broadly treated as if it 

were the ECG of a fracture network GRV domain. With this in mind, five selected natural surge 

event pressure signature attributes, and derived characteristics thereof, were analysed in a 

time-lapse manner over the long-term flowback, in an attempt to detect changes in fracture 

network GRV domain characteristics that may be used to test The Hypothesis in Chapter 4. 

 

The five natural surge event pressure signature attributes selected for time-lapse analysis are: 

 

1. Surge Trigger Pressure (Section 5.20.6). 

 

2. Surge Duration (normalised to constant Surge Trigger Pressure). 

 

3. Surge Surface Gas Volume (normalised to constant Surge Trigger Pressure). 

 

4. Fracture Network Gas Headspace Volume. 

 

5. Surge Peak Gas Flow Rate (normalised to constant Surge Trigger Pressure). 

 

There are other, more sophisticated attributes, involving slopes and inflections of the pressure 

signature, that could be analysed, however the simple attributes selected above are 

considered to be sufficient for testing The Hypothesis. 

 

Consistent with the wellbore pressure BDTA of an isolated, “tank-like” gas reservoir domain, 

the natural surge event attributes #2, #3, and #5, which relate to surface gas volume and flow 

rate, were strongly influenced by pre-existing hydrostatic back-pressure on the Annulus Gas 

Headspace Compartment, and the underlying Fracture Network Gas Headspace 

Compartments, at the time a natural surge event was triggered. Boyle’s Law controlled 

attributes #2 and #3, since these were mainly a function of gas expansion. Darcy’s Law 

controlled attribute #5, since this was mainly a function of production pressure drawdown. As 

can be seen on the long-term flowback pressure profile in Figure 5.21, Surge Trigger 

Pressure, as measured by Wellhead Annulus Pressure, varied significantly, and in a 

systematic manner over the long-term flowback. Hence, in order to generate meaningful time-

lapse trends for attributes #2, #3, and #5, for which the data were not variably pressure-

dependent, and which reflected only changes in fracture network GRV domain characteristics, 

it was necessary to normalise these attributes to a constant Surge Trigger Pressure. This 

was arbitrarily chosen to be 692 psi (4,770 kPa), this being the average pre-surge Wellhead 

Annulus Pressure (i.e. Surge Trigger Pressure) for all of the 114 natural surge events 
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recorded during the flowback. For the purpose of attribute normalisation, it was unnecessary 

to use actual fracture network GRV domain pressure because this was directly proportional to 

Wellhead Annulus Pressure anyway. 

 

The definition, geological significance, and long-term time-lapse trend interpretation for each 

of the five natural surge event pressure signature attributes are provided in the following 

Sections. However, it is first necessary to describe the impact that DRV3 sub-domain 

supercharging (Section 5.20.7.2) had on these attributes. In addition, an “experimental 

control” dataset from another Cooper Basin wellbore is introduced. Within this “non-coal” 

wellbore, a series of relatively “static” natural surge events was generated by a large fracture 

network SRV domain, within a very low permeability sandstone reservoir, that did not exhibit 

significant dynamic reservoir behaviour during gas production. This flowback profile may be 

used as a baseline “experimental control”, against which the dynamic reservoir behaviour of 

Moomba 77 during gas production may be compared and contrasted. 

 

5.20.8.2 Impact of DRV3 Sub-domain Supercharging 

 

It is important to appreciate that the anomalous increase in natural surge event surface gas 

volume associated with transient DRV3 sub-domain supercharging following extended 

wellbore shut-in periods (Section 5.20.7.2) caused major departures from some of the long-

term time-lapse pressure signature attribute trends. Such departures are instructive in 

revealing dynamic reservoir behaviour during gas production. However, for the specific 

purpose of characterising the time-lapse change of pressure signature attributes that relate to 

fracture network GRV domain void space volume, they must be excluded as outliers. 

 

DRV3 sub-domain supercharging leads to an overestimation of fracture network GRV domain 

void space volume. This highlights the detrimental effect that wellbore field operations that 

disturb quasi-steady state gas flow, such as wellbore shut-in periods, have on the ability to 

interpret aspects of reservoir behaviour during gas production. 

 

Assessment of time-lapse change in fracture network GRV domain permeability does not 

appear to be significantly affected by DRV3 sub-domain supercharging, as indicated in Section 

5.20.7.2. 

 

5.20.8.3 Experimental Control Dataset of Relatively “Static” Natural Surge 

Events 

 

An “experimental control” dataset of relatively “static” natural surge events from the long-term 

flowback of a “non-coal” fracture network SRV domain is available, against which the “dynamic” 
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series of cyclical natural surge event pressure signatures of the Moomba 77 target coal seams 

may be compared and contrasted. 

 

In 2006, at the Big Lake 54 vertical wellbore in the Cooper Basin, a thick, low-permeability 

Patchawarra Formation sandstone reservoir, within a similar geological setting to Moomba 77, 

was subjected to a very large “shear dilation” hydraulic fracture stimulation treatment. This was 

classified as a “water frac”, which meant that no significant proppant, or cross-linked gel, were 

injected. The wellbore was allowed to flow back to constant atmospheric pressure drawdown, 

in the same manner as Moomba 77. The gas flow rate similarly remained below the minimum 

rate required to lift flowback up the wellbore to surface. As a consequence, a series of cyclical 

natural surge event pressure signatures developed (Figure 5.37). 

 

Wellhead Annulus Pressure data were not recorded. Hence, owing to the lack of continuous 

wellbore hydrostatic back-pressure information, the natural surge event pressure signatures 

could not be normalised to constant Surge Trigger Pressure. 

 

It is interpreted that, as with Moomba 77, a gas headspace compartment existed within the 

fracture network SRV domain, and that this was the cause of the natural surge events at Big 

Lake 54. As can be seen in Figure 5.37, the natural surge events did not change significantly 

in size or character over flowback time. This is consistent with the expected behaviour of an 

isolated fracture network SRV domain within a “non-coal” lithology that does not exhibit a 

matrix shrinkage effect, and can therefore not grow larger, or increase in permeability. 

Additionally, the lack of an extended low-rate decline tail indicates a relatively sharp, well-

defined boundary to the fracture network SRV domain, with no significant DRV2 and DRV3 sub-

domains being developed. 

 

Based on the premise that the size and gas flow rate of a natural surge event reflects the size 

and permeability of the fracture network SRV domain from which it is generated, it is concluded 

that the sandstone fracture network SRV domain of Big Lake 54 did not increase significantly 

in size or permeability over flowback time. Dilation and expansion of a fracture network SRV 

domain can, in principle, only occur when coal matrix shrinkage-induced dynamic gas 

production from deep coal seams is involved. 
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Figure 5.37: A “non-dynamic”, “experimental control” dataset of relatively “static” natural surge events recorded at 
the Big Lake 54 vertical wellbore in the Cooper Basin, against which the dynamic natural surge behaviour of 
Moomba 77 may be compared and contrasted. This is the series of natural surge event pressure signatures 
generated by a very large, hydraulically-induced, “shear dilation” fracture network SRV domain within a low-
permeability sandstone reservoir. No significant proppant, or cross-linked gel, were injected. As with Moomba 77, 

gas flowed to surface at a rate that remained below the minimum rate required to lift flowback up the wellbore to 
surface. Wellhead Annulus Pressure (WAP) data were not recorded. Only the Flowing Tubing Head Pressure 
(FTHP) is available to characterise the series of cyclical natural surge events. 

 

5.20.8.4 Attribute #1 - Surge Trigger Pressure 

 

The Surge Trigger Pressure attribute is defined as the Wellhead Annulus Pressure reading 

immediately preceding a natural surge event. It represents the height of accumulated flowback 

fluid within the production tubing string, and hence the incremental hydrostatic back-pressure 

(additional to the Production Casing Flowback Fluid Sump Compartment) on the fracture 

network GRV domain. 

 

Surge Trigger Pressure is an important attribute that was used for the following purposes: 

 

1. Normalising those pressure-dependent natural surge event attributes listed in Section 

5.20.8.1 that relate to surface gas volume and gas flow rate. 

 

2. Calculating the initial gas expansion factor (1/Bg) that applied to pre-surge hydrostatically 

compressed gas within the Annulus Gas Headspace Compartment, and the underlying 

Fracture Network Gas Headspace Compartments. The gas expansion factor allowed 

the measured surface gas volume of a natural surge event to be converted back to its 

original in situ volume at reservoir pressure conditions, thereby allowing the combined void 

space volume of the Fracture Network Gas Headspace Compartments to be quantified. 

 



 

235 

3. Measuring the “geomechanical compliance” of the target coal seams, and their capacity 

for allowing flowback fluid leak-off events to occur in response to increasing hydrostatic 

back-pressure exerted by the rising hydrostatic column of flowback fluid accumulating 

within the production tubing string. Indeed, the concept of “wellbore hydrostatic back-

pressure and reservoir stress-dependent leak-off” is considered to be the most likely 

trigger mechanism for the initiation of natural surge events at Moomba 77, as discussed 

in Section 5.20.6. 

 

It is important to appreciate that Surge Trigger Pressure, as measured by Wellhead 

Annulus Pressure, does not represent the actual flowback fluid leak-off pressure within 

the target coal seams. It is an incremental quantity that is used, for convenience, for time-

lapse trend monitoring. The contribution of the near-constant hydrostatic column of 

accumulated flowback fluid within the Production Casing Flowback Fluid Sump 

Compartment, and the continually changing, hydrostatic back-pressure / static gas 

gradient-controlled pressure head of gas within the Annulus Gas Headspace 

Compartment, are excluded. Hence, Surge Trigger Pressure is simply an “indicator 

variable” that reflects incremental hydrostatic back-pressure exerted on the Annulus Gas 

Headspace Compartment, and the underlying Fracture Network Gas Headspace 

Compartments, by flowback fluid accumulating within the production tubing string. Actual 

flowback fluid leak-off pressure (or gradient) within a coal seam may certainly be 

determined from Surge Trigger Pressure but this would require the depth of the leak-off 

event to be known. This is currently problematic because there are four target coal seams 

to consider, and it is not possible to determine into which seam the leak-off event may 

occur. The depth interval over which the target coal seams occur is 309 feet (94 metres), 

as shown in Figure 5.3, and Table 5.2. This creates uncertainty for calculating flowback 

fluid leak-off pressure because the interval represents a hydrostatic pressure range of 133 

psi (920 kPa). Hence, for the purpose of time-lapse monitoring natural surge event 

pressure signature attributes, it is more practical to consider only the variable component 

of hydrostatic back-pressure that applied to the fracture network GRV domain as a whole. 

 

“Wellbore hydrostatic back-pressure and reservoir stress-dependent leak-off” 

behaviour has been observed within shallow CSG wellbores (R.G. Jeffrey pers. comm. 

2018). In one case, sudden fluid leak-off occurred into a coal seam while the wellbore was 

being filled with hydraulic fracture stimulation fluid, in preparation for the actual injection. 

Such behaviour is reported to correlate with natural low-stress areas, such as anticlinal 

trends, as well as with areas subject to long-term desorptive gas production, where coal 

matrix shrinkage has been significant. 

 

Figure 5.38 shows that Surge Trigger Pressure varied continuously at Moomba 77, and in 

a systematic manner, over the long-term flowback. For the 114 natural surge events captured 
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by the PortaROC system, Surge Trigger Pressure ranged from a minimum of 530 psi (3,650 

kPa) for Surge #87, to a maximum of 1,236 psi (8,520 kPa) for Surge #107. This represented 

a hydrostatic column of accumulated flowback fluid within the production tubing string ranging 

from 1,224 to 2,855 feet (373.1 to 870.2 metres). 

 

The continuously evolving Surge Trigger Pressure profile may reflect a changing stress state 

within the target coal seams, with flowback fluid leak-off being facilitated by decreasing 

reservoir confining stress. It may be an indicator of the stress condition prevailing at the outer 

boundary of the fracture network GRV domain, where “self-fracturing” is postulated to occur 

during desorptive gas production. This is consistent with the findings of White et al. (2002), 

who have used drilling fluid leak-off test (LOT) pressure profiles to estimate the minimum in 

situ stress of a variety of geological formations. 

 

Surge Trigger Pressure may increase when, after prolonged gas production, the dilating and 

expanding fracture network GRV domain encounters a non-compliant coal seam, or host rock 

strata, geomechanical reservoir boundary condition, beyond which flowback fluid leak-off into 

the coal seam, or host rock strata, fabric may not occur as easily. At this point, an increasing 

Surge Trigger Pressure trend may develop. Further flowback fluid leak-off must now occur 

beyond the boundary, into more geomechanically competent regions of the coal seam, or host 

rock strata, at a correspondingly higher Surge Trigger Pressure. In the meantime, pressure 

arching maintains the low-stress environment, and enhanced permeability, within the 

previously created fracture network GRV domain. This scenario appears to be occurring 

towards the end of the Moomba 77 flowback, after approximately 6 years of gas production 

(Figure 5.38). It is also feasible that a non-compliant geomechanical reservoir boundary 

condition that reduces flowback fluid leak-off could be caused by pressure arching itself. 

Increasing abutment stress may have a self-limiting effect that inhibits, but does not entirely 

eliminate, flowback fluid leak-off, and further fracture network GRV domain expansion. 
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Figure 5.38: A plot of the “Surge Trigger Pressure” attribute (green circles) versus flowback time at Moomba 77. 
Surge Trigger Pressure may be an indicator of the stress condition prevailing at the outer boundary of the fracture 
network GRV domain, where de-stressing, and “self-fracturing”, of coal fabric is postulated to occur during 

desorptive gas production. 

 

5.20.8.5 Attribute #2 - Surge Duration (normalised to constant Surge Trigger 

Pressure) 

 

The Surge Duration attribute is defined as the time interval for which the gas flow rate of a 

natural surge event (proportional to FTHP at a constant surface manual flow choke setting) 

was higher than the low, stable, background, quasi-steady state base gas flow rate. 

 

From a practical perspective, Surge Duration was controlled primarily by the combined void 

space volume of the Annulus Gas Headspace Compartment and the underlying Fracture 

Network Gas Headspace Compartments. The remainder of The Annulus, and the fracture 

network GRV domain, were filled with flowback fluid, and did not contribute a significant volume 

of gas to the natural surge events. The Annulus Gas Headspace Compartment initially 

dominated natural surge event volume (Sections 5.20.4 and 5.20.5) but this was a constant 

(static) contribution that decreased in significance over flowback time, as the fracture network 

GRV domain dilated and expanded. Hence, Surge Duration provided a direct, unambiguous 

indicator for detecting changes in the size, and therefore fracture / fabric face surface area of 

the fracture network GRV domain. However, Surge Duration was secondarily influenced by 

the associated permeability. For a specific natural surge event gas volume, a low average 

fracture network GRV domain permeability would increase Surge Duration, whereas a high 

average permeability would decrease it. This effect was manifested in the lengthening, 

hyperbolic low-rate decline tail of late flowback time natural surge events, as described in 

Section 5.20.2, and Figures 5.28 and 5.29. The influence of the low-rate decline tail in 
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extending Surge Duration became more pronounced over flowback time. This provided 

another clear indication that the natural surge events were not generated exclusively by static 

wellbore storage of the Annulus Gas Headspace Compartment. 

 

To achieve a meaningful time-lapse trend, normalisation to constant Surge Trigger Pressure 

was required for this natural surge event attribute because, for a specific combined void space 

volume of the Annulus Gas Headspace Compartment and the underlying Fracture Network 

Gas Headspace Compartments, the corresponding Surge Duration varied as a function of 

the pre-surge pressure. 

 

Figure 5.39 shows that, with the exception of DRV3 sub-domain supercharged periods, the 

Surge Duration attribute increased in a near-linear manner over flowback time. 

 

For the 114 natural surge events captured by the PortaROC system, Surge Duration (for non-

supercharged events) increased by a factor of at least 41, from 2.6 hours for Surge #1, to 

approximately 4.4 days at the end of the base trend shown in Figure 5.39. Hence, it is 

interpreted that the size, and therefore fracture / fabric face surface area of the fracture network 

GRV domain, steadily increased over flowback time. The lengthening low-rate decline tail of 

natural surge events over flowback time is interpreted to reflect the increasing influence of the 

lower average permeability DRV2 sub-domain. Distal regions of the DRV2 sub-domain are 

where The Hypothesis in Chapter 4 predicts new coal fabric apertures are created. These 

will initially be of lower permeability than those of more proximal regions of the DRV2 sub-

domain but gradually dilate to the full extent, as the production pressure transient region 

propagates further into the coal seam. The DRV3 sub-domain could also potentially contribute 

to the low-rate decline tail, particularly when Surge Trigger Pressure is high. However, with 

the exception of those natural surge events experiencing significant DRV3 sub-domain 

supercharging, this is considered to be relatively minor in comparison to the contribution of the 

DRV2 sub-domain. 
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Figure 5.39: A plot of the “Surge Duration” attribute (green circles) versus flowback time at Moomba 77 
(normalised to constant Surge Trigger Pressure). For the 114 natural surge events captured by the PortaROC 
system, Surge Duration (for non-supercharged events) increased by a factor of at least 41, from 2.6 hours for 
Surge #1, to approximately 4.4 days at the end of the base trend. Hence, it is interpreted that the size, and therefore 
fracture / fabric face surface area of the fracture network GRV domain, steadily increased over flowback time. 

 

5.20.8.6 Attribute #3 - Surge Surface Gas Volume (normalised to constant Surge 

Trigger Pressure) 

 

The Surge Surface Gas Volume attribute is defined as the total volume of gas measured at 

surface for a single natural surge event, in excess of that attributable to the low, stable, 

background, quasi-steady state base gas flow rate. 

 

Surge Surface Gas Volume is quoted at “standard” gas volume conditions (scf or scm). 

 

From a practical perspective, Surge Surface Gas Volume was controlled primarily by the 

combined void space volume of the Annulus Gas Headspace Compartment and the 

underlying Fracture Network Gas Headspace Compartments. The remainder of The 

Annulus, and the fracture network GRV domain, were filled with flowback fluid, and did not 

contribute a significant volume of gas to the natural surge events. The Annulus Gas 

Headspace Compartment initially dominated natural surge event volume (Sections 5.20.4 

and 5.20.5) but this was a constant (static) contribution that decreased in significance over 

flowback time, as the fracture network GRV domain dilated and expanded. With the exception 

of DRV3 sub-domain supercharged flowback periods, contribution from the surrounding native 

coal matrix was relatively insignificant, since that was responsible mainly for the Base Gas 

Flow Rate Regime (Section 5.19.1). Hence, Surge Surface Gas Volume provided a direct, 
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unambiguous indicator for detecting changes in the size, and therefore fracture / fabric face 

surface area of the fracture network GRV domain. 

 

To achieve a meaningful time-lapse trend, normalisation to constant Surge Trigger Pressure 

was required for this natural surge event attribute because, for a specific combined void space 

volume of the Annulus Gas Headspace Compartment and the underlying Fracture Network 

Gas Headspace Compartments, the corresponding Surge Surface Gas Volume varied as 

a function of the pre-surge pressure. 

 

Surge Surface Gas Volume for the natural surge events was calculated from the raw wellbore 

pressure data by first converting FTHP, recorded at a 10-minute sample interval through a 

manual needle valve surface flow choke, to a gas flow rate using the standard gas flow rate 

equation used by Santos Limited for Cooper Basin gas wells (Section 5.11). The resultant 

10-minute gas volume increments were then summed for the duration of the natural surge 

event, ensuring that the contribution of the low, stable, background, quasi-steady state base 

gas flow rate was excluded. 

 

Owing to the lack of a long-term gas-liquid separation facility, the calculated gas flow rate could 

not be corrected to account for the flowback fluid “spray” and “mist” that were initially entrained 

within the gas stream of the natural surge events (and also the wellbore pressure BDTA 

events). 

 

Figure 5.40 shows that, with the exception of DRV3 sub-domain supercharged periods, the 

Surge Surface Gas Volume attribute increased in a near-linear manner over flowback time. 

 

For the 114 natural surge events captured by the PortaROC system, Surge Surface Gas 

Volume (for non-supercharged events) increased by a factor of at least 63, from 15,000 scf 

(425 scm) for Surge #7, to approximately 950,000 scf (26,900 scm) at the end of the base 

trend shown in Figure 5.40. Hence, it is interpreted that the size, and therefore fracture / fabric 

face surface area of the fracture network GRV domain, steadily increased over flowback time. 
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Figure 5.40: A plot of the “Surge Surface Gas Volume” attribute (green circles) versus flowback time at Moomba 
77 (normalised to constant Surge Trigger Pressure). For the 114 natural surge events captured by the PortaROC 
system, Surge Surface Gas Volume (for non-supercharged events) increased by a factor of at least 63, from 
15,000 scf (425 scm) for Surge #7, to approximately 950,000 scf (26,900 scm) at the end of the base trend. Hence, 
it is interpreted that the size, and therefore fracture / fabric face surface area of the fracture network GRV domain, 

steadily increased over flowback time. 

 

5.20.8.7 Attribute #4 - Fracture Network Gas Headspace Compartment Volume 

 

The Fracture Network Gas Headspace Compartment Volume attribute is defined as the 

Surge Surface Gas Volume (Section 5.20.8.6) converted back to its original in situ volume 

at reservoir pressure conditions, minus the constant wellbore storage associated with the 

physical void space volume of the Annulus Gas Headspace Compartment that contributed 

to all natural surge events. 

 

Fracture Network Gas Headspace Compartment Volume is quoted at “reservoir” gas 

volume conditions (rcf or rcm). 

 

Fracture Network Gas Headspace Compartment Volume represents the combined in situ 

void space volume of the Fracture Network Gas Headspace Compartments. Hence, it 

provided a direct, unambiguous, semi-quantitative indicator for detecting changes in the size, 

and therefore fracture / fabric face surface area of this gas-filled region of the fracture network 

GRV domain. 

 

Fracture Network Gas Headspace Compartment Volume was calculated using a method, 

based on Boyle’s Law, that is analogous to calculating the volume of a pressurised gas-filled 

vessel, when knowing only; a) the initial pressure within the vessel, and b) the volume of gas 
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released when the vessel is opened to atmosphere, and the gas expands to standard 

temperature and pressure conditions (STP). 

 

The steps for calculating Fracture Network Gas Headspace Compartment Volume are as 

follows: 

 

1. Calculate the Surge Surface Gas Volume using the method in Section 5.20.8.6. 

Normalisation to constant Surge Trigger Pressure is not required. 

 

2. Calculate the average pre-surge pressure within the combined void space volume of the 

Annulus Gas Headspace Compartment and the underlying Fracture Network Gas 

Headspace Compartments, using the method in Section 5.10.2. 

 

3. Calculate the gas expansion factor (1/Bg) that corresponds to the average pre-surge 

pressure determined in Step 2. 

 

4. Calculate the volume of gas expelled to surface during a natural surge event by the 

Annulus Gas Headspace Compartment that contributed to Surge Surface Gas Volume 

using Equation 5.6 in Section 5.20.4. 

 

5. Calculate the combined volume of gas expelled to surface during a natural surge event by 

the Fracture Network Gas Headspace Compartments that contributed to Surge Surface 

Gas Volume using Equation 5.7 in Section 5.20.5. 

 

6. Calculate the combined in situ void space volume of the Fracture Network Gas 

Headspace Compartments using Equation 5.8 below: 

 

 

FNGHCvoid = FNGHCsurface / (1/Bg -1) ….. Equation 5.8 

 

 

where: 

 

a) FNGHCvoid = The unknown combined in situ void space volume of the Fracture 

Network Gas Headspace Compartments. 

 

b) FNGHCsurface = The known surface gas volume contribution of the Fracture Network 

Gas Headspace Compartments to Surge Surface Gas Volume determined in Step 

5. 
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Figure 5.41 shows that, with the exception of DRV3 sub-domain supercharged periods, the 

Fracture Network Gas Headspace Compartment Volume attribute increased in a near-

linear manner over flowback time. 

 

For the 114 natural surge events captured by the PortaROC system, Fracture Network Gas 

Headspace Compartment Volume (for non-supercharged events) increased by a factor of at 

least 49, from 364 rcf (10.3 rcm) for Surge #7, to approximately 18,000 rcf (510 rcm) at the 

end of the base trend in Figure 5.41. Hence, it is interpreted that the size, and therefore 

fracture / fabric face surface area of the Fracture Network Gas Headspace Compartments 

and, by extrapolation, the entire fracture network GRV domain, steadily increased over 

flowback time. 

 

It is important to appreciate that Fracture Network Gas Headspace Compartment Volume 

does not represent the void space volume of the entire fracture network GRV domain. This is 

because the lower region of each target coal seam contained relatively stagnant flowback fluid, 

in the form of a Fracture Network Flowback Fluid Sump Compartment (Section 5.6). These 

compartments clearly did not contribute a significant volume of gas to the natural surge events, 

so their fluid-filled void space was undetected. To estimate the void space volume of the entire 

fracture network GRV domain, the simple ratio extrapolation method described in Section 

5.6.3 must be applied. This is based on the relative vertical proportions of gas- and flowback 

fluid-filled void space within the entire fracture network GRV domain, as indicated in Tables 

5.4 and 5.5 respectively. 

 

By applying the ratio extrapolation method of Section 5.6.3, and excluding DRV3 sub-domain 

supercharged flowback periods, the void space volume of the entire fracture network GRV 

domain, containing both gas and residual flowback fluid, similarly increased by a factor of at 

least 49, from 951 rcf (26.9 rcm) for Surge #7, to approximately 47,000 rcf (1,330 rcm) at the 

end of the base trend in Figure 5.41. 
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Figure 5.41: A plot of the “Fracture Network Gas Headspace Compartment Volume” attribute (green circles) 
versus flowback time at Moomba 77, this being the combined in situ void space volume of the Fracture Network 
Gas Headspace Compartments. For the 114 natural surge events captured by the PortaROC system, Fracture 
Network Gas Headspace Compartment Volume (for non-supercharged events) increased by a factor of at least 
49, from 364 rcf (10.3 rcm) for Surge #7, to approximately 18,000 rcf (510 rcm) at the end of the base trend. Hence, 
it is interpreted that the size, and therefore fracture / fabric face surface area of the Fracture Network Gas 
Headspace Compartments and, by extrapolation, the entire fracture network GRV domain, steadily increased over 

flowback time. 

 

5.20.8.8 Attribute #5 - Surge Peak Gas Flow Rate (normalised to constant Surge 

Trigger Pressure) 

 

The Surge Peak Gas Flow Rate attribute is defined as the maximum (i.e. peak) gas flow rate 

associated with the prominent gas flow rate spike that is generated immediately after a natural 

surge event is triggered. 

 

Surge Peak Gas Flow Rate was controlled by the flow conductivity, and hence gas flow rate 

capacity of the combined void space volume of the Annulus Gas Headspace Compartment 

and the proximal, high-permeability region of the underlying Fracture Network Gas 

Headspace Compartments. The Annulus Gas Headspace Compartment is likely to have 

initially dominated Surge Peak Gas Flow Rate (Sections 5.20.4 and 5.20.5) but this was a 

constant (static), and very brief (approximately 10-minute) contribution that decreased in 

significance over flowback time, as the fracture network GRV domain dilated and expanded. 

Hence, Surge Peak Gas Flow Rate provided a direct, unambiguous indicator of the 

permeability, and therefore gas flow rate capacity of the fracture network GRV domain. 

 

To achieve a meaningful time-lapse trend, normalisation to constant Surge Trigger Pressure 

was required for this natural surge event attribute because, for a specific fracture network GRV 
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domain permeability, the corresponding Surge Peak Gas Flow Rate varied as a function of 

the pre-surge pressure. 

 

Figure 5.42 shows that the Surge Peak Gas Flow Rate attribute increased steadily over 

flowback time. It is also evident that Surge Peak Gas Flow Rate was not significantly affected 

by DRV3 sub-domain supercharging. Although there is an apparent step-change increase in 

Surge Peak Gas Flow Rate following large wellbore pressure BDTA events, the subsequent 

dissipation effect that characterises DRV3 sub-domain supercharging is not present. This is 

consistent with the interpretation in Section 5.20.7.2, that DRV3 sub-domain supercharging is 

primarily a coal matrix gas resorption effect. The flow conductivity, and hence gas flow rate 

capacity, of initial fracture network SRV domain, DRV1 sub-domain, and DRV2 sub-domain 

apertures within the proximal fracture network GRV domain are relatively independent of DRV3 

sub-domain supercharging, at least for the low to moderate trigger pressure magnitudes 

associated with the natural surge events. 

 

For the 114 natural surge events captured by the PortaROC system, Surge Peak Gas Flow 

Rate increased by a factor of 5, from 0.30 MMscfd (8.5 Mscmd) for Surge #17, to 1.5 MMscfd 

(42.5 Mscmd) for Surge #107. Hence, it is interpreted that the permeability, and therefore gas 

flow rate capacity, of the proximal, high-permeability region of the fracture network GRV 

domain, steadily increased over flowback time. 

 

 

Figure 5.42: A plot of the “Surge Peak Gas Flow Rate” attribute (green circles) versus flowback time at Moomba 
77 (normalised to constant Surge Trigger Pressure). For the 114 natural surge events captured by the PortaROC 
system, Surge Peak Gas Flow Rate increased by a factor of 5, from 0.30 MMscfd (8.5 Mscmd) for Surge #17, to 
1.5 MMscfd (42.5 Mscmd) for Surge #107. Hence, it is interpreted that the permeability, and therefore gas flow rate 
capacity, of the proximal, high-permeability region of the fracture network GRV domain, steadily increased over 
flowback time. Note the absence of significant DRV3 sub-domain supercharge dissipation effects following extended 
wellbore pressure “blow-down to atmosphere” (BDTA) events.  
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5.21 Time-lapse Monitoring of Wellbore Pressure Build-up Profiles 

 

5.21.1 Introduction 

 

Similar to the time-lapse monitoring of natural surge events at Moomba 77 (Section 5.20.8), 

the time-lapse monitoring of wellbore pressure build-up (PBU) profiles associated with 

extended wellbore shut-in periods also enabled changes in fracture network GRV domain 

characteristics to be detected over flowback time. Time-lapse pressure transient analysis 

(PTA) of gas production data, introduced in Chapter 4, Sections 4.7 and 4.8, was selected as 

the primary methodology for achieving this. The outcome is reported in Section 5.21.3 below. 

 

Independent of the time-lapse PTA study, some anomalous (and insightful) time-lapse early-

time versus late-time wellbore pressure build-up rate observations are discussed in Section 

5.21.4. 

 

5.21.2 Background 

 

A total of 17 significant wellbore shut-in periods occurred during the 81/2-year flowback period 

of Moomba 77. These are shown by the inset plot in Figure 5.43. Their duration, rate of 

wellbore pressure build-up, and therefore final SITHP varied considerably. 

 

Figure 5.43 also shows a comparison between the wellbore pressure build-up profiles 

associated with the three longest wellbore shut-in periods, designated PBU #1, PBU #2, and 

PBU #3. These were initiated on 12th July, 2010, 8th November, 2012, and 1st July, 2015. 

Their durations were 157, 259, and 1,400+ days respectively. To emphasise differences in 

their character, the three wellbore pressure build-up profiles are displayed in a superimposed 

manner, commencing at the common “time zero” of the wellbore being shut in. PBU #1 and 

PBU #2 were both designed to reach the same final SITHP of 2,500 psi (17,240 kPa), for 

experimental purposes. This corresponds to a final SIBHP for the mostly “dry” wellbore of 

3,200 psi (22,060 kPa), as calculated by Salmachi et al. (2019) in Appendix 5. The objective 

was to generate production pressure drawdown-normalised wellbore pressure BDTA gas flow 

rate decline profiles when the wellbore was subsequently opened to flow. This would enable a 

direct, time-lapse comparison of the fracture network GRV domain response. PBU #3 is still in 

progress at the time of writing, so a third wellbore pressure BDTA test has not yet occurred. 

The PortaROC data logger was disconnected from the wellhead on 22nd April, 2016, so only 

infrequent manual “spot readings” have since been available to monitor the late-time wellbore 

pressure build-up profile of PBU #3. The most recent SITHP measurement was recorded on 

9th September, 2017, this being 2,556 psi (17,620 kPa), after a wellbore shut-in period of 800 

days. Extrapolation of the earlier rate of wellbore pressure build-up, through these spot 
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readings, indicates that the current SITHP for PBU #3, at the time of writing, is likely to be 

approximately 2,900 psi (20,000 kPa), after a wellbore shut-in period of approximately 1,400+ 

days. 

 

 

Figure 5.43: A comparison between the wellbore pressure build-up (PBU) profiles associated with the three longest 
wellbore shut-in periods experienced at Moomba 77. These are designated PBU #1, PBU #2, and PBU #3. PBU 
#1 and PBU #2 had a duration of 157 and 259 days respectively. PBU #3 is still in progress after 1,400+ days. The 
final wellbore pressure build-up Shut-in Tubing Head Pressure (SITHP) for both PBU #1 and PBU #2 was 2,500 
psi (17,240 kPa). This corresponds to a final Shut-in Bottom-hole Pressure (SIBHP) for the mostly “dry” wellbore 

of 3,200 psi (22,060 kPa). Early-time wellbore pressure build-up rate for each profile increased over flowback time. 
Late-time wellbore pressure build-up rate for each profile decreased over flowback time. The complete wellbore 
pressure build-up profiles have been analysed in detail using time-lapse pressure transient analysis (PTA) by 
Salmachi et al. (2019) in Appendix 5. The bilinear flow regime was detected late in each profile. The results 
demonstrate a time-lapse trend of increasing coal fabric permeability within the fracture network GRV domain, 
beyond the initial fracture network SRV domain, as reflected by the changing character of the bilinear flow regime. 

 

5.21.3 Time-lapse Pressure Transient Analysis (PTA) 

 

The three wellbore pressure build-up profiles (PBU #1, PBU #2, and PBU #3) were analysed 

in detail using a time-lapse PTA approach. The objective was to detect general change in 

permeability within the fracture network GRV domain, as reflected by the bilinear flow regime 

(Cinco-Ley and Samaniego-V, 1981). 

 

The time-lapse PTA study is documented separately in Salmachi et al. (2019) of Appendix 

5, which is a peer-reviewed technical paper, published in the AAPG Bulletin. The bilinear flow 

regime was detected late in each wellbore pressure build-up profile. The results demonstrate 

a time-lapse trend of increasing coal fabric permeability within the fracture network GRV 

domain, beyond the initial fracture network SRV domain, as reflected by the changing 

character of the bilinear flow regime. 
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5.21.4 Anomalous Early-time versus Late-time Wellbore Pressure Build-up Rate 

Evolution 

 

Independent of the time-lapse PTA study reported in Section 5.21.3, a time-lapse visual 

comparison between the early-time and late-time wellbore pressure build-up trends for PBU 

#1, PBU #2, and PBU #3 is of particular interest (Figure 5.43). It reveals the unusual effect 

that the combination of; a) increasing permeability, b) increasing void space volume, and c) 

increasing DRV3 sub-domain supercharging of the dilating and expanding fracture network 

GRV domain appeared to have on wellbore pressure build-up rate. 

 

The key observations are as follows: 

 

1. Early-time pressure build-up rate for each of the three consecutive wellbore pressure build-

up profiles increased over flowback time. 

 

This is consistent with increasing permeability within proximal regions of the fracture 

network GRV domain. 

 

2. Late-time pressure build-up rate for each of the three consecutive wellbore pressure build-

up profiles decreased over flowback time. 

 

This is counter-intuitive. 

 

For hydraulically fracture stimulated “non-coal” reservoirs, decreasing rate of pressure 

build-up for consecutive wellbore pressure build-up tests over flowback time would 

normally be a symptom of decreasing hydraulic fracture flow conductivity and / or 

progressive reservoir pressure depletion. However, since it is known from other lines of 

evidence that fracture network GRV domain permeability within the target coal seams of 

Moomba 77 was increasing, and that the native coal seam beyond the sharp production 

pressure transient boundary was still highly gas-charged (as with shale gas reservoirs), 

there must be another cause. 

 

The positive effect of the short-term increasing early-time wellbore pressure build-up rate was 

cancelled out by the long-term decreasing late-time wellbore pressure build-up rate, so the 

overall rate of wellbore pressure build-up for each of the three consecutive wellbore shut-in 

periods decreased over flowback time. At first impression, this appears inconsistent with the 

results of the time-lapse PTA study of Salmachi et al. (2019) in Appendix 5, and the time-

lapse RTA study of Dunlop et al. (2020) in Appendix 6, which both indicate that the 

permeability of the fracture network GRV domain was increasing. This disparity is interpreted 

to be a consequence of the progressive opening, dilation, and expansion of the fracture 



 

249 

network GRV domain, and the resultant increase in free and adsorbed gas storage capacity 

within the depleted coal matrix of the DRV3 sub-domain. Hence, the increasingly “soft” late-

time wellbore pressure build-up profiles are interpreted to be mostly caused by the combined 

effect of the following: 

 

1. Increasing combined gas-filled void space volume (i.e. fracture network storage) within the 

initial fracture network SRV domain, and the DRV1 and DRV2 sub-domains (Chapter 4, 

Sections 4.5.1, 4.5.2.1, and 4.5.2.2). 

 

For a specific gas influx (i.e. recharge) rate from the native target coal seam, the larger the 

void space volume of the fracture network GRV domain, the longer will be the time required 

to re-pressurise it. 

 

2. Increasing fracture / fabric face surface area in contact with the gas-depleted coal matrix 

of the DRV3 sub-domain, leading to more pronounced gas resorption (i.e. supercharging) 

(Chapter 4, Section 4.5.2.3, and Chapter 5, Sections 5.20.7.2 and 5.20.8.2). 

 

In essence, the dilating and expanding DRV3 sub-domain functions as an increasingly 

effective “buffer” that resorbs gas during wellbore shut-in periods, and consequently 

reduces the rate of late-time wellbore pressure build-up. 

 

In summary, as the Moomba 77 flowback progressed, with the steady state gas influx from 

the target coal seams very slowly increasing over the long term (but effectively “relatively 

constant” over a short-term period), the steadily increasing amount of depleted free and 

adsorbed gas storage capacity within the dilating and expanding fracture network GRV domain 

meant that more time was required to re-pressurise, and reach gas resorption equilibrium, 

during consecutive wellbore shut-in periods - despite the overall increasing permeability. 

 

5.22 Time-lapse Monitoring of Forced Wellbore Pressure “Blow-down to 

Atmosphere” (BDTA) Events 

 

5.22.1 Introduction 

 

Similar to the time-lapse monitoring of natural surge events at Moomba 77 (Section 5.20.8), 

which involve dynamic fracture network GRV domain “blow-down to atmosphere”, the time-

lapse monitoring of consecutive wellbore pressure BDTA gas flow rate decline profiles 

following extended wellbore shut-in periods, which involve static fracture network GRV domain 

“blow-down to atmosphere”, also enabled changes in fracture network GRV domain 

characteristics to be detected over flowback time. Time-lapse rate transient analysis (RTA) of 
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gas production data, introduced in Chapter 4, Sections 4.7 and 4.8, was selected as the 

primary methodology for achieving this. The outcome is reported in Section 5.22.3 below. 

 

The wellbore pressure BDTA gas flow rate decline profiles of Moomba 77 were also analysed 

with respect to the time-lapse change of gas volume produced to surface over flowback time. 

As for natural surge events, this attribute is a direct indicator of changing void space volume 

of the fracture network GRV domain. The outcome is reported in Section 5.22.4. 

 

Independent of the Moomba 77 flowback dataset, a similar time-lapse analysis of wellbore 

pressure BDTA gas volume produced to surface over flowback time was performed on data 

from a supplementary wellbore - Dorodillo 2. The outcome is reported in Section 5.22.5. 

 

5.22.2 Background 

 

A total of 17 significant wellbore pressure BDTA gas flow rate decline profiles were recorded 

during the 81/2-year flowback period of Moomba 77. These followed the 17 wellbore shut-in 

periods discussed in Section 5.21. 

 

Figure 5.44 shows a comparison between the early-time (5.5-hour) gas flow rate decline 

profiles for the two largest wellbore pressure BDTA events experienced at Moomba 77. These 

are designated BDTA #1 and BDTA #2, and were initiated at the conclusion of the first two 

wellbore pressure build-up periods (PBU #1 and PBU #2) investigated by the time-lapse PTA 

study of Salmachi et al. (2019) in Appendix 5, which is further discussed in Section 5.21. 

BDTA #1 occurred on 16th December, 2010. BDTA #2 occurred on 24th July, 2012. To 

emphasise differences in their character, the two wellbore pressure BDTA gas flow rate decline 

profiles are displayed in a superimposed manner, commencing at the common “time zero” of 

the wellbore being opened to flow. 

 

The two wellbore pressure BDTA “flow tests” were conducted 586 days apart, 327 days of 

which involved mostly the low, stable, background, quasi-steady state base gas flow rate to 

surface. This allowed sufficient time for desorption-induced coal matrix shrinkage to influence 

permeability within the fracture network GRV domain. 

 

Both of the wellbore pressure BDTA flow tests were specifically designed to investigate the 

time-lapse change of fracture network GRV domain characteristics. The field operational 

procedures were identical. The wellbore pressure BDTA flow tests were deliberately initiated 

from the same final wellbore pressure build-up SITHP of 2,500 psi (17,240 kPa), so as to 

enable a direct, pressure-normalised, time-lapse comparison of the fracture network GRV 

domain response. This was made possible because the mostly “dry” wellbore meant that the 

final wellbore SIBHP was also the same for each flow test (i.e. 3,200 psi / 22,060 kPa). 
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The initial surface manual needle valve flow choke setting was 64/64-inch (i.e. fully open). This 

was subsequently reduced to a 32/64-inch setting, 2 hours into the flow period for both tests. A 

brief wellbore shut-in period of 3 minutes between the two choke settings is evident on both 

gas flow rate decline profiles. This represents the time that was required for setting up gas 

flaring equipment. It was not possible to ignite the flare earlier, owing to the initial presence of 

residual flowback fluid “spray” and “mist” within the gas stream. The rapid wellbore pressure 

build-up profiles associated with these brief wellbore shut-in periods prove unambiguously that 

the gas flow rate immediately preceding them, which was 2.0 MMscfd (56.6 Mscmd) for the 

BDTA #1 flow test, and 3.4 MMscfd (96.3 Mscmd) for the BDTA #2 flow test, was not related 

to any form of wellbore storage effect but instead represented the expansion and discharge of 

compressed gas from within the fracture network GRV domain. 

 

 

Figure 5.44: A comparison between the early-time (5.5-hour) gas flow rate decline profiles for the two largest 
wellbore pressure “blow-down to atmosphere” (BDTA) events experienced at Moomba 77, designated BDTA #1 
and BDTA #2. The field operational procedures were identical. The wellbore pressure BDTA “flow tests” were 
deliberately initiated from the same final wellbore pressure build-up Shut-in Tubing Head Pressure (SITHP) of 

2,500 psi (17,240 kPa), so as to enable a direct, pressure-normalised, time-lapse comparison of the fracture network 
GRV domain response. This was made possible because the mostly “dry” wellbore meant that the final wellbore 
Shut-in Bottom-hole Pressure (SIBHP) was also the same for each flow test (i.e. 3,200 psi / 22,060 kPa). Gas 

flow rate is initially dominated by the dissipation of “wellbore storage” for approximately 10 minutes. The gas flow 
rate decline profile then rapidly transitions into a hydraulic fracture linear flow regime that lasts for approximately 2 
hours. This represents the expansion and discharge of compressed gas from within the fracture network SRV 

domain void space (“hydraulic fracture network storage”). The rapid transition from high-rate wellbore storage-
dominated gas flow to lower rate hydraulic fracture network storage-dominated gas flow is clearly identified on the 
gas flow rate decline profile, without the use of a derivative plot, by a prominent high-rate to lower rate inflection 
point, approximately 10 minutes after the wellbore was opened to flow. After the hydraulic fracture linear flow regime 

dissipates, the gas flow rate decline profile then reflects the expansion and discharge of compressed gas from 
within the significantly larger fracture network DRV domain. The two gas flow rate decline profiles were monitored 

for 24 hours, using high-resolution, hand-held memory pressure gauges that were set to record data at a 30-second 
sample interval. The two gas flow rate decline profiles have been analysed in detail by Dunlop et al. (2020) in 
Appendix 6 using a time-lapse rate transient analysis (RTA) approach. The hydraulic fracture linear flow regime 

was detected very early in each profile. The results demonstrate a time-lapse trend of increasing hydraulic fracture 
flow conductivity within the fracture network SRV domain (which is most likely a function of aperture width), as 
reflected by the changing character of the hydraulic fracture linear flow regime.  
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5.22.3 Time-lapse Rate Transient Analysis (RTA) 

 

The two gas flow rate decline profiles (BDTA #1 and BDTA #2) were analysed in detail using 

a time-lapse RTA approach. Unlike the others, these two events were targeted for detailed 

analysis, and monitored with high-resolution, hand-held, 24-hour memory pressure gauges 

that were set to record data at a 30-second sample interval. The objective was to specifically 

detect change in hydraulic fracture flow conductivity within the fracture network SRV domain, 

as reflected by the hydraulic fracture linear flow regime (Clarkson, 2013). Owing to the 

relatively short time frame of the high-resolution pressure dataset (after which the pressure 

monitoring reverted to the default 10-minute PortaROC sample interval), it was not possible 

to adequately characterise the flow signatures of the fracture network DRV domain and its sub-

domains. 

 

The time-lapse RTA study is documented separately in Dunlop et al. (2020) of Appendix 6, 

which is a peer-reviewed technical paper, published in the International Journal of Coal 

Geology. The results demonstrate a time-lapse trend of increasing hydraulic fracture flow 

conductivity within the fracture network SRV domain (which is most likely a function of aperture 

width), as reflected by the changing character of the hydraulic fracture linear flow regime. 

Additionally, despite a significantly larger volume of “hydraulic fracture network storage” gas 

being produced to surface during the BDTA #2 flow test, the duration of the hydraulic fracture 

linear flow regime is less than for the BDTA #1 flow test. Together, these observations are 

consistent with an increasingly wider, more conductive hydraulic fracture aperture over 

flowback time, that allows an increasing volume of compressed gas within it to be discharged 

into the wellbore more rapidly. 

 

The initial, very high, rapidly declining gas flow rates for each of the two consecutive wellbore 

pressure BDTA flow tests, shown in Figure 5.44, are caused by the expansion and discharge 

of compressed gas from within the wellbore conduit void space. This wellbore storage 

dissipates after approximately 10 minutes. The gas flow rate decline profile then rapidly 

transitions into a hydraulic fracture linear flow regime that lasts for approximately 2 hours. This 

represents the expansion and discharge of compressed gas from within the fracture network 

SRV domain void space (“hydraulic fracture network storage”). The rapid transition from high-

rate wellbore storage-dominated gas flow to lower rate hydraulic fracture network storage-

dominated gas flow is clearly identified on the gas flow rate decline profile, without the use of 

a derivative plot, by a prominent high-rate to lower rate inflection point, approximately 10 

minutes after the wellbore was opened to flow. After the hydraulic fracture linear flow regime 

dissipates, the gas flow rate decline profile then reflects the expansion and discharge of 

compressed gas from within the significantly larger fracture network DRV domain. 
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The BDTA #1 flow test yielded an initial production rate (IP) from the fracture network GRV 

domain of 7.5 MMscfd (212.4 Mscmd). This declined to 0.5 MMscfd (14.2 Mscmd) after 24 

hours. The base gas flow rate of approximately 0.1 MMscfd (2.8 Mscmd) was eventually 

regained after approximately 20 days. 

 

The BDTA #2 flow test yielded an IP from the fracture network GRV domain of 12.0 MMscfd 

(340.0 Mscmd). This declined to 0.8 MMscfd (22.7 Mscmd) after 24 hours. The base gas flow 

rate was regained after approximately 30 days. 

 

Figure 5.44 clearly shows that the gas flow rate decline profile of the BDTA #2 flow test is 

consistently elevated with respect to the BDTA #1 flow test. Since both of the wellbore 

pressure BDTA flow tests were initiated from the same SITHP of 2,500 psi (17,240 kPa) and, 

owing to the mostly “dry” wellbore, also from the same SIBHP of 3,200 psi (22,060 kPa), the 

consistently elevated gas flow rate decline profile of the BDTA #2 flow test compared to the 

BDTA #1 flow test, beyond the hydraulic fracture linear flow regime period, may be attributed 

to an increase in fracture network GRV domain permeability. 

 

Significantly, the BDTA #1 and BDTA #2 gas flow rate decline profiles both gradually subsided 

to eventually realign with the wellbore’s low, stable, background, quasi-steady state base gas 

flow rate of approximately 0.1 MMscfd (2.8 Mscmd) over a period of 20 days and 30 days 

respectively. This is a very important observation that provides insight into the prevailing 

geomechanical reservoir boundary condition. The eventual realignment of the two consecutive 

wellbore pressure BDTA gas flow rate decline profiles with the wellbore’s low, stable, 

background, quasi-steady state base gas flow rate strongly suggests that the wellbore 

pressure BDTA flow tests reflect, almost exclusively, the free gas storage volume and gas flow 

rate capacity of the entire fracture network GRV domain, which is encapsulated within the 

effectively impermeable native coal seam. Most of the gas discharged to surface during the 

wellbore pressure BDTA flow tests, in excess of the volume of gas collectively attributable to; 

a) wellbore storage, and b) the background base gas flow rate, represents compressed gas 

that has expanded and been discharged from within the collective isolated void space of: 

 

1. The dilated hydraulic fracture system (i.e. the combined initial fracture network SRV 

domain and the DRV1 sub-domain). 

 

2. The dilated coal fabric (and to a lesser extent coal matrix) apertures within the pressure 

arch stress-shielded production pressure transient region that surrounds the hydraulic 

fracture system (i.e. the combined DRV2 and DRV3 sub-domains). 

 

The unperturbed native coal seam beyond the fracture network GRV domain does not 

contribute significantly to the elevated, non-steady state wellbore pressure BDTA gas flow rate 
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decline profile. Hence, characteristics of the wellbore pressure BDTA flow tests reflect only the 

size and permeability of the isolated initial hydraulic fracture system, and the limited domain of 

enhanced coal fabric permeability that surrounds it. In essence, the wellbore pressure BDTA 

flow tests have revealed the prevailing geomechanical reservoir boundary condition of Cooper 

Basin deep coal gas reservoirs, as defined within this thesis, and confirmed that it may be 

expanding outwards from the wellbore during desorptive gas production, leaving behind a gas-

depleted domain of enhanced permeability. 

 

5.22.4 Time-lapse Surface Gas Volume Analysis 

 

Independent of the time-lapse RTA study of Dunlop et al. (2020) in Appendix 6, which 

focussed specifically on dynamic flow conductivity of the fracture network SRV domain, insight 

into the dynamic void space volume (i.e. size) of the greater fracture network GRV domain at 

Moomba 77 is provided by using the wellbore pressure BDTA flow tests (BDTA #1 and BDTA 

#2) to compare, in a similar time-lapse manner, the volume of the following two void space 

domain entities: 

 

1. The initial, static, “fracture network SRV domain storage”, created at the time of the initial 

hydraulic fracture stimulation treatment. 

 

This is directly quantified by the theoretical proppant pack void space volume. 

 

2. The evolving, dynamic, “fracture network GRV domain storage”, created over flowback 

time, incremental to the initial hydraulic fracture stimulation treatment. 

 

This is indirectly quantified by the total volume of gas discharged to surface during a 

wellbore pressure BDTA flow test, in excess of the fracture network SRV domain 

storage, and with wellbore storage, and the contribution of the background base gas flow 

rate, deducted. 

 

To rigorously compare the surface gas volumes of consecutive wellbore pressure BDTA 

flow tests, these volumes must be normalised with respect to the wellbore SIBHP 

immediately prior to opening the wellbore to flow. Fortunately, in the case of BDTA #1 and 

BDTA #2, this was not necessary because they were both initiated from the same SIBHP 

of 3,200 psi (22,060 kPa). 

 

It is important to appreciate that quantifying fracture network GRV domain storage, 

based on the volume of gas produced to surface during a wellbore pressure BDTA flow 

test, results in a significant underestimate of the actual fracture network GRV domain void 

space volume. This is because the gas produced to surface during a wellbore pressure 
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BDTA flow test (in excess of wellbore storage, and the contribution of the background base 

gas flow rate) is sourced only from the GRVgas sub-domain (Chapter 4, Section 4.5.3.2). 

The GRVsump sub-domain does not contribute gas because it is filled with flowback fluid 

(Chapter 4, Section 4.5.3.1). 

 

Firstly, an estimate for wellbore storage is easily calculated, since this is simply the physical 

void space volume of the entire 4½-inch OD wellbore production casing string, minus any solid 

or fluid entities that may exist within it. The wellbore production casing string has an internal 

diameter of 3.92 inches (0.0996 metres), and extends from surface to a depth of 9,942 feet 

(3,030.3 metres). The relatively minor solid volume of the 23/8-inch (i.e. 2.375-inch) OD 

production tubing string, and the small fluid volume of the “sump” of residual accumulated 

flowback fluid below the target coal seams, may both be neglected for simplicity. Hence, the 

theoretical maximum wellbore storage volume is calculated to be 833 ft3 (23.6 m3). 

 

Secondly, fracture network SRV domain storage, created at the time of the initial hydraulic 

fracture stimulation treatment, may be estimated based on the known total amount of proppant 

injected into the target coal seams (46,200 pounds / 20,960 kilograms, or 463 ft3 / 13.1 m3), 

and the likely porosity of the proppant pack (40%). This converts to a fracture network SRV 

domain storage volume of 185 ft3 (5.2 m3), as shown in Table 5.6. 

 

Thirdly, fracture network GRV domain storage (i.e. the void space volume of the GRVgas 

sub-domain) at the time of a wellbore pressure BDTA flow test, may be estimated by 

converting the total volume of gas discharged to surface, in excess of the volume of gas 

collectively attributable to; a) wellbore storage, b) proppant pack void space, and c) the 

background base gas flow rate, to its reservoir equivalent in situ void space volume. 

 

For the BDTA #1 flow test, the total volume of gas discharged to surface over the full 20-day 

gas flow rate decline period, in excess of the volume of gas attributable to the background 

base gas flow rate, was 4.4 MMscf (125.0 Mscm). By applying the reservoir gas expansion 

factor (1/Bg) associated with the final SIBHP for the preceding wellbore pressure build-up test 

(1/Bg = 151 for a SIBHP of 3,200 psi / 22,060 kPa), this surface gas volume converts to a 

reservoir equivalent in situ gas-filled void space volume for the fracture network GRVgas sub-

domain of 30 Mrcf (0.85 Mrcm). Deducting the combined void space volume of the wellbore 

storage and the proppant pack (833 + 185 ft3 = 1,018 ft3 / 28.8 m3), results in a fracture 

network GRV domain storage volume of 29 Mrcf (0.82 Mrcm). This is 157 times larger than 

the proppant pack void space volume created by the initial hydraulic fracture stimulation 

treatment. 

 

For the BDTA #2 flow test, the total volume of gas discharged to surface over the full 30-day 

gas flow rate decline period, in excess of the volume of gas attributable to the base gas flow 
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rate, was 7.4 MMscf (210.0 Mscm). This surface gas volume converts to a reservoir equivalent 

in situ gas-filled void space volume for the fracture network GRVgas sub-domain of 50 Mrcf 

(1.42 Mrcm). Deducting the combined void space volume of the wellbore storage and the 

proppant pack (833 + 185 ft3 = 1,018 ft3 / 28.8 m3), results in a fracture network GRV domain 

storage volume of 49 Mrcf (1.39 Mrcm). This is 265 times larger than the proppant pack void 

space volume created by the initial hydraulic fracture stimulation treatment. 

 

Fracture network GRV domain storage (i.e. the void space volume of the GRVgas sub-

domain) for the BDTA #2 flow test was almost 70% larger than for the BDTA #1 flow test. 

 

An incremental 20 Mrcf (0.57 Mrcm) of fracture network GRV domain storage was created 

within the fracture network GRVgas sub-domain during the 586-day period between the two 

consecutive wellbore pressure BDTA flow tests (i.e. 327 days of continuous gas flow, followed 

by 259 days of wellbore pressure build-up that preceded the BDTA #2 flow test). This is 108 

times greater than the proppant pack void space volume created by the initial hydraulic fracture 

stimulation treatment. 

 

Based on the time-lapse void space volume comparisons above, it is interpreted that the 

fracture network GRVgas sub-domain (and hence, by extrapolation, the greater fracture network 

GRV domain) increased significantly in size and permeability between the BDTA #1 and BDTA 

#2 flow tests, and was, at all times, considerably larger than the initial in situ void space volume 

created by the initial hydraulic fracture stimulation treatment. 

 

5.22.5 Time-lapse Surface Gas Volume Analysis - Supplementary Data from the 

Dorodillo 2 Wellbore 

 

Independent of the wellbore pressure BDTA flow test experiment conducted at Moomba 77, 

described in Section 5.22.4, a similar time-lapse wellbore pressure BDTA experiment was 

conducted in 2014, at the nearby Dorodillo 2 vertical wellbore. 

 

Prior to the testing, the cased wellbore was fully de-watered (of wellbore completion fluid) using 

coiled tubing. Seven “dry” Patchawarra Formation target coal seams, representing a total coal 

thickness of 140 feet (43 metres), were collectively wellbore pressure BDTA flow tested over 

a 700-foot (215-metre) depth interval, extending from 8,350 to 9,050 feet (2,545 to 2,760 

metres). The objective of the flowback monitoring was the same as for Moomba 77 but on this 

occasion the target coal seams were not hydraulically fracture stimulated, or deliberately 

stimulated to flow gas in any other way. Instead, an extremely low, natural, base gas flow rate 

was achieved at Dorodillo 2 (too small to measure through a flow choke system), without any 

formation water influx, exclusively by the action of perforating the target coal seams, after 

having evacuated all completion fluid from within the cased wellbore. Casing perforation was 
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achieved using conventional perforation gun arrays. These were introduced into the wellbore 

through a wellhead pressure-sealing “lubricator”. Prior to casing perforation, the wellbore was 

pressurised with nitrogen, so as to avoid excessive pressure underbalance. 

 

The result of the wellbore pressure BDTA flow test experiment at Dorodillo 2 is shown in 

Figure 5.45. Two sequential wellbore pressure BDTA gas flow rate decline profiles were 

recorded. These were spaced 17 weeks apart. As with Moomba 77, fracture network GRV 

domain storage (based on the volume of gas produced to surface) increased over flowback 

time. This was clear, despite the wellbore pressure BDTA flow tests being initiated from 

different SITHPs, and hence SIBHPs. The rate of wellbore pressure build-up during the 

preceding wellbore shut-in periods also increased in a time-lapse manner, consistent with 

increasing permeability. 

 

The outcome of this “pure” experiment, which was unaffected by factors such as a hydraulic 

fracture stimulation “skin damage” overprint (Chapter 3, Section 3.4.1), strongly supports The 

Hypothesis in Chapter 4. Incremental coal fracture / fabric void space was immediately 

created within the near-wellbore region, as a most likely consequence of rapid, very localised 

desorption-induced coal matrix shrinkage, and pressure arch stress shielding, in response to 

very high wellbore pressure drawdown, in a completely dry wellbore. The outcome is also 

consistent with the predictions of the coupled flow and geomechanical numerical modelling 

applied to shallow CSG reservoirs, as described in Chapter 3, Section 3.5.2.2. 
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Figure 5.45: The flowback pressure profile of the fully de-watered Dorodillo 2 vertical wellbore. Seven “dry” 

Patchawarra Formation “target coal seams”, representing a total coal thickness of 140 feet (43 metres), were 
collectively flow tested over a 700-foot (215-metre) depth interval, extending from 8,350 to 9,050 feet (2,545 to 
2,760 metres). The target coal seams were perforated within the cased wellbore that was fully de-watered of 
completion fluid, and allowed to flow back to constant atmospheric drawdown, without any form of reservoir 
stimulation treatment. Two sequential wellbore pressure “blow-down to atmosphere” (BDTA) gas flow rate decline 
profiles were recorded. These were spaced 17 weeks apart. As with Moomba 77, “fracture network GRV domain 

storage” (based on the volume of gas produced to surface) increased over flowback time. The rate of wellbore 
pressure build-up during the preceding wellbore shut-in periods also increased in a time-lapse manner, consistent 
with increasing permeability. 

 

5.23 Moomba 77 Flowback Interpretation Summary 

 

This Section aims to summarise the outcome and learnings of the Moomba 77 trial. 

 

An isolated, shale gas reservoir-like fracture network SRV domain was initially created at the 

Moomba 77 vertical wellbore, within four “dry” Patchawarra Formation target coal seams, by 

the application of relatively small slick-water hydraulic fracture stimulation treatments (Section 

5.4). A low, stable, background, quasi-steady state base gas flow rate resulted that remained 

below the minimum rate required to lift flowback fluid up the wellbore to surface (the Base Gas 

Flow Rate Regime - Sections 5.19 and 5.19.1). No produced formation water was ever 

detected. Lack of casing perforation to the roof of three of the target coal seams is interpreted 

to have resulted in the formation of gas headspace and flowback fluid sump compartments 

within their respective initial fracture network SRV domains (the Fracture Network Gas 

Headspace Compartments and the Fracture Network Flowback Fluid Sump 

Compartments respectively - Section 5.6). The void space volume of these compartments 

could be quantified using material balance wellbore flowback analysis (Section 5.6.3). 

Approximately one month after the commencement of flowback to constant atmospheric 

drawdown, a small-ID production tubing string was installed, to a depth immediately above the 

target coal seams, in an attempt to eliminate liquid-loading (Section 5.7). Contrary to the 
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standard practice for routine Cooper Basin gas wells, a down-hole packer was not included 

near its end. The long annular space between the production tubing string and the wellbore 

production casing string was therefore open, and in hydraulic pressure communication with 

both the remainder of the wellbore and the target coal seams. This resulted in the formation of 

a relatively static Annulus Gas Headspace Compartment (i.e. “wellbore gas cap”), and a 

relatively stagnant Production Casing Flowback Fluid Sump Compartment within the 

lowermost part of the wellbore production casing string (Section 5.8). The original purpose of 

the production tubing string was to increase vertical gas flow velocity within the wellbore, to 

the point at which it would continuously lift flowback fluid up the wellbore to surface on a long-

term basis, thereby increasing reservoir pressure drawdown. Unfortunately, the base gas flow 

rate did not improve. Flowback fluid continued to accumulate within the production tubing 

string, and this generated an increasing hydrostatic back-pressure on compressed gas within 

both The Annulus and the initial fracture network SRV domain. Serendipitously, the complex 

hydrodynamic interaction between the rising hydrostatic column of flowback fluid accumulating 

within the production tubing string and hydrostatically compressed gas spilling from within the 

Annulus Gas Headspace Compartment, and the underlying Fracture Network Gas 

Headspace Compartments, played an important role in characterising dynamic reservoir 

behaviour during gas production. 

 

Despite the constant tendency for flowback fluid to accumulate within the production tubing 

string, the initial fracture network SRV domain experienced high production pressure 

drawdown for the remainder of the long-term, 81/2-year flowback period and, as predicted by 

The Hypothesis in Chapter 4, evolved into a much larger fracture network GRV domain 

(Chapter 4, Section 4.5.3). The desirable outcome of low FBHP was made possible by the 

nature of the wellbore completion configuration. Three of the target coal seams were not fully 

perforated to the roof of the seam (Section 5.4.2). This created an open-ended flowing 

manometer-like hydrodynamic interaction between the rising hydrostatic column of flowback 

fluid accumulating within the production tubing string and hydrostatically compressed gas 

spilling from within the Annulus Gas Headspace Compartment, and the underlying Fracture 

Network Gas Headspace Compartments (Section 5.9). Intermittent pressure disequilibrium, 

between the liquid-loaded wellbore and the gas headspace compartments of The Annulus 

and the fracture network GRV domain, occurred in response to some form of cyclical trigger 

mechanism. This is interpreted to have been the result of accumulated flowback fluid within 

the Production Casing Flowback Fluid Sump Compartment suddenly leaking-off, back into 

the target coal seams, in response to increasing wellbore hydrostatic back-pressure (Section 

5.20.6 and Chapter 6, Sections 6.1.1.3, 6.1.1.4, and 6.1.1.5). As a consequence of the 

disequilibrium, the pressure of hydrostatically compressed gas within the Annulus Gas 

Headspace Compartment, and the underlying Fracture Network Gas Headspace 

Compartments, became greater than the hydrostatic back-pressure exerted by the reduced 

wellbore flowback fluid column. The resulting rapid expansion and discharge of the 
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hydrostatically compressed gas from within the Annulus Gas Headspace Compartment, and 

the underlying Fracture Network Gas Headspace Compartments, into the wellbore, 

generated a natural gas plunger lift effect that efficiently de-watered the liquid-loaded wellbore 

for the remainder of the flowback. Intermittent natural surge events (Section 5.20) were 

produced to surface that varied in magnitude in proportion to the size and permeability of the 

fracture network GRV domain from which they were generated. Five natural surge event 

pressure signature attributes were defined (Section 5.20.8). These were used to monitor time-

lapse change in fracture network GRV domain characteristics. The resulting long-term trends 

were consistent with predictions of The Hypothesis outlined in Chapter 4, Sections 4.2, 4.3, 

4.4, and 4.5. Isolated fracture network void space domains within the target coal seams 

appeared to be increasing in size and permeability over flowback time. 

 

The high production pressure drawdown experienced by the target coal seams throughout 

most of the flowback is interpreted to have resulted in a high gas desorption rate within the 

fracture network GRV domain, which, in turn, generated a high rate of coal matrix shrinkage 

adjacent to the fracture / fabric faces. 

 

The coal matrix shrinkage effect was mainly a consequence of the “standard” gas desorption 

process (Chapter 3, Section 3.4.4.1). However a number of other mechanisms may have also 

contributed. These are: 

 

1. Desorption of residual bound oil and water from the coal matrix (Chapter 3, Section 

3.4.4.1). 

 

2. Production pressure drawdown-induced, real-time catalytic hydrocarbon generation 

(Chapter 3, Section 3.4.4.2). 

 

3. Production pressure drawdown-induced, real-time thermogenic hydrocarbon generation 

(Chapter 3, Section 3.4.4.3). 

 

The large-scale physical response of the Moomba 77 target coal seams, and the surrounding 

host rock strata, to production pressure drawdown was inconsistent with the various theoretical 

geomechanical reservoir boundary conditions applied to shallow CSG reservoirs (Chapter 3, 

Section 3.5). The contrast was greatest with respect to the most widely accepted shallow CSG 

reservoir assumption of “uniaxial strain and constant vertical confining stress” described in 

Chapter 3, Section 3.5.2.1. For the Moomba 77 target coal seams, the combined, mutually 

sustaining actions of desorption-induced coal matrix shrinkage (Chapter 3, Section 3.4) and 

sympathetic pressure arch stress shield evolution (Chapter 3, Section 3.6) are interpreted to 

have created an “expanding reservoir boundary and decreasing confining stress” condition 

(Chapter 4, Sections 4.2, 4.3, 4.4, and 4.5) that neutralised the omnipresent tendency for 
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reservoir compaction caused by rapidly increasing production pressure drawdown-induced 

effective stress. In contrast to shallow CSG reservoirs, confining stress on the target coal 

seams at Moomba 77 decreased rapidly in response to production pressure drawdown. This 

induced an overall state of progressive endogenous tensile failure within the production 

pressure transient region inside the pressure arch stress shield that significantly enhanced the 

gas flow rate capacity of both the initial fracture network SRV domain and the surrounding 

native coal fabric. Inside the expanding pressure arch stress shield, where an overall state of 

progressive endogenous tensile failure and permeability enhancement prevailed, “the 

reservoir” was formed by the complex, low bulk structural integrity, low bulk compressive 

strength, “dispersed void space domain”, which comprised; a) apertures of the initial fracture 

network SRV domain and the DRV1 sub-domain, b) dilated coal fabric of the DRV2 sub-domain, 

and c) dilated matrix meso- and macro-pores of the DRV3 sub-domain. Outside the pressure 

arch stress shield, where bulk structural integrity was higher, bulk compressive strength was 

higher, and stress was elevated, there was no effective coal fabric permeability, and hence “no 

reservoir”. In accordance with this industry standard definition of a deep, thermogenic “source 

rock reservoir”, which is consistent with the definition of an isolated shale fracture network SRV 

domain, it follows that if the pressure arch stress shield of a deep coal seam’s naturally “self-

fracturing” reservoir domain progressively expands, so does the “reservoir boundary” sensu 

stricto. Hence, the boundary of the “expanding reservoir” at Moomba 77 was effectively the 

inner surface of the high-stress envelope of deflected and concentrated maximum stress 

vectors that defined the geometry of the pressure arch stress shield. 

 

After flowback commenced, the production pressure transient region associated with the initial 

fracture network SRV domain gradually propagated into the target coal seams. Pre-existing, 

limited, remnant coal fabric apertures and low tensile strength, multiple orientation coal fabric 

planes of weakness responded by dilating in an overall state of progressive endogenous 

tensile failure, and extending further into the target coal seams, to create a steadily dilating 

and expanding fracture network DRV domain, having three, simultaneously evolving void 

space entities, the DRV1, DRV2, and DRV3 sub-domains (Chapter 4, Section 4.5.2, and 

Figure 4.1, and Table 4.1). These, together with the initial fracture network SRV domain, 

formed a greater fracture network GRV domain, which may be considered to represent the 

entire extent of the isolated deep coal reservoir. 

 

When the hydraulic fracture stimulation-induced “skin damage” effect caused by incremental, 

endogenous compression and permeability destruction of the adjacent native coal fabric 

(Palmer, 1993, Palmer et al., 2005, Palmer, 2010) had been dissipated by desorption-induced 

coal matrix shrinkage, the initial fracture network SRV domain commenced dilating in an overall 

state of progressive endogenous tensile failure, to create the DRV1 sub-domain (Chapter 4, 

Section 4.5.2.1, and Figure 4.1, and Table 4.1), where proppant became increasingly 

redundant for maintaining hydraulic fracture flow conductivity. Simultaneously, the adjacent 
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native coal fabric commenced opening and dilating, in an overall state of progressive 

endogenous tensile failure, to create the much larger, and more complex, incremental DRV2 

sub-domain of increasing coal fracture / fabric void space volume, surface area, and 

permeability (Chapter 4, Section 4.5.2.2, and Figure 4.1, and Table 4.1). 

 

The progressive endogenous tensile opening, dilation, and expansion of the fracture network 

GRV domain was revealed at surface, during quasi-steady state base gas flow rate conditions 

to constant atmospheric pressure drawdown, by the ongoing series of cyclical natural surge 

events that gradually increased in gas volume, and gas flow rate, over flowback time (Section 

5.20). These two fundamental attributes of a natural surge event were proportional to the size 

(i.e. void space volume) and permeability respectively of the fracture network GRV domain at 

the time the natural surge event was triggered. 

 

Closely associated with, and matching the spatial extent of the steadily opening, dilating, and 

expanding network of fracture / fabric apertures of the DRV2 sub-domain was the DRV3 sub-

domain (Chapter 4, Section 4.5.2.3, and Figure 4.1, and Table 4.1). This was a region of 

gas-depleted coal matrix, immediately adjacent to the fracture / fabric apertures, which 

similarly had coal matrix shrinkage-enhanced void space volume (i.e. matrix porosity), surface 

area, and permeability, as a consequence of the rapidly decreasing reservoir confining stress. 

The shrinkage-dilated coal matrix pore structure of the DRV3 sub-domain evolved into an 

increasingly effective “buffer zone” that reduced the rate of late-time wellbore pressure build-

up during wellbore shut-in periods by resorbing both free and adsorbed gas (Sections 

5.20.7.2, 5.20.8.2, and 5.21, and Figure 5.43). The DRV3 sub-domain was manifested at 

surface as the DRV3 sub-domain supercharging of those natural surge events generated 

shortly after the wellbore pressure BDTA events that followed extended wellbore shut-in 

periods (Sections 5.20.7.2, 5.20.8.2, and Figure 5.34). During the wellbore shut-in periods, 

or whenever an incremental hydrostatic back-pressure was applied to the fracture network 

GRV domain that significantly exceeded the preceding production FBHP, the previously 

depleted free and adsorbed gas storage capacity of the dilating and expanding DRV3 sub-

domain was slowly recharged. The effect was the most pronounced during extended wellbore 

shut-in periods, owing to the higher back-pressure, and the greater time available, for the slow 

process of gas resorption to occur. The DRV3 sub-domain may be thought of as being a very 

low permeability, sorptive extension to the collective maze of initial fracture network SRV 

domain, and DRV1 / DRV2 sub-domain apertures. 

 

Together, the dilating and expanding dynamic gas storage domains within the production 

pressure transient region simultaneously developed into an extensive (albeit boundary-

limited), artificially created reservoir of coal matrix shrinkage-enhanced gas flow rate capacity, 

analogous to the naturally occurring open coal fabric network of shallow CSG reservoirs. From 

a production perspective, the fracture network GRV domain at Moomba 77 behaved, in a 
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conceptual sense, as a slowly expanding region of isolated, gas-filled “dispersed coal fabric 

void space”, having a very low permeability, gas flow rate-limiting sorptive boundary, across 

which surface area-controlled gas influx occurred as a consequence of high production 

pressure drawdown. This highlights the key difference between the shallow CSG reservoir and 

CBDCG reservoir paradigms. Production from shallow CSG reservoirs is reliant upon naturally 

occurring commercial permeability within a pervasive, far-field, open coal fabric (i.e. cleat) 

network, whereas gas production from Cooper Basin deep coal seams is reliant upon artificial 

permeability being continuously generated within a steadily dilating and expanding, relatively 

near-field fracture network GRV domain over production time, initiated by some form of up-

front, large-scale reservoir stimulation treatment, which creates the prerequisite initial fracture 

network SRV domain. 
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Chapter 6: Wellbore Flowback Physical Simulation and Production 

“History Matching” of Moomba 77 

 

6.1 Introduction 

 

The comprehensive, high-resolution dataset of the Moomba 77 post-hydraulic fracture 

stimulation flowback trial has allowed the dynamic reservoir behaviour of Cooper Basin deep 

coal seams during gas production to be characterised in detail (Chapter 5). Considerable 

insight has been provided into the likely reservoir stimulation treatment requirements for 

achieving full-cycle, standalone commercial gas production. A critical part of this learning 

process was recognising the geological basis and significance of the evolving pattern of 

cyclical natural surge events. The magnitude and form of these intermittent gas pulses to 

surface reflected the size (i.e. void space volume), fracture / fabric face surface area, and 

permeability, of the isolated fracture network GRV domain from which they were being 

generated. To further increase understanding, and reduce uncertainty, an attempt was made 

to emulate the mechanism for natural surge event generation, by physically simulating the 

process within The University of Adelaide’s experimental wellbore. In particular, this involved 

testing a postulated “most likely” trigger mechanism for the initiation of the natural surge 

events, which appeared to be consistent with the gas production behaviour of Moomba 77. 

Although the fundamental hydrodynamic interaction between the liquid-loaded wellbore and 

the fracture network GRV domain that generates the natural surge events is now well 

understood, from the investigation in Chapter 5, the precise nature of the trigger mechanism 

remains as a significant (but not critical) uncertainty in relation to the further testing of The 

Hypothesis in Chapter 4. 

 

This Chapter documents the “laboratory experiment” component of the thesis. The scope of 

the experiment involved the design, fabrication, operation, and data logging of a computer-

controlled, open-ended flowing manometer apparatus that physically simulated the complex 

hydrodynamic interaction between the wellbore completion configuration and the fracture 

network GRV domain at Moomba 77. It is not possible, within the constraints of the thesis 

format, to fully describe all aspects of the undertaking. This is particularly the case for the 

computer micro-control system that was used to operate the apparatus, and record the 

resultant data. The experiment is therefore reported in a high-level, summarised format. 

 

Before describing the experiment, the basis for selecting the “most likely” natural surge event 

trigger mechanism for testing is outlined in the next Section (Section 6.1.1). Rigorously testing 

the many other potential natural surge event trigger mechanisms was beyond the scope of this 

thesis, and remains as future work. 
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6.1.1 Potential Natural Surge Event Trigger Mechanisms 

 

A variety of potential trigger mechanisms have so far been identified for the initiation of natural 

surge events at Moomba 77. All have the same ultimate effect of causing a small but relatively 

rapid initial decrease in the hydrostatic column of accumulated flowback fluid within the 

production tubing string. This action perturbs the finely balanced, quasi-steady state dynamic 

flowing pressure equilibrium between the rising hydrostatic column of flowback fluid 

accumulating within the production tubing string and hydrostatically compressed gas spilling 

from within the Annulus Gas Headspace Compartment, and the underlying Fracture 

Network Gas Headspace Compartments. In essence, the natural surge event trigger 

mechanism causes the partial hydrostatic back-pressure seal that dynamically confines the 

gas headspace compartments to be “ruptured”. This results in an expansion of hydrostatically 

compressed gas into the wellbore flowback fluid column. If the resultant increase in vertical 

gas flow velocity within the production tubing string is high enough, accumulated flowback fluid 

within the production tubing string is expelled to surface. This initiates a rapid, irreversible 

pressure blow-down of the gas headspace compartments to surface. 

 

The potential natural surge event trigger mechanisms may be divided into three categories. 

This is because there are three fundamentally different “first order” processes by which the 

wellbore hydrostatic column may be sufficiently reduced, so as to generate a critical pressure 

overbalance within the Annulus Gas Headspace Compartment, and the underlying Fracture 

Network Gas Headspace Compartments. All are feasible at Moomba 77, and may be 

achieved in a variety of ways. 

 

The first order natural surge event trigger mechanism categories are: 

 

1. First Order Trigger Category #1 - a relatively small, initial, rapid expulsion of accumulated 

flowback fluid to surface from the upper part of the hydrostatic column within the production 

tubing string, so as to reduce the height of the single liquid phase in the wellbore that 

provides the partial hydrostatic back-pressure seal. 

 

2. First Order Trigger Category #2 - “aeration” of the upper part of the hydrostatic column 

within the production tubing string, without significant expulsion of accumulated flowback 

fluid to surface, so as to reduce the effective height of the single liquid phase in the wellbore 

that provides the partial hydrostatic back-pressure seal. 

 

3. First Order Trigger Category #3 - a relatively small, initial, rapid leak-off of accumulated 

wellbore flowback fluid, through the wellbore production casing string perforations, and 

back into the fracture network GRV domain of the target coal seams, so as to reduce the 
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height of the single liquid phase in the wellbore that provides the partial hydrostatic back-

pressure seal. 

 

For each of these three first order trigger mechanism categories, the result is the same, this 

being a sudden, non-steady state loss of hydrostatic back-pressure on the hydrostatically 

compressed gas within the Annulus Gas Headspace Compartment, and the underlying 

Fracture Network Gas Headspace Compartments. 

 

The question that arises is: which of the three first order trigger mechanism categories, and 

which specific trigger mechanism within the category, is applicable to the initiation of natural 

surge events at Moomba 77? Indeed, could there be multiple trigger modes, possibly operating 

in combination? 

 

The potential natural surge event trigger mechanism options within each first order trigger 

mechanism category are now described in the following Sections, and the most likely candidate 

identified for the purpose of testing. 

 

6.1.1.1 First Order Trigger Category #1: Initial Expulsion of Accumulated 

Wellbore Flowback Fluid to Surface 

 

The potential natural surge event trigger mechanisms that are based on some form of relatively 

small, initial, rapid expulsion of accumulated flowback fluid to surface from the upper part of 

the hydrostatic column within the production tubing string are listed below: 

 

1. The progressive expansion of gas bubbles, rising up the steadily increasing hydrostatic 

column of accumulated flowback fluid within the production tubing string, may eventually 

reach a size that increases vertical gas flow velocity within the upper part of the production 

tubing string to above the threshold for lifting flowback fluid to surface. 

 

This “rising bubble” expansion effect is controlled by the height of accumulated flowback 

fluid within the production tubing string. The larger the hydrostatic column, the greater is 

the gas expansion. 

 

During the base gas flow rate period between natural surge events, a finely balanced, 

quasi-steady state dynamic flowing pressure equilibrium exists between the rising 

hydrostatic column of flowback fluid accumulating within the production tubing string and 

hydrostatically compressed gas spilling from within the Annulus Gas Headspace 

Compartment, and the underlying Fracture Network Gas Headspace Compartments. 

Gas bubbles continuously percolate upwards through the wellbore flowback fluid column 

to surface. For a specific constant gas entry rate into the production tubing string, gas 



 

268 

bubbles increase in size as they rise up the flowback fluid column. Increasing gas entry 

pressure at the coal perforations, in proportion to the rising hydrostatic column of 

accumulated flowback fluid within the production tubing string, means that gas bubbles 

entering the wellbore have increasing gas expansion capacity (1/Bg). At some stage, when 

a critical threshold of flowback fluid has accumulated, the magnitude of rising bubble 

expansion, high within the production tubing string flowback fluid column, may become 

sufficient to expel a relatively small quantity of flowback fluid from the top of the column to 

surface. This may be sufficient to create the sudden pressure imbalance required for 

triggering a natural surge event. 

 

2. Some form of self-perpetuating, auto-cyclical compression and expansion of gas within the 

Annulus Gas Headspace Compartment, and / or the underlying Fracture Network Gas 

Headspace Compartments, may cause the gas-fluid contacts associated with each of 

these compartments to synchronously rise and fall, in response to the hydrostatic back-

pressure disequilibrium. Flowback fluid fall-back and re-accumulation (settling) within the 

production tubing string, after a natural surge event, or a wellbore pressure BDTA event, 

may cause gas within all of the gas headspace compartments to experience rapid 

incremental compression, and the associated gas-fluid contacts to move upwards. 

Ongoing gas production then gradually re-fills the gas headspace compartments. The cycle 

repeats when the now downward-moving gas-fluid contacts reach the level of the 

uppermost perforations that control gas entry into both the wellbore production casing 

string and the production tubing string. Hence, the auto-cyclical, non-steady state spill of 

expanding gas into the production tubing string may cause accumulated flowback fluid 

within it to be intermittently expelled to surface, via the rising bubble expansion effect of 

trigger mechanism #1, thereby triggering a natural surge event. 

 

3. A sudden dilation of a closed or restricted region of the fracture network GRV domain that 

has higher pressure than the hydrostatic column of accumulated flowback fluid within the 

wellbore may generate a gas expansion pressure pulse that propagates to the wellbore, 

and reduces the hydrostatic column by lifting accumulated flowback fluid up the production 

tubing string to surface, via the rising bubble expansion effect of trigger mechanism #1, 

thereby triggering a natural surge event. 

 

4. A sudden pressure arch collapse event, causing a rapid increase in Fracture Network 

Gas Headspace Compartment pressure, may generate a gas compression pressure 

pulse that propagates to the wellbore, and reduces the hydrostatic column by lifting 

accumulated flowback fluid up the production tubing string to surface, via the rising bubble 

expansion effect of trigger mechanism #1, thereby triggering a natural surge event. 
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5. A sudden, differential pressure-induced breakdown of a down-hole wellbore flow restriction 

(e.g. mineral scale-affected wellbore production casing string, or production tubing string 

perforations) may cause hydrostatically compressed gas within the fracture network GRV 

domain to suddenly enter the wellbore, and reduce the hydrostatic column by lifting 

accumulated flowback fluid up the production tubing string to surface, via the rising bubble 

expansion effect of trigger mechanism #1, thereby triggering a natural surge event. 

 

6. During flowback fluid accumulation within the production tubing string, increasing 

hydrostatic back-pressure on the fracture network GRV domain causes gas to resorb onto 

depleted coal matrix within the DRV3 sub-domain (Chapter 5, Sections 5.20.7.2 and 

5.20.8.2). As re-saturation of the coal matrix micro-porosity is approached, more of the 

newly produced free gas from within the meso- and macro-porosity may become available 

to flow into the wellbore. If this results in a significant rebound of the base gas flow rate, 

accumulated flowback fluid could be expelled from within the production tubing string to 

surface, via the rising bubble expansion effect of trigger mechanism #1, thereby triggering 

a natural surge event. 

 

7. A sudden decrease in flowback fluid density (i.e. hydrostatic back-pressure) within the 

wellbore (e.g. a change from saline to fresh flowback fluid composition) may allow the 

expansion of additional hydrostatically compressed gas into the wellbore. This may expel 

accumulated flowback fluid from within the production tubing string to surface, via the rising 

bubble expansion effect of trigger mechanism #1, thereby triggering a natural surge event. 

 

8. Some form of “earth tide” effect (Narasimhan et al., 1984, Hsieh et al., 1987, Burbey, 

2010), whereby cyclical increases in effective stress on the fracture network GRV domain 

(caused by increased gravity, and hence increased lithostatic stress) may generate a 

reservoir compaction pulse that forces gas out of the fracture network GRV domain, and 

into the wellbore flowback fluid column, so as to expel flowback fluid within it to surface, 

via the rising bubble expansion effect of trigger mechanism #1, thereby triggering a natural 

surge event. 

 

All of these potential natural surge event trigger mechanisms, that are based on some form of 

relatively small, initial, rapid expulsion of accumulated flowback fluid to surface from the upper 

part of the hydrostatic column within the production tubing string, are considered to be 

downgraded for the following reasons: 

 

1. Despite an observed initial decrease in hydrostatic head within the production tubing string 

preceding the natural surge events, as measured by Wellhead Annulus Pressure 

(Chapter 5, Figure 5.28), there is no evidence for an equivalent amount of accumulated 

flowback fluid being expelled to surface immediately prior to any of the 114 recorded 
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natural surge events, either from the production pressure data, or from direct visual 

observation in the field. At the very least, a moderate increase in gas flow pressure at 

surface (capable of lifting fluid to surface) should have been evident prior to a natural surge 

event. However, this was not the case for any of the natural surge events. 

 

2. Trigger mechanism #1 (i.e. the rising bubble expansion effect) is downgraded because, at 

the time of all 114 natural surge event trigger points, the gas-filled interval between the 

wellhead and the top of the flowback fluid column within the production tubing string varied 

from a maximum 8,102 feet (2,469.5 metres) for Cycle #87, to a minimum 6,471 feet 

(1,972.4 metres) for Cycle #107. Hence, it is considered very unlikely that rising bubble 

expansion within the upper part of the flowback fluid column could have ejected sufficient 

fluid this distance to surface, so as to cause the required pressure disequilibrium. This is 

supported by the observation that Wellhead Annulus Pressure immediately prior to a 

natural surge event decreased, without any corresponding significant increase in gas flow 

rate at surface (i.e. FTHP) that should have accompanied a flowback fluid expulsion event. 

 

In addition, the rising bubble expansion effect would be expected to become more efficient 

at expelling flowback fluid at a higher base gas flow rate, thereby triggering natural surge 

events at a lower Surge Trigger Pressure. This did not occur. The base gas flow rate 

slowly increased over flowback time, particularly towards the end (Chapter 5, Figure 5.22), 

yet the natural surge events were instead triggered at increasingly higher levels of 

accumulated flowback fluid within the production tubing string. 

 

3. Trigger mechanism #2 (i.e. the auto-cycling effect) is downgraded because, as the base 

gas flow rate slowly increased over flowback time, Cycle Duration (i.e. the period of a 

natural surge cycle - Chapter 5, Section 5.20.2) tended to increase, when it should have, 

in principle, decreased. 

 

4. Trigger mechanisms #3, #4, #5, and #7 are downgraded because they are somewhat 

random in nature, and do not account for the systematically evolving cyclicity of the natural 

surge events. 

 

5. Trigger mechanism #6 (i.e. the gas resorption effect) is downgraded because it should 

have resulted in a long-term decreasing Surge Trigger Pressure, as the base gas flow 

rate slowly increased over flowback time. This did not occur. 

 

6. Trigger mechanism #8 (i.e. the earth tide effect) is downgraded because Cycle Duration 

(i.e. the period of a natural surge cycle) was not constant over flowback time. 
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6.1.1.2 First Order Trigger Category #2: “Aeration” of the Wellbore Flowback 

Fluid Column without Initial Expulsion of Accumulated Wellbore 

Flowback Fluid to Surface 

 

It is possible that, as the hydrostatic column of accumulated flowback fluid within the production 

tubing string increased, rising bubble expansion may have generated significant turbulence 

(“aeration”) within the upper part of the flowback fluid column, without concomitant fluid 

expulsion to surface, so that this section of the column lost the capacity to function as the 

continuous liquid phase necessary for providing the partial hydrostatic back-pressure seal 

effect. Hence, no flowback fluid need be initially expelled to surface for a natural surge event 

to be triggered. 

 

This potential natural surge event trigger mechanism is downgraded because, as the base gas 

flow rate slowly increased over the later stage of the long-term flowback, Surge Trigger 

Pressure increased significantly, when the increased aeration effect should have, in principle, 

caused it to decrease. 

 

6.1.1.3  First Order Trigger Category #3: Initial Leak-off of Accumulated Wellbore 

Flowback Fluid back into the Target Coal Seams 

 

The potential natural surge event trigger mechanisms that are based on some form of relatively 

small, initial, rapid leak-off of accumulated wellbore flowback fluid, through the wellbore 

production casing string perforations, and back into the fracture network GRV domain of the 

target coal seams, are listed below: 

 

1. A sudden coal fabric dilation event within, or adjacent to, the fracture network GRV domain 

may, in the process of consuming accumulated wellbore flowback fluid, cause accumulated 

flowback fluid within the wellbore to back-flow, through the wellbore production casing 

string perforations, and back into the fracture network GRV domain of the target coal 

seams. This, in turn, causes the flowback fluid level within the production tubing string to 

fall, thereby triggering a natural surge event. 

 

Consistent with predictions of The Hypothesis in Chapter 4, it is proposed that such a 

mechanism may be described as “wellbore hydrostatic back-pressure and reservoir 

stress-dependent leak-off”. 

 

2. A sudden, differential pressure-induced breakdown of a down-hole wellbore flow restriction 

(e.g. mineral scale-affected wellbore production casing string, or production tubing string 

perforations) may cause accumulated flowback fluid within the wellbore to back-flow, 
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through the wellbore production casing string perforations, and back into the fracture 

network GRV domain of the target coal seams. This, in turn, causes the flowback fluid level 

within the production tubing string to fall, thereby triggering a natural surge event. 

 

3. Some form of “earth tide” effect, whereby cyclical decreases in effective stress on the 

fracture network GRV domain (caused by decreasing gravity, and hence decreasing 

lithostatic stress) may generate a coal fabric dilation pulse that suctions accumulated 

flowback fluid from within the wellbore, through the wellbore production casing string 

perforations, and back into the fracture network GRV domain of the target coal seams. 

This, in turn, causes the flowback fluid level within the production tubing string to fall, 

thereby triggering a natural surge event. 

 

Trigger mechanism #1 (i.e. “wellbore hydrostatic back-pressure and reservoir stress-

dependent leak-off”) is considered to be the mechanism that is the most consistent with the 

observed flowback behaviour of Moomba 77. 

 

Trigger mechanism #2 (i.e. the breakdown of a down-hole wellbore flow restriction) is 

downgraded because it is somewhat random in nature, and does not account for the 

systematically evolving cyclicity of the natural surge events. 

 

Trigger mechanism #3 (i.e. the earth tide effect) is downgraded because Cycle Duration (i.e. 

the period of a natural surge cycle) was not constant over flowback time. 

 

6.1.1.4 Selecting the Most Likely Trigger Mechanism for Testing 

 

After considering the numerous natural surge event trigger mechanism options listed in 

Sections 6.1.1.1, 6.1.1.2, and 6.1.1.3, the process of “Wellbore hydrostatic back-pressure 

and reservoir stress-dependent leak-off” (Chapter 5, Sections 5.20.6 and 5.20.8.4, and 

Section 6.1.1.3) was selected as being the most likely trigger mechanism for the generation 

of natural surge events at Moomba 77 for the following reasons: 

 

1. There is already anecdotal field evidence for this phenomenon occurring with respect to 

shallow CSG reservoirs, as previously described in Chapter 5, Section 5.20.8.4 (R.G. 

Jeffrey pers. comm. 2018). 

 

2. Drilling fluid leak-off test (LOT) pressure profiles provide a direct analogy. The Wellhead 

Annulus Pressure profile of a natural surge cycle at Moomba 77 closely resembles the 

pressure profile of a standard drilling fluid leak-off test (Chapter 5, Section 5.20.6, and 

Figure 5.31). 
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3. There is a sound geological basis for the systematically evolving Surge Trigger Pressure 

trend (Chapter 5, Sections 5.20.6 and 5.20.8.4, and Figure 5.38) - i.e. varying stress 

within, or adjacent to, the fracture network GRV domain of the target coal seams (White 

et al., 2002). 

 

4. Another analogy is the hydrodynamic mechanism that causes a “blow-out” on a drilling rig, 

which may be triggered by a “lost-circulation” event, for example when drilling fluid 

suddenly leaks-off into a permeable natural fracture, as soon as it is penetrated by the drill 

bit. A gas wellbore blow-out occurs because there is no longer a sufficient drilling fluid 

hydrostatic column within the wellbore to contain reservoir pressure. This underbalances 

the wellbore. Gas within the reservoir expands, enters the wellbore, and surges to surface 

in an uncontrolled manner, typically expelling most of the remaining drilling fluid. The 

natural surge events at Moomba 77 may be considered to be, from a conceptual 

perspective, “wellbore hydrostatic back-pressure and reservoir stress-dependent 

leak-off-induced blow-outs”. Unlike the genuine wellbore blow-outs of conventional gas 

reservoirs that tend to be ongoing until controlled, the natural surge events at Moomba 77 

are well constrained. They are limited in magnitude and duration by the comparatively small 

amount of hydrostatically compressed gas stored within the isolated fracture network GRV 

domain. 

 

5. There is a sound geological basis for the systematically evolving Cycle Duration (Chapter 

5, Section 5.20.2). This is mainly a function of the time required for flowback fluid 

accumulating within the wellbore to reach a hydrostatic back-pressure that is sufficient to 

exceed the minimum stress at the outer boundary of the fracture network GRV domain, 

and cause a flowback fluid leak-off event into the target coal seams. 

 

Based on the reasoning above, the potential natural surge event trigger mechanism of 

“wellbore hydrostatic back-pressure and reservoir stress-dependent leak-off” was 

selected for testing with the experimental apparatus. 

 

Validating “wellbore hydrostatic back-pressure and reservoir stress-dependent leak-off” 

as a natural surge event trigger mechanism would further support the concept that Cooper 

Basin deep coal seams de-stress, and “self-fracture”, during gas production, as predicted by 

The Hypothesis in Chapter 4. 

 

6.1.1.5 Wellbore Hydrostatic Back-pressure and Reservoir Stress-dependent 

Leak-off 

 

The concept of “wellbore hydrostatic back-pressure and reservoir stress-dependent leak-

off” has previously been described in detail in Chapter 5, Sections 5.20.6 and 5.20.8.4, with 
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reference to the “pre-surge wellbore hydrostatic back-pressure plateau” pressure signature 

(Chapter 5, Figure 5.32). The specific trigger mechanism postulated to be the most likely for 

the generation of natural surge events at Moomba 77 can now be summarised in Figure 6.1 

below: 

 

 

Figure 6.1: The concept of “wellbore hydrostatic back-pressure and reservoir stress-dependent leak-off”, this 
being the most likely mechanism for the triggering of natural surge events at Moomba 77. 

 

Figure 6.2 shows an actual example of the trigger effect occurring during natural surge Cycle 

#103 at Moomba 77. There are a series of what appear to be small flowback fluid leak-off 

event pressure signatures, superimposed upon the trend of steadily increasing hydrostatic 

back-pressure. These are interpreted to represent “failed” natural surge event trigger points 

that were of insufficient magnitude to trigger a natural surge event by perturbing the finely 

balanced, quasi-steady state dynamic flowing pressure equilibrium between the rising 

hydrostatic column of flowback fluid accumulating within the production tubing string and 

hydrostatically compressed gas spilling from within the Annulus Gas Headspace 

Compartment, and the underlying Fracture Network Gas Headspace Compartments. A 

natural surge event was eventually triggered when a larger leak-off event occurred. 

 

Note that in Figure 6.2, and also in the earlier example shown in Chapter 5, Figure 5.32, for 

each “failed” trigger point there is a significant but temporary decrease, and then increase, in 

Wellhead Annulus Pressure, indicating a fall, and then a recovery, in the level of accumulated 
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flowback fluid within the production tubing string, yet there is no corresponding increase in gas 

flow rate at surface. This strongly supports the flowback fluid leak-off trigger concept, and 

downgrades those potential natural surge event trigger mechanisms that are based on the 

initial expulsion of a small amount of flowback fluid to surface from the top of the hydrostatic 

column of accumulated flowback fluid within the production tubing string. 

 

 

Figure 6.2: Small “wellbore hydrostatic back-pressure and reservoir stress-dependent leak-off” events (A) 
during natural surge Cycle #103 at Moomba 77. These were of insufficient magnitude to trigger a natural surge 

event by perturbing the finely balanced, quasi-steady state dynamic flowing pressure equilibrium between the rising 
hydrostatic column of flowback fluid accumulating within the production tubing string and hydrostatically 
compressed gas spilling from within the Annulus Gas Headspace Compartment, and the underlying Fracture 
Network Gas Headspace Compartments. A natural surge event was eventually triggered when a larger leak-off 
event occurred (B). 

 

6.2 Experimental Objectives 

 

The objectives of the Moomba 77 wellbore flowback physical simulation and production 

“history matching” experiment were: 

 

1. To design, fabricate, operate, and data log a computer-controlled, open-ended flowing 

manometer apparatus that simulates, as accurately as possible, all aspects of the Moomba 

77 wellbore completion configuration, and the associated fracture network GRV domain, 

that have been characterised in detail in Chapter 5. 

 

2. To physically simulate the overall mechanism for natural surge event generation, as 

characterised in detail in Chapter 5, Section 5.20. 
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3. To physically simulate the process of “wellbore hydrostatic back-pressure and 

reservoir stress-dependent leak-off”, and demonstrate that it is a valid mechanism for 

the triggering of natural surge events. 

 
4. To achieve a production “history match” to the Moomba 77 flowback pressure profile. 

 

5. In achieving the objectives above, provide further evidence for The Hypothesis in Chapter 

4, which predicts that Cooper Basin deep coal seams de-stress, and “self-fracture”, during 

desorptive gas production. 

 

6.3 Apparatus and Method 

 

There were seven main elements to the apparatus: 

 

1. The University of Adelaide’s experimental wellbore (Section 6.3.1). 

 

2. A hoisting and suspension system for lowering, raising, and suspending the apparatus 

within the experimental wellbore (Section 6.3.2). 

 

3. A manometer vessel for simulating the isolated fracture network GRV domain at Moomba 

77 (Section 6.3.3). 

 

4. A gas circulation system (Section 6.3.4). 

 

5. A wellbore liquid loading system (Section 6.3.5). 

 

6. A pressure monitoring system (Section 6.3.6). 

 

7. A computer micro-control and data logging system (Section 6.3.7). 

 

These elements are shown schematically in Figures 6.3 and 6.4. 

 

Key features of the apparatus are labelled alphabetically in Figures 6.3 and 6.4, and 

referenced in this manner throughout the remainder of the Chapter. Note that each Figure does 

not necessarily include labels for all features. 
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Figure 6.3: The computer-controlled, open-ended flowing manometer apparatus that physically simulated the 
complex hydrodynamic interaction between the wellbore completion configuration of Moomba 77 and the 
associated fracture network GRV domain. The apparatus was suspended within The University of Adelaide’s 

experimental wellbore, at a depth of 230 feet (70 metres). Key features of the apparatus are labelled alphabetically, 
and referenced as such within the text. 
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Figure 6.4: The full gas and fluid circulation pathways for the computer-controlled, open-ended flowing manometer 

apparatus that physically simulated the complex hydrodynamic interaction between the wellbore completion 
configuration of Moomba 77 and the associated fracture network GRV domain. Key features of the apparatus are 

labelled alphabetically, and referenced as such within the text. 
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6.3.1 Experimental Wellbore 

 

The University of Adelaide's experimental wellbore extends to a depth of 505 feet (154 metres), 

and is fully cased to this depth with 9 5/8-inch OD steel casing. 

 

For the purpose of conducting this experiment, the wellbore was completely dry, apart from 

several metres of “sump fluid” at the bottom. 

 

The wellbore sensu stricto, played no active role in the experiment. There was no interaction 

with the surrounding geological strata. The function of the wellbore was exclusively to provide 

the height required to create a hydrostatic column of fluid that was sufficient to generate 

approximately 100 psi (690 kPa) of hydrostatic back-pressure for compressing gas stored 

within the gas headspace compartment of the manometer vessel. This hydrostatic back-

pressure corresponded to a required “suspension depth” for the apparatus of 230 feet (70 

metres). Hence, the maximum FBHP for the simulated fracture network GRV domain was 

restricted to 100 psi (690 kPa). Suspending the manometer vessel deeper than this would not 

have yielded a higher operating pressure because 100 psi (690 kPa) was the maximum 

working pressure of the laboratory compressed air source. 

 

6.3.2 Hoisting and Suspension System 

 

The hoisting and suspension system (A) for lowering, raising, and suspending the manometer 

vessel within the wellbore was constructed using high breaking strain rock-climbing equipment. 

Apart from the 10.5 mm diameter hoisting / suspension rope, this also included pulleys, and 

specialised anti-reverse devices, so as to prevent uncontrolled descent of the manometer 

vessel into the wellbore. 

 

In addition to hoisting and suspending the manometer vessel, the hoisting / suspension rope 

functioned as a vertical support for the main power cable (not shown), and three 12 mm ID 

hoses (C, D, and E) that were connected to the manometer vessel. The main power cable and 

the three hoses were fastened to the hoisting / suspension rope with cable ties, placed every 

0.5 metres, so as to form a well-constrained bundle. 

 

A “gantry”, which included a pulley attached to a cross-bar, was installed on top of the wellbore 

casing string (Figure 6.5). The gantry played a critical role in safely guiding the manometer 

vessel in and out of the wellbore, as well as providing a long-term suspension support during 

operation of the apparatus. 
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6.3.3 Manometer Vessel 

 

The manometer vessel (B) was designed to simulate the void space volume of the isolated 

fracture network GRV domain at Moomba 77 (Chapter 4, Section 4.5.3, and Figure 4.2, and 

Table 4.1). It was a 2-metre long, 14-centimetre diameter, stainless steel cylinder, having an 

internal volume of approximately 31 litres. Stainless steel plates were bolted to flanges at each 

end, with rubber gaskets to provide a seal. These end-plates accommodated barbed hose 

connectors, solenoid valves, pressure sensors, and an electronic micro-control box. 

 

Key aspects of the overall apparatus that relate specifically to the manometer vessel are listed 

below: 

 

1. A gas injection hose (C), connected to a one-way valve-controlled gas injection port (C*) 

in the wall of the manometer vessel. 

 

The gas injection hose simulated the flow path by which produced gas entered the fracture 

network GRV domain at Moomba 77. In principle, the gas injection port could have been 

located anywhere on the manometer vessel. For this apparatus, it was located at the base. 

 

2. A U-tube outlet hose (D), connected to a vertical array of ports (F) in the wall of the 

manometer vessel (i.e. “production perforations”). 

 

The U-tube outlet hose simulated the production tubing string at Moomba 77 (Chapter 5, 

Section 5.7), up which produced gas flowed. Between natural surge events (Chapter 5, 

Sections 5.7 and 5.20) the production tubing string loaded up with flowback fluid because 

the low, stable, background, quasi-steady state base gas flow rate remained below the 

minimum rate required to lift flowback fluid up the wellbore to surface, resulting in a “bubble 

gas flow regime”. 

 

3. A gas headspace vent hose (E), connected to the end-plate at the top of the manometer 

vessel. 

 

The gas headspace vent hose simulated the open-ended Annulus Gas Headspace 

Compartment at Moomba 77 (Chapter 5, Section 5.8.1, and Figures 5.12 and 5.13). 

Hydrostatic back-pressure on the gas headspace compartment of the manometer vessel 

was measured through this hose, and this was a proxy for Wellhead Annulus Pressure 

at Moomba 77. 

 

4. The vertical array of ports, which connected the manometer vessel to the U-tube outlet 

hose. 
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The vertical array of ports simulated the wellbore production casing string perforation 

interval at Moomba 77 (Chapter 5, Section 5.4.2, and Figures 5.4 to 5.7, Figures 5.11 

to 5.15, and Table 5.3). The highest of these ports, henceforth termed the “uppermost U-

tube production perforation”, played an important role in the natural surge event trigger 

mechanism. The uppermost U-tube production perforation was located 10 cm above the 

base of the manometer vessel. The remaining upper 190 cm of the manometer vessel was 

left unperforated, so as to create the largest possible gas headspace compartment. This 

was a requirement for generating large, well-defined natural surge events. 

 

5. The region of the manometer vessel above the uppermost U-tube production perforation 

represented a gas headspace compartment (G), where produced gas slowly accumulated, 

by buoyancy, and displaced fluid downwards, then through the uppermost U-tube 

production perforations, and into the U-tube outlet hose. 

 

The gas headspace compartment of the manometer vessel simulated the combined 

Annulus Gas Headspace Compartment (Chapter 5, Section 5.8.1, and Figure 5.13) 

and the underlying Fracture Network Gas Headspace Compartments (Chapter 5, 

Section 5.6.1, and Figure 5.11, and Table 5.4) at Moomba 77. The Fracture Network 

Gas Headspace Compartments are equivalent to the fracture network GRVgas sub-

domain (Chapter 4, Section 4.5.3.2, and Figure 4.2, and Table 4.1). 

 

6. The region of the manometer vessel below the uppermost U-tube production perforation 

represented a fluid sump compartment (H), where gravity-segregated fluid accumulated. 

 

The fluid sump compartment of the manometer vessel simulated the Fracture Network 

Flowback Fluid Sump Compartments at Moomba 77 (Chapter 5, Section 5.6.2, and 

Figure 5.11, and Table 5.5). The Fracture Network Fluid Sump Compartments are 

equivalent to the fracture network GRVsump sub-domain (Chapter 4, Section 4.5.3.1, and 

Figure 4.2, and Table 4.1). 

 

7. A remotely controllable “fluid leak-off solenoid valve” (I) was installed on the lower end-

plate of the manometer vessel, so as to allow a rapid fluid leak-off event to be generated 

from the fluid sump compartment of the manometer vessel, when the hydrostatic head of 

fluid within the U-tube outlet hose reached the required trigger point level. 

 

The fluid leak-off solenoid valve simulated the postulated “trigger mechanism” for 

generating natural surge events at Moomba 77 (Chapter 5, Sections 5.20.6 and 5.20.8.4, 

and Sections 6.1.1.3, 6.1.1.4, and 6.1.1.5). 
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Opening the fluid leak-off solenoid valve simulated a “wellbore hydrostatic back-

pressure and reservoir stress-dependent leak-off” event, whereby coal fabric within, or 

adjacent to, the lower, fluid-filled region of the fracture network GRV domain at Moomba 

77 (i.e. the GRVsump sub-domain - Chapter 4, Section 4.5.3.1, and Figure 4.2, and Table 

4.1, or equivalently, the Fracture Network Flowback Fluid Sump Compartments - 

Chapter 5, Section 5.6.2, and Figure 5.11, and Table 5.5) suddenly opens, dilates, or 

extends, in response to increasing wellbore hydrostatic back-pressure. 

 

The fluid leak-off solenoid valve could be activated in two ways, either; a) manually, using 

either computer keyboard commands, or an electrical toggle switch at surface, or b) 

automatically, using the computer micro-control system. In automatic mode, a pre-

programmed series of fluid leak-off events could be executed, at pre-set trigger pressures. 

 

8. A remotely controllable “gas leak-off solenoid valve” (J), at surface, was indirectly 

connected to the end-plate at the top of the manometer vessel, via the gas headspace vent 

hose, so as to allow a rapid gas leak-off event to be generated from the gas headspace 

compartment of the manometer vessel, when the hydrostatic head of fluid within the U-

tube outlet hose reached the required trigger point level. 

 

Gas leak-off from the gas headspace compartment of the manometer vessel functioned as 

an “experimental control”. Opening the gas leak-off solenoid valve simulated a “wellbore 

hydrostatic back-pressure and reservoir stress-dependent gas leak-off” event, 

whereby coal fabric within, or adjacent to, the upper, gas-filled region of the fracture 

network GRV domain at Moomba 77 (i.e. the GRVgas sub-domain - Chapter 4, Section 

4.5.3.2, and Figure 4.2, and Table 4.1, or equivalently, the Fracture Network Gas 

Headspace Compartments - Chapter 5, Section 5.6.1, and Figure 5.11, and Table 5.4) 

suddenly opens, dilates, or extends, in response to increasing wellbore hydrostatic back-

pressure. 

 

Activation of the gas leak-off solenoid valve was not expected to trigger a natural surge 

event because this causes pressure within the gas headspace compartment of the 

manometer vessel to decrease, which, in turn, causes the gas-fluid contact within the 

manometer vessel to move upwards, thereby suppressing the entry of gas into the U-tube 

outlet hose. 

 

9. A microphone (K) was attached to the lower outside wall of the manometer vessel, close 

to the gas injection and U-tube outlet ports, so as to monitor the sound of gas bubbles 

entering and leaving the manometer vessel. This provided fine control for the adjustment 

of gas injection rate. It also indicated when the gas-fluid contact was located precisely at 
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the level of the gas spill-point at the uppermost U-tube production perforation, since gas 

bubbles entering the U-tube outlet hose were quite audible. 

 

6.3.4 Gas Circulation System 

 

The complete gas circulation system is shown in Figure 6.4. Arrows indicate the direction of 

flow. 

 

Compressed air from the laboratory (L) was used as the source of “gas production”, and to 

supply a constant “reservoir pressure”. The source pressure was 100 psi (690 kPa) by default 

but could be reduced, as required, using a pressure regulator. For the purpose of describing 

this experiment, the air will henceforth be referred to as “gas”, so as to maintain consistency 

with the terminology used in Chapter 5. 

 

Key components of the gas circulation system are as follows: 

 

1. The gas injection hose (C), connected to the gas injection port (C*). 

 

This was a 100-metre length of 12 mm ID / 17 mm OD pressure hose, rated to 300 psi 

(2,070 kPa). 

 

2. The U-tube outlet hose (D). 

 

This was a 100-metre length of 12 mm ID / 17 mm OD pressure hose, rated to 300 psi 

(2,070 kPa). 

 

3. The gas headspace vent hose (E). 

 

This was a 100-metre length of 12 mm ID / 17 mm OD pressure hose, rated to 300 psi 

(2,070 kPa). 

 

The circulating gas was ultimately vented to atmosphere, at the end of the U-tube outlet hose 

at surface (M). 

 

6.3.5 Wellbore Liquid Loading System 

 

A fluid drip delivery system (N) was constructed, so as to simulate the wellbore liquid loading 

process at Moomba 77. This was connected to the laboratory water supply. For the purpose 

of describing this experiment, the water will henceforth be referred to as “fluid”. A very slow, 
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constant drip of fluid into the open end of the U-tube outlet hose at surface was used to 

generate a liquid loading effect in the U-tube outlet hose. 

 

6.3.6 Pressure Monitoring System 

 

Four pressure gauges, shown in Figure 6.4, were used to monitor the Moomba 77 physical 

simulation: 

 

1. Manometer vessel pressure gauge (O) - digital. 

 

This 0 - 100 psi (0 - 690 kPa) digital gauge, located at surface, near the end of the gas 

headspace vent hose (E), continuously measured pressure within the gas headspace 

compartment of the manometer vessel. 

 

The manometer vessel pressure gauge simulated the measurement of Wellhead Annulus 

Pressure (WAP) at Moomba 77 (Chapter 5, Section 5.10.1, and Figure 5.16), and hence 

Flowing Bottom-hole Pressure (FBHP). 

 

2. Manometer vessel pressure gauge (P) - analog. 

 

This 0 - 100 psi (0 - 690 kPa) analog gauge, located at surface, immediately “downstream” 

of the laboratory compressed air source (L), was a back-up for the digital manometer 

vessel pressure gauge (O). It enabled pressure within the manometer vessel to be 

monitored when the apparatus was “powered-down”. 

 

3. Differential pressure gauge (Q) - digital. 

 

This 0 - 5 psi (0 - 34 kPa) digital gauge, located at the base of the manometer vessel, was 

calibrated to continuously measure the fluid level within the manometer vessel, thereby 

enabling the position of the gas-fluid contact (G / H) to be identified. 

 

The differential hydrostatic pressure between the top and base of the manometer vessel 

was measured by installing a 2-metre loop of 3 mm ID, 300 psi (2,070 kPa) plastic tubing 

on the outside the manometer vessel. The top of the tubing was connected to a port on the 

top end-plate. The bottom of the tubing was connected to a port on the bottom end-plate. 

The differential pressure gauge, located underneath the bottom end-plate, was inserted 

into the loop, as shown by Figure 6.4. To neutralise the effect of absolute pressure 

variation within the manometer vessel across the diaphragm of the differential pressure 

gauge (for example during natural surge events), so that only the hydrostatic pressure 
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differential between the top and base of the manometer vessel was recorded, a second, 

“pressure equalisation loop” was installed. 

 

4. Surface flow pressure gauge (R) - digital. 

 

This 0 - 100 psi (0 - 690 kPa) digital gauge, located at surface, near the end of the U-tube 

outlet hose (D), continuously measured the surface pressure of gas flowing from the 

manometer vessel. 

 

The surface flow pressure gauge simulated the measurement of Flowing Tubing Head 

Pressure (FTHP) at Moomba 77 (Chapter 5, Section 5.10.1, and Figure 5.16). 

 

6.3.7 Computer Micro-control and Data Logging System 

 

A computer micro-control and data logging system was designed and built, so as to remotely 

operate the fluid and gas leak-off solenoid valves (I) and (J) respectively, and to continuously 

record; a) pressure within the gas headspace compartment of the manometer vessel, b) the 

surface pressure of gas flowing from the U-tube outlet hose, and c) the fluid level (i.e. gas-fluid 

contact) within the manometer vessel. 

 

During the operation and data logging of the apparatus, commands were mostly sent to the 

manometer vessel via a pre-programmed sequence. However, the apparatus could also be 

operated manually, using either the computer keyboard, or electrical toggle switches at 

surface. 

 

The computer micro-control and data logging system included the following elements: 

 

1. Power system. 

 

A 100-metre, 7-core power cord was cable-tied to the hoisting / suspension rope, together 

with the three hoses (C), (D), and (E), so as to provide power to the manometer vessel at 

the 230-foot (70-metre) operational depth. 

 

Attachment of the power cord and hoses occurred while the manometer vessel was being 

lowered into the wellbore. 

 

2. “Arduino” micro-control system. 

 

This micro-control system was programmed to enable: 
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a) Manual commands to be sent to the manometer vessel, at operational depth, from the 

computer keyboard. 

 

b) Automatic commands to be sent to the manometer vessel, at operational depth, via a 

pre-programmed sequence. 

 

c) Logging of pressure data. 

 

Pressure data were continuously logged, at a 1-second sample interval, using the serial 

monitor software “HyperTerminal” and “PuTTY”. During operation of the apparatus, data 

were continuously written to an ASCII text file. The data were periodically imported into a 

Microsoft Excel spreadsheet, from which various plots were then created. 

 

3. Standard desktop computer with screen. 

 

A standard desktop computer was used to operate the Arduino-based micro-control 

system. 

 

“Remote desktop” software, such as “TightVNC”, enabled the apparatus to be monitored, 

controlled, and logged remotely. 

 

4. Remote web camera. 

 

A “web camera” was positioned at various monitoring locations around the apparatus, as 

required. Video and sound were transmitted to either the dedicated experiment computer 

near the wellbore, or to remote computers using the “remote desktop” software. 
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Figure 6.5: The computer-controlled, open-ended flowing manometer apparatus that physically simulated the 
complex hydrodynamic interaction between the wellbore completion configuration of Moomba 77 and the 
associated fracture network GRV domain, being lowered into The University of Adelaide’s experimental wellbore. 
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6.4 Results 

 

The results of the physical simulation of Moomba 77 flowback behaviour are described as 

follows, with reference to Figures 6.3 and 6.4. 

 

6.4.1 Pre-surge Hydrodynamic State 

 

The apparatus was initially completely filled with fluid (i.e. water). This simulated an idealised 

pre-flowback condition. Having completed a hydraulic fracture stimulation treatment, the 

wellbore and the initial fracture network SRV domain contain only fracture stimulation-related 

fluid. No gas, or formation fluid, have yet been produced into the associated isolated void 

space. 

 

The physical simulation commenced with gas and fluid being simultaneously, slowly, and 

continuously introduced into the manometer vessel via the hoses (C) and (D) respectively, at 

a constant rate. This simulated low-rate, stable, background, quasi-steady state gas 

production, with minor associated flowback fluid, into the very permeable void space of the 

fracture network GRV domain at Moomba 77. For maintaining manometric principles, and the 

resultant generation of natural surge events, it was essential for the vertical gas flow velocity 

within the U-tube outlet hose (D) to be very low, so as to avoid continuous expulsion of the 

manometric fluid to surface. High gas flow rate ruptured the partial hydrostatic back-pressure 

seal within the U-tube outlet hose, thereby eliminating the U-tube effect, and hence the 

mechanism for generating natural surge events. Gas was injected under pressure (L), down 

the gas injection hose (C), and through the one-way injection port (C*). Fluid was dripped (N) 

down the U-tube outlet hose, which was open to atmosphere at surface (M). During the initial 

stages of gas injection, gas bubbles rose through the manometer vessel fluid column to the 

top of the manometer vessel (B), in response to buoyancy. The lack of turbulence associated 

with the low gas injection rate allowed gas and fluid to gravity-segregate, and form a well-

defined gas-fluid contact (G / H). This contact moved slowly downwards, towards the 

uppermost U-tube production perforation (F), as more gas was injected. When the gas-fluid 

contact reached the uppermost U-tube production perforation, it stopped. Incremental gas and 

fluid volumes injected into the manometer vessel now “spilled” continuously into the U-tube 

outlet hose. Above the spill-point, only gas existed within the manometer vessel. This gas 

headspace (G) simulated the Fracture Network Gas Headspace Compartments at Moomba 

77 (Chapter 5, Section 5.6.1, and Figure 5.11, and Table 5.4). Below the spill-point, only fluid 

existed within the manometer vessel. This sump fluid (H) simulated the Fracture Network 

Flowback Fluid Sump Compartments at Moomba 77 (Chapter 5, Section 5.6.2, and Figure 

5.11, and Table 5.5). Under this stable, quasi-steady state dynamic flowing pressure 

equilibrium condition, excess “drip fluid” slowly accumulated within the U-tube outlet hose, 

causing the fluid level within it to rise. Steady state circulating vertical gas flow velocity within 
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the U-tube outlet hose was insufficient to expel the accumulated “drip fluid” to surface. In 

contrast, excess injected gas escaped easily from the U-tube outlet hose to surface. It 

percolated upwards, as isolated bubbles within a bubble gas flow regime (Govier and Aziz, 

1972), through the standing fluid column. Bubble expansion caused gas phase coalescence 

towards the top of the fluid column. Over gas injection time, static pressure within the gas 

headspace compartment of the manometer vessel gradually increased, in proportion to the 

hydrostatic back-pressure exerted on it by the steadily rising fluid column within the U-tube 

outlet hose. A finely balanced, quasi-steady state dynamic flowing pressure equilibrium existed 

between the increasingly compressed gas headspace compartment of the manometer vessel 

and the rising hydrostatic column of accumulated “drip fluid” within the U-tube outlet hose. This 

defined the pre-surge hydrodynamic state. Hydrostatic back-pressure on the gas headspace 

compartment of the manometer vessel was gradually increasing, ready to power a natural 

surge event. For this to happen, a trigger mechanism was required to perturb the finely 

balanced, quasi-steady state dynamic flowing pressure equilibrium between the rising 

hydrostatic column of “drip fluid” accumulating within the U-tube outlet hose and hydrostatically 

compressed gas spilling from within the gas headspace compartment of the manometer 

vessel. 

 

6.4.2 Triggering a Natural Surge Event by Fluid Leak-off from within the Fluid 

Sump Compartment of the Manometer Vessel 

 

A natural surge event was successfully triggered by suddenly opening, and then closing, the 

fluid leak-off solenoid valve (I) at the base of the manometer vessel. This simulated the sudden, 

rapid creation of an incremental coal fracture / fabric aperture void space “fluid thief zone”, 

somewhere within, or adjacent to, the fracture network GRV domain at Moomba 77, in 

response to the hydraulic force associated with the increasing wellbore hydrostatic back-

pressure. Sump fluid (H) escaped rapidly downwards from within the manometer vessel, 

through the fluid leak-off solenoid valve, and into the air space of the surrounding experimental 

wellbore casing. 

 

The simulated fluid leak-off trigger event had the following consequences (in approximate 

order of occurrence): 

 

1. The hydrostatic column within the U-tube outlet hose fell, as fluid back-flowed by gravity 

from within the U-tube outlet hose, through the U-tube production perforations, and back 

into the depleted fluid sump compartment of the manometer vessel. Fluid back-flow into 

the manometer vessel occurred primarily via the lower U-tube production perforations, 

where the fluid phase was most continuous, and efficient single-phase flow was possible. 

The uppermost U-tube production perforations did not allow efficient fluid back-flow into 

the manometer vessel because excess injected gas was continuously entering the U-tube 
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outlet hose at this level. Two-phase flow is problematic, owing to relative permeability 

effects. 

 

The time lag between the fluid leak-off trigger event and the fall in U-tube outlet hose fluid 

level was proportional to the hydraulic flow conductivity of the apparatus gas-fluid 

circulation system. 

 

2. An increasing pressure differential formed across the uppermost U-tube production 

perforations (in favour of the gas headspace compartment of the manometer vessel), as 

the U-tube outlet hose fluid level fell. Pressure within the gas headspace compartment of 

the manometer vessel became increasingly overbalanced with respect to the hydrostatic 

back-pressure exerted on it by the falling U-tube outlet hose fluid column. 

 

3. The gas headspace compartment of the manometer vessel expanded, in response to its 

increasingly positive pressure differential with respect to the decreasing U-tube outlet hose 

fluid hydrostatic pressure head. 

 

4. Pressure within the gas headspace compartment of the manometer vessel decreased 

(according to Boyle’s Law) as the gas expanded. The decreasing U-tube outlet hose fluid 

hydrostatic pressure head imposed a reduced gas-fluid equilibrium pressure. 

 

5. The gas-fluid contact within the manometer vessel moved downwards, as the gas 

headspace compartment expanded in response to the increasingly positive pressure 

differential, and also to the fluid flow inertia-induced “suction effect” caused by the fluid 

leak-off process. 

 

6. Gas flow from the gas headspace compartment of the manometer vessel into the U-tube 

outlet hose accelerated in response to the increasingly positive pressure differential. This 

was primarily a consequence of the displacement of additional excess gas volume into the 

U-tube outlet hose by the expanding gas headspace compartment. This soon resulted in 

fluid being expelled to surface, which further reduced the fluid hydrostatic column within 

the U-tube outlet hose. Increasing gas flow was also facilitated by the gas-fluid contact 

moving downwards, thereby exposing more U-tube production perforations to the gas 

phase, making it easier for gas to flow into the U-tube outlet hose. 

 

The larger the fluid leak-off event, the larger was the fall in U-tube outlet hose fluid level, and 

hence the larger was the pressure overbalance in favour of the gas headspace compartment 

of the manometer vessel. The faster the resultant gas expansion within the gas headspace 

compartment, the higher was the gas flow velocity within the U-tube outlet hose. For a small 

(or large but slow) fluid leak-off event, the rate of gas entry into the U-tube outlet hose was 



 

291 

insufficient to expel fluid within it to surface. For a large (or small but fast) fluid leak-off event, 

the rate of gas entry into the U-tube outlet hose was sufficient to expel fluid to surface. For the 

latter scenario, a natural surge event resulted. The rapid increase in pressure overbalance 

between the gas headspace compartment of the manometer vessel and the reduced fluid 

hydrostatic column within the U-tube outlet hose caused a sudden, rapid, irreversible surge of 

expanding gas from within the manometer vessel. This expelled additional fluid from within the 

U-tube outlet hose to surface, and perpetuated the “gas versus fluid” pressure-overbalanced 

condition. The simulated natural surge event was characterised at surface by a rapid increase 

in gas flow rate from the end of the U-tube outlet hose, culminating in a sharp peak (i.e. non-

steady state natural surge event gas flow). At the peak of the natural surge event, most of the 

fluid had been expelled from within the U-tube outlet hose. Hydrostatic back-pressure on the 

gas headspace compartment of the manometer vessel was now very low. Vertical gas flow 

velocity within the U-tube outlet hose steadily declined, as gas pressure within the manometer 

vessel “blowed-down” in a “tank-like” manner, similar to the fracture network GRV domain at 

Moomba 77. Eventually, a low-rate, fluid-free gas flow to surface remained, when vertical gas 

flow velocity within the U-tube outlet hose had decreased to below the minimum velocity 

required to expel fluid to surface. The hydrostatic back-pressure on gas remaining within the 

manometer vessel now reached a minimum. The gas headspace compartment of the 

manometer vessel, and the fluid column within the U-tube outlet hose, regained quasi-steady 

state dynamic flowing pressure equilibrium. Gas flow rate at the U-tube outlet hose again 

matched the continuous, background rate of gas injection into the manometer vessel. “Drip 

fluid” resumed accumulating within the U-tube outlet hose, re-pressurising the gas headspace 

compartment of the manometer vessel. A complete “natural surge cycle” had now been 

physically simulated. Another natural surge event could be triggered, on demand, by waiting 

for the U-tube outlet hose fluid level to rise, and then re-opening the fluid leak-off solenoid 

valve, thereby simulating another fracture network GRV domain fluid leak-off event. 

 

In summary, the results of the Moomba 77 flowback physical simulation and “history matching” 

experiment indicate that a natural surge event could be generated, on demand. This occurred 

when fluid leak-off from within the fluid sump compartment of the manometer vessel was large 

(and fast) enough to reduce the fluid level within the U-tube outlet hose by an amount sufficient 

to create a positive pressure differential across the U-tube production perforations, high 

enough to generate a vertical gas flow velocity within the U-tube outlet hose capable of 

expelling accumulated fluid from within the U-tube outlet hose to surface. 

 

Examples of the physical simulation and production “history matching” results are shown in 

Figures 6.6 and 6.7. An accurate production “history match” was obtained to the flowback 

pressure profile of natural surge events at Moomba 77. 

 

  



 

292 

 

Figure 6.6: The accurate production “history match” that was obtained to the flowback pressure profile of the natural 
surge events generated at Moomba 77 by physically simulating the natural “gas plunger lift” mechanism using a 

computer-controlled, open-ended flowing manometer apparatus, suspended within The University of Adelaide’s 
experimental wellbore, at a depth of 230 feet (70 metres). The X-axis is “flowback time” (no units displayed). The 
Y-axis is “pressure”, displayed as unitless digital pressure gauge “counts”, so as to accommodate the plotting of 

both a) hydrostatic back-pressure on the gas headspace compartment of the manometer vessel, and b) gas flow 
pressure at surface. The blue line is the hydrostatic back-pressure exerted on the gas headspace compartment of 
the manometer vessel by the fluid column accumulating within the U-tube outlet hose, simulating Wellhead 
Annulus Pressure (WAP), and hence Flowing Bottom-hole Pressure (FBHP) at Moomba 77. The red line is 
gas flow pressure within the U-tube outlet hose at surface, simulating Flowing Tubing Head Pressure (FTHP) at 
Moomba 77. 
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Figure 6.7: An accurate production “history match” comparison between the natural surge cycles generated at 
Moomba 77 and those generated by a computer-controlled, open-ended flowing manometer apparatus, suspended 
within The University of Adelaide’s experimental wellbore, at a depth of 230 feet (70 metres). The upper plot (A) 
shows the actual Moomba 77 flowback pressure profile. The middle plot (B) shows the physically simulated 
flowback pressure profile, with the micro-control system programmed for constant “wellbore hydrostatic back-
pressure and reservoir stress-dependent leak-off” trigger pressure. The lower plot (C) is the same as for the 
middle plot (B) but with the micro-control system programmed for variable “wellbore hydrostatic back-pressure 
and reservoir stress-dependent leak-off” trigger pressure. The X-axis is “flowback time” (no units displayed). 
The Y-axis is “pressure”, displayed as unitless digital pressure gauge “counts”, so as to accommodate the plotting 

of both a) hydrostatic back-pressure on the gas headspace compartment of the manometer vessel, and b) gas flow 
pressure at surface. The blue line is the hydrostatic back-pressure exerted on the gas headspace compartment of 
the manometer vessel by the fluid column accumulating within the U-tube outlet hose, simulating Wellhead 
Annulus Pressure (WAP), and hence Flowing Bottom-hole Pressure (FBHP) at Moomba 77. The red line is 
gas flow pressure within the U-tube outlet hose at surface, simulating Flowing Tubing Head Pressure (FTHP) at 
Moomba 77. 
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6.4.3 Experimental Control #1 - Gas Leak-off from within the Gas Headspace 

Compartment of the Manometer Vessel 

 

The gas leak-off solenoid valve (J), connected to the manometer vessel gas headspace 

compartment via the gas headspace vent hose (E), functioned as an “experimental control” for 

testing the postulated fluid leak-off trigger mechanism for the generation of natural surge 

events at Moomba 77. When this valve was suddenly opened, and then closed, the gas 

headspace compartment (G) of the manometer vessel responded to the gas leak-off event by 

decreasing slightly in pressure, as gas escaped through the valve, and then to surface 

(atmosphere) via the gas headspace vent hose. The gas-fluid contact (G / H) within the 

manometer vessel moved upwards, as gravity-induced fluid back-flow occurred from the U-

tube outlet hose (D), and into the manometer vessel, in response to the lower gas pressure. 

The original, ongoing spill of excess injected gas from within the gas headspace compartment 

of the manometer vessel, through the uppermost U-tube production perforations (F), and into 

the U-tube outlet hose ceased because the gas-fluid contact rose higher than the ultimate spill-

point. As expected, a natural surge event was not generated. This confirms that for a natural 

surge to be generated, fluid must leak-off from the fracture network GRV domain, not gas. 

 

6.4.4 Experimental Control #2 - Brief Shut-in Period to Trigger a Forced Surge 

Event 

 

A natural surge event could also be triggered by briefly shutting in, and then re-opening, the 

U-tube outlet hose (D) at surface. This did not simulate any form of geological triggering 

mechanism. Instead, it simulated the triggering of “forced” surge events, as described in 

Chapter 5, Section 5.20.7.1. It served as another “experimental control” for testing the 

postulated fluid leak-off trigger mechanism. Generating a forced surge event by this action 

demonstrated how easily the finely balanced, quasi-steady state dynamic flowing pressure 

equilibrium between the gas headspace compartment (G) of the manometer vessel and the 

hydrostatic column of fluid within the U-tube outlet hose could be perturbed. During a brief 

shut-in period, an insignificant amount of incremental fluid accumulated within the U-tube outlet 

hose. The U-tube outlet hose hydrostatic column height barely changed. Upon re-opening the 

U-tube outlet hose to flow at surface, the significantly increased pressure within the gas 

headspace compartment of the manometer vessel, which was now overbalanced with respect 

to the hydrostatic column of fluid within the U-tube outlet hose, triggered a forced surge event, 

which was proportional in size to the amount of fluid accumulated within the U-tube outlet hose. 

Forced surge events, triggered in this manner, followed the same gas flow rate profile as 

natural surge events triggered by a fluid leak-off event, this being a sharp, high-rate peak, 

followed by a decline, back to the low, stable, background, quasi-steady base gas flow rate. 
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6.5 Conclusions 

 

All experimental objectives stated in Section 6.2 were achieved. 

 

The results of the wellbore flowback physical simulation and “history matching” experiment 

indicate that the “wellbore hydrostatic back-pressure and reservoir stress-dependent 

leak-off” of accumulated flowback fluid from within the Fracture Network Flowback Fluid 

Sump Compartments at Moomba 77 (Chapter 5, Section 5.6.2, and Figure 5.11, and Table 

5.5) is a valid trigger mechanism for the generation of natural surge events. However, as 

indicated in Section 6.1.1, this may not be the only trigger mechanism operating. 

 

The success of the experiment supports The Hypothesis in Chapter 4, which predicts that 

Cooper Basin deep coal seams de-stress, and “self-fracture”, during desorptive gas 

production. Increasing hydrostatic back-pressure on the fracture network GRV domain during 

wellbore liquid loading facilitates the relatively sudden, rapid creation of an incremental coal 

fracture / fabric aperture void space “fluid thief zone”. Rapid leak-off of accumulated wellbore 

flowback fluid occurs into the coal seams, which then triggers a natural surge event. 
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Chapter 7: Hypothesis Testing Results and Conclusions 

 

7.1 Hypothesis Testing Results 

 

Overall, The Hypothesis in Chapter 4 is considered to be strongly supported by the available 

data, to the extent that it has been upgraded to “Expanding Reservoir Boundary Theory”. 

 

This Chapter reports the outcome of the hypothesis testing methodologies and method 

outlined in Chapter 4, Sections 4.8 and 4.9, by citing experimental evidence, in favour, or 

against, key elements of The Hypothesis (Chapter 4, Section 4.3). Unless otherwise 

indicated, this evidence is sourced from; a) the results of the long-term, time-lapse flowback 

monitoring experiment conducted at Moomba 77 (Chapter 5), and b) the physical simulation 

and production “history matching” thereof (Chapter 6). The post-hydraulic fracture stimulation 

flowback data from Moomba 77, combined with the physical simulation data, formed the bulk 

of the overall project dataset. The key elements tested are listed below, and the outcomes 

reported in the Sections that follow: 

 

1. Initial Stimulated Reservoir Volume (SRV) Domain 

2. Dilated Reservoir Volume (DRV) Domain 

3. Primary Dynamic Free Gas Storage Sub-domain (DRV1) 

4. Secondary Dynamic Free Gas Storage Sub-domain (DRV2) 

5. Tertiary Dynamic Free and Adsorbed (“Sorbed”) Gas Storage Sub-domain (DRV3) 

6. Gross Reservoir Volume (GRV) Domain 

7. Gross Reservoir Volume - Sump (GRVsump) Sub-domain 

8. Gross Reservoir Volume - Gas (GRVgas) Sub-domain 

9. Geomechanical reservoir boundary condition 

10. Stress path during gas production 

11. Timing of permeability enhancement 

12. Wellbore hydrostatic back-pressure and reservoir stress-dependent leak-off 

 

The most readily tested elements of The Hypothesis were the dilating and expanding void 

space domains, which are postulated to evolve around the initial isolated fracture network SRV 

domain created at Moomba 77 (Chapter 4, Section 4.5). Their existence was clearly 

demonstrated by a detailed analysis of wellbore flowback behaviour. This, in turn, enabled the 

postulated geomechanical reservoir boundary condition and stress path during gas production 

to be validated by a process of elimination. These two geomechanical factors control the extent 

to which incremental coal fracture / fabric void space may develop at this extreme depth, and 

hence stress. A specific combination was required to explain the observed dilating and 
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expanding fracture network system. Some of the potential geomechanical reservoir boundary 

and stress path conditions could therefore be excluded on this basis. 

 

7.1.1 Evolving Fracture Network Void Space Domains 

 

Multiple lines of evidence clearly indicate that, consistent with The Hypothesis, the initial 

fracture network SRV domain slowly evolved, over flowback time, into a much larger, more 

permeable coal fracture / fabric void space entity that propagated further into the target coal 

seams. The comprehensive, high-resolution flowback dataset of the Moomba 77 wellbore 

enabled the “anatomy” of the dilating and expanding fracture network domain to be 

characterised in detail. The evolving fracture network void space domains postulated in 

Chapter 4, Section 4.5, the DRV, DRV1, DRV2, DRV3, GRV, GRVsump, and GRVgas (shown 

schematically in Chapter 4, Figures 4.1 and 4.2, and summarised in Table 4.1), were detected 

in the dynamic gas production signature that was generated by a complex hydrodynamic 

interaction between the wellbore completion configuration and the fracture network GRV 

domain. 

 

Specific evidence for each evolving fracture network void space domain is provided in the 

following Sections. Although the initial fracture network SRV domain is, in principle, a relatively 

constant, pre-existing void space entity, it is included because it is the “nucleus” around which 

the evolving fracture network void space domains form during gas production. It also remains 

as an important component of the overall reservoir system, by providing a high-conductivity 

flow connection to the wellbore. 

 

7.1.1.1 Initial Stimulated Reservoir Volume (SRV) Domain 

 

The initial fracture network SRV domain (Chapter 4, Section 4.5.1, and Figure 4.1, and Table 

4.1) served as a reference point for detecting changes in fracture network GRV domain size 

and permeability over flowback time. Its existence was confirmed by the immediate gas flow 

to surface following hydraulic fracture stimulation. The void space volume of the initial fracture 

network SRV domain was calculated from the amount of proppant placed (Chapter 5, Section 

5.20.5). Change in hydraulic fracture flow conductivity within the fracture network SRV domain 

was quantified by the time-lapse RTA of gas production data performed by Dunlop et al. 

(2020) in Appendix 6. The rate transient signature of the hydraulic fracture linear flow regime 

was clearly identified on wellbore pressure BDTA gas flow rate decline profiles. 
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7.1.1.2 Dilated Reservoir Volume (DRV) Domain 

 

At the most fundamental level, the existence of the postulated fracture network DRV domain 

(Chapter 4, Section 4.5.2, and Figure 4.1, and Table 4.1) is validated by the steadily 

increasing trigger pressure-normalised gas volume produced to surface during consecutive 

natural surge events (Chapter 5, Section 5.20.8.6, and Figure 5.40), and during consecutive 

wellbore pressure BDTA events (Chapter 5, Section 5.22, and Figure 5.44). The 

corresponding reservoir equivalent in situ void space volume increased, to eventually far 

exceed the original void space volume of the initial fracture network SRV domain (Chapter 5, 

Section 5.20.8.7). The inescapable interpretation is that the overall isolated fracture network 

domain was dilating, expanding, and increasing in permeability over flowback time. This is 

supported by the time-lapse PTA and RTA studies of Appendices 5 and 6 respectively, which 

collectively demonstrate increasing hydraulic fracture and coal fabric aperture width, and 

hence increasing gas flow rate capacity over flowback time. 

 

The increasing void space volume of the fracture network DRV domain, and hence the inferred 

increase in coal fracture / fabric face surface area for gas desorption, was also revealed by the 

increasing capacity for gas resorption during consecutive extended wellbore shut-in periods 

(Chapter 5, Sections 5.20.7.2, 5.20.8.2, and 5.21). The gas resorption effect contributed to 

the decreasing rate of late-time wellbore pressure build-up (per wellbore shut-in period) over 

flowback time (Chapter 5, Section 5.21.4, and Figure 5.43). 

 

Detailed analysis of wellbore flowback behaviour enabled the void space of the DRV1, DRV2, 

and DRV3 sub-domains to be detected, as described in the following Sections. 

 

7.1.1.2.1 Primary Dilated Free Gas Storage Sub-domain (DRV1) 

 

The existence of the postulated DRV1 sub-domain (Chapter 4, Section 4.5.2.1, and Figure 

4.1, and Table 4.1) is most clearly validated by results of the time-lapse RTA study of Dunlop 

et al. (2020) in Appendix 6. This analysis demonstrates increasing hydraulic fracture flow 

conductivity within the initial fracture network SRV domain over flowback time, as reflected by 

the changing character of the hydraulic fracture linear flow regime during consecutive wellbore 

pressure BDTA gas flow rate decline tests. The increasing flow conductivity is interpreted to 

be most likely a function of increasing hydraulic fracture aperture width. 

 

Further evidence for the DRV1 sub-domain is provided by: 

 

1. Increasing trigger pressure-normalised peak gas flow rate for consecutive natural surge 

events over flowback time (Chapter 5, Section 5.20.8.8, and Figure 5.42). 

 



 

300 

2. Increasing rate of early-time wellbore pressure build-up for consecutive extended wellbore 

shut-in periods (Chapter 5, Section 5.21, and Figure 5.43). 

 

3. Increasingly elevated gas flow rate decline profiles for consecutive wellbore shut-in 

pressure-normalised wellbore pressure BDTA events (Chapter 5, Section 5.22, and 

Figure 5.44). 

 

4. Increasing capacity for the back-flow of accumulated wellbore flowback fluid, back into the 

fracture network GRV domain, at the tail-end of consecutive natural surge events (Chapter 

5, Section 5.20.7.3, and Figures 5.35 and 5.36). 

 

7.1.1.2.2 Secondary Dilated Free Gas Storage Sub-domain (DRV2) 

 

As with the greater fracture network DRV domain, the existence of the postulated DRV2 sub-

domain (Chapter 4, Section 4.5.2.2, and Figure 4.1, and Table 4.1) is validated, at the most 

fundamental level, by the steadily increasing trigger pressure-normalised gas volume 

produced to surface during consecutive natural surge events (Chapter 5, Section 5.20.8.6, 

and Figure 5.40), and during consecutive wellbore pressure BDTA events (Chapter 5, 

Section 5.22, and Figure 5.44). The corresponding reservoir equivalent in situ void space 

volume increased, to eventually far exceed the void space volume collectively attributable to 

the initial fracture network SRV domain and the incremental DRV1 sub-domain of the hydraulic 

fracture system alone (Chapter 5, Section 5.20.8.6, and Figure 5.40). It is interpreted that the 

only satisfactory explanation is that an incremental fracture network domain had formed 

around the initial fracture network SRV domain and the DRV1 sub-domain, which was dilating, 

expanding, and increasing in permeability over flowback time. 

 

The existence of the DRV2 sub-domain is also consistent with the increasing length of the low-

rate tail of natural surge events over flowback time, as reported in Chapter 5, Section 5.20.2. 

This lengthening is interpreted to reflect the increasing influence of the lower average 

permeability DRV2 sub-domain. Distal regions of the DRV2 sub-domain are where The 

Hypothesis in Chapter 4 predicts new coal fabric apertures are created. These will initially be 

of lower permeability than those of more proximal regions of the DRV2 sub-domain but 

gradually dilate to the full extent, as the production pressure transient region propagates further 

into the coal seam. 
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7.1.1.2.3 Tertiary Dilated Free and Adsorbed (“Sorbed”) Gas Storage Sub-

domain (DRV3) 

 

The existence of the postulated DRV3 sub-domain (Chapter 4, Section 4.5.2.3, and Figure 

4.1, and Table 4.1) is specifically validated by the transient supercharging of the wellbore 

pressure BDTA gas flow rate decline profiles, and the subsequent natural surge events, that 

immediately followed extended wellbore shut-in periods (Chapter 5, Sections 5.20.7.2 and 

5.20.8.2, and Figure 5.34). It may be deduced from the increasing supercharging effect over 

flowback time that the DRV3 sub-domain was dilating, expanding, and increasing in gas 

resorption (and therefore “re-desorption”) capacity, in parallel with the overall dilating and 

expanding fracture network GRV domain. 

 

The increasing gas resorption capacity of the dilating and expanding DRV3 sub-domain was 

also revealed by the contribution it made to the decreasing rate of late-time wellbore pressure 

build-up for consecutive extended wellbore shut-in periods (Chapter 5, Section 5.21, and 

Figure 5.43), and also to the increasing length of the low-rate decline tails of consecutive 

natural surge events (Chapter 5, Section 5.20.2, and Figures 5.28 and 5.29). 

 

7.1.1.3 Gross Reservoir Volume (GRV) Domain 

 

The concept, and existence, of the fracture network GRV domain (Chapter 4, Section 4.5.3, 

and Figures 4.1 and 4.2, and Table 4.1) is specifically validated by the knowledge that, during 

gas production at Moomba 77, more than half of the entire (“gross”) isolated fracture network 

domain was permanently filled with flowback fluid, in the form of a “sump” (Chapter 5, Section 

5.6). This region could therefore not contribute a significant volume of gas to either the natural 

surge events, or the wellbore pressure BDTA events. Hence, the entire fracture network 

domain was significantly larger than indicated by the amount of “net” fracture network storage 

gas intermittently expelled to surface. The fracture network GRV domain is effectively an 

extrapolation of the gas headspace compartment of the fracture network DRV domain, to 

account for this discrepancy (Chapter 5, Section 5.6.3). 

 

7.1.1.3.1 Gross Reservoir Volume - Sump (GRVsump) Sub-domain 

 

The existence of the fracture network GRVsump sub-domain (Chapter 4, Section 4.5.3.1, and 

Figure 4.2, and Table 4.1) is validated by the vertical extent of the perforation intervals in the 

wellbore production casing string (Chapter 5, Section 5.4.2, and Table 5.3). Three of the 

target coal seams at Moomba 77 were not fully perforated to the roof of the seam. Given that 

the wellbore’s low, stable, background, quasi-steady state base gas flow rate remained below 

the minimum rate required to lift flowback fluid up the wellbore to surface, the fracture network 
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GRV domain interval below the uppermost perforation in each target coal seam must have 

contained a dominant flowback fluid phase, in the form of a gravity-segregated “sump 

compartment”. This was physically simulated by the computer-controlled, open-ended flowing 

manometer apparatus in Chapter 6. 

 

Further evidence is provided by the relatively rapid back-flow of accumulated wellbore 

flowback fluid, back into the fracture network GRV domain, at the tail-end of natural surge 

events (Chapter 5, Section 5.20.7.3, and Figures 5.35 and 5.36). 

 

7.1.1.3.2 Gross Reservoir Volume - Gas (GRVgas) Sub-domain 

 

The existence of the fracture network GRVgas sub-domain (Chapter 4, Section 4.5.3.2, and 

Figure 4.2, and Table 4.1) is validated in the same manner as for the fracture network GRVsump 

sub-domain. The fracture network GRV domain interval above the uppermost perforation in 

each target coal seam must have contained a dominant gas phase, in the form of a buoyancy-

driven “gas headspace compartment”. This was physically simulated by the computer-

controlled, open-ended flowing manometer apparatus in Chapter 6. 

 

7.1.2 Geomechanical Reservoir Boundary Condition 

 

The postulated geomechanical reservoir boundary condition (and hence stress path) of 

producing Cooper Basin deep coal seams (Chapter 4, Section 4.3) is validated by a process 

of elimination. 

 

The evolving fracture network GRV domain and its sub-domains (validated in the previous 

Sections) would not have existed at Moomba 77 if the “uniaxial strain and constant vertical 

confining stress” geomechanical reservoir boundary condition of conventional shallow CSG 

reservoirs (Chapter 3, Section 3.5.2.1) had been operating. At the extreme depth of the target 

coal seams at Moomba 77, far below the commercial permeability depth limit for both shallow 

and “deep” CSG reservoirs, increasing production pressure drawdown-induced effective stress 

would have resulted in substantial incremental compaction, and the closing of any remnant 

coal fracture / fabric apertures that may have initially existed. Similarly, the “constant volume 

and decreasing vertical confining stress” geomechanical reservoir boundary condition of 

Constant Volume Theory (Chapter 3, Section 3.5.2.3), although more appropriate, is not 

entirely consistent with both the observed behaviour of Cooper Basin deep coal seams during 

gas production and the widely accepted pressure arching response that accompanies the de-

pressurisation of isolated coal seam void space domains. The geomechanical reservoir 

boundary state that most closely reflects both the experimental evidence within this study, and 

the literature relating to underground coal mine excavations, is the postulated “expanding 

reservoir boundary and decreasing confining stress” condition. This is the basis for upgrading 
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The Hypothesis to “Expanding Reservoir Boundary Theory”. The only reasonable 

mechanism, so far identified for generating what appears to be an isolated, dilating, expanding, 

“self-fracturing” deep coal seam reservoir domain at Moomba 77, is the combined, mutually 

sustaining actions of two proven phenomena; a) gas desorption-induced coal matrix shrinkage 

(Chapter 3, Section 3.4), and b) sympathetic pressure arch stress shield evolution (Chapter 

3, Section 3.6). 

 

As outlined in Chapter 4, Section 4.7, there are a number of other hypothesis testing 

methodologies available, which are beyond the scope of this thesis, that are capable of 

demonstrating the concept. These remain as future work. 

 

7.1.3 Stress Path During Gas Production 

 

Validation of the evolving fracture network void space domains, postulated in Chapter 4, 

Section 4.5 , strongly supports The Hypothesis, which predicts that isolated fracture network 

GRV domains of limited lateral extent within Cooper Basin deep coal seams progressively de-

stress, and increase in permeability, during desorptive gas production. 

 

It is maintained that, at the commencement of desorptive gas production, the coal seam 

adjacent to the initial fracture network SRV domain experiences a rapid decrease in reservoir 

confining stress, as pressure arching immediately commences shielding the de-stressing 

action of desorption-induced coal matrix shrinkage against the omnipresent tendency for 

compaction caused by increasing production pressure drawdown-induced effective stress. As 

with the abutments of an underground coal mine excavation, the outer boundary of the fracture 

network GRV domain experiences a corresponding increase in stress, since this represents 

the arc of deflected and concentrated maximum stress vectors that define the abutment of the 

pressure arch. As desorptive gas production continues, the relatively narrow zone of elevated 

stress associated with the pressure arch envelope does not disappear. Instead, it migrates 

ahead of the expanding fracture network GRV domain boundary, leaving behind a de-stressed 

region of enhanced permeability, within which the complex coal fabric has progressively 

disaggregated into a “goaf”- or “gob”-like state (in traditional underground coal mining terms). 

The artificial fracture network GRV domain, being in an overall state of progressive 

endogenous tensile dilation, no longer experiences the original regional stress regime, only 

the relatively minor inherent lithostatic stress associated with the weight of disaggregated coal 

within it, as indicated in (Chapter 3, Figure 3.12). 

 

7.1.4 Timing of Permeability Enhancement 

 

Results of the 81/2-year time-lapse Moomba 77 flowback experiment indicate that the onset of 

permeability enhancement within the target coal seams was, compared to shallow CSG 
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reservoirs, effectively immediate. This coincided with the onset of high, very localised 

production pressure drawdown, early in the flowback, that followed recovery of most of the 

hydraulic fracture stimulation flowback fluid. The rapid reservoir de-pressurisation was 

facilitated by the target coal seams being “tight”, and largely devoid of mobile formation water. 

The postulated near-immediate increase in hydraulic fracture and coal fabric permeability, and 

hence gas flow rate capacity, is validated by the following observations: 

 

1. Increasing trigger pressure-normalised surface gas volume and peak gas flow rate for 

consecutive natural surge events at Moomba 77 (Chapter 5, Section 5.20.1, and Figure 

5.25). 

 

This was first detected 4 months after the commencement of flowback, at the time the 

natural surge events first appeared. Earlier detection was precluded by the large amount 

of residual hydraulic fracture stimulation flowback fluid within the wellbore. The high FBHP 

is interpreted to have suppressed desorption-induced coal matrix shrinkage, and hence 

the permeability enhancement that would otherwise have occurred. 

 

2. Increasing rate of wellbore pressure build-up for consecutive wellbore shut-in periods at 

the Dorodillo 2 wellbore (Chapter 5, Section 5.22.5). 

 

This was first detected 1 month after the commencement of flowback. 

 

3. Increasing surface gas volume and flow rate for consecutive wellbore pressure BDTA gas 

flow rate decline profiles at the Dorodillo 2 wellbore (Chapter 5, Section 5.22.5). 

 

This was first detected 5 months after the commencement of flowback. 

 

7.1.5 Wellbore Hydrostatic Back-pressure and Reservoir Stress-dependent 

Leak-off 

 

The postulated natural surge event trigger mechanism of “wellbore hydrostatic back-

pressure and reservoir stress-dependent leak-off” is validated by the results of the wellbore 

flowback physical simulation and resultant production “history matching” of Moomba 77 in 

Chapter 6. In this experiment, natural surge events were generated, on demand, at any 

required hydrostatic “leak-off pressure”, by releasing accumulated “flowback fluid” through a 

valve located at the base of the apparatus (Chapter 6, Figures 6.3 and 6.4). By rapidly 

reducing simulated wellbore hydrostatic back-pressure in this manner, hydrostatically 

compressed gas within the gas headspace compartment of the open-ended, flowing 

manometer-like apparatus, which simulated the isolated fracture network GRV domain at 
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Moomba 77, was able to expand into the simulated wellbore flowback fluid column, and surge 

up the simulated flowback fluid-filled production tubing string conduit to surface. 

 

7.2 Conclusions 

 

As with deep, thermogenic shale gas plays, efficient gas extraction from Cooper Basin ultra-

deep coal seams requires an artificial domain of enhanced permeability and fracture / fabric 

face surface area for gas desorption to be created by some form of large-scale reservoir 

stimulation treatment. This is challenging because, owing to the bipolar combination of coal-

like geomechanical properties and shale-like reservoir properties, these poorly cleated, 

inertinitic coal seams exhibit “hybrid” characteristics that are incompatible with traditional 

methods. 

 

The Cooper Basin Deep Coal Gas Play has not yet been commercialised on a full-cycle, 

standalone basis because the critical requirement for substantial gas flow, i.e. reservoir stress 

reduction, has not yet been delivered by drilling, wellbore completion, and reservoir stimulation 

techniques. Instead, the coal seams are initially being subjected to increased stress. The result 

is that past and present reservoir stimulation techniques adopted from other source rock 

reservoir play types, and even sandstone reservoirs, have been unable to generate the large-

scale, complex coal fracture / fabric face surface area for gas desorption that is essential for 

high gas flow rate and ultimate gas recovery. This is exacerbated by the fact that the relatively 

“ductile” coal matrix does not qualify for the specialised reservoir stimulation techniques, 

adopted from thermogenic shale gas reservoirs, that rely upon “brittleness”. The critical 

controls on gas production from Cooper Basin ultra-deep coal seams, which bear little similarity 

to other source rock reservoirs, remain to be harnessed. 

 

It is concluded that the ultimate control on gas extraction efficiency from Cooper Basin ultra-

deep coal seams, and the key to full-cycle, standalone commercialisation, is the dynamic 

pressure arch stress shielding effect that occurs around isolated fracture network SRV 

domains, in response to desorption-induced coal matrix shrinkage, and the resultant increase 

in production pressure drawdown-induced effective stress. The ubiquitous, well-understood 

geomechanical phenomenon of pressure arching, which has not yet been harnessed as a 

reservoir stimulation mechanism for Cooper Basin ultra-deep coal seams, or for other coal 

seams worldwide, allows the stress reduction, permeability enhancement, and fracture / fabric 

face surface area creation capacity of desorption-induced coal matrix shrinkage to rapidly 

reach its full potential within the expanding pressure arch-shielded domain, despite extreme 

depth and effective stress. 

 

The dynamic physical processes that occur within and around underground coal mine 

excavations also occur within and around Cooper Basin ultra-deep coal seams during 
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desorptive gas production. Similar geomechanical principles apply. The close analogy means 

that the mathematical modelling and simulation of CBDCG reservoirs (and other ultra-deep 

coal seam reservoirs worldwide) should be based on Pressure Arch Theory, rather than on 

the various geomechanical reservoir boundary conditions applied to conventional shallow CSG 

reservoirs. 

 

Pressure arch effects are ubiquitous within all geological settings. All underground 

excavations, cavities, isolated pore space domains, and isolated, compaction-prone rock 

masses that have low bulk structural integrity, low bulk compressive strength, and are unable 

to transmit stress as effectively as the surrounding host rock strata, have a tendency to 

generate pressure arch stress shields. This is particularly the case when they are subjected to 

increasing effective stress caused by a reduction of internal pressure. Isolated fracture network 

SRV domains of limited lateral extent, and regionally pervasive natural fracture systems that 

are exposed to localised rapid production pressure drawdown, also generate pressure arch 

effects. Pressure arching increases in scale and stability with increasing void space domain 

depth below surface, and rigidity of the surrounding host rock strata. For shallow CSG 

reservoirs, and other natural, pervasively fractured systems, pressure arching is relatively 

transient, and may result in sudden overburden collapse events. For Cooper Basin ultra-deep 

coal seams, pressure arching is far more stable, and has the potential to shield large, isolated 

fracture network SRV domains from the detrimental effect of increasing production pressure 

drawdown-induced effective stress. When the additional benefits of high gas content, the 

absence of significant mobile formation water, and overpressure are considered, it may be 

appreciated that, paradoxically, the commercial potential of CBDCG reservoirs increases with 

depth. 

 

It is clear, from the results of this study, that the well-established and widely accepted “uniaxial 

strain and constant vertical confining stress” geomechanical reservoir boundary condition 

assumption, which is justifiably applied to shallow CSG reservoirs, does not adequately 

describe the large-scale physical response of Cooper Basin ultra-deep coal seams, and the 

surrounding host rock strata, to production pressure drawdown. Whilst being an expedient 

simplification for mathematical modelling and simulation purposes at relatively shallow depth, 

this historical rule-of-thumb becomes increasingly tenuous, as pressure arching effects 

become dominant within deeper, more consolidated host rock strata settings. It is concluded 

that instead, an “expanding reservoir boundary and decreasing confining stress” condition 

more realistically reflects the anomalous production behaviour of CBDCG reservoirs presented 

within this thesis. The combined, mutually sustaining actions of desorption-induced coal matrix 

shrinkage and sympathetic pressure arch stress shield evolution generate an “expanding 

reservoir boundary and decreasing confining stress” condition that allows producing Cooper 

Basin ultra-deep coal seams, and adjacent strata indirectly (which may include other reservoir 

types), to de-stress, and “self-fracture”, in an overall state of progressive endogenous tensile 
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failure over production time. This results in the complex, centimetre-scale, endogenous tensile 

dilation of pre-existing, limited remnant coal fabric apertures, and the endogenous tensile 

opening, dilation, and extension of pre-existing, low tensile strength, multiple orientation coal 

fabric planes of weakness. An isolated reservoir domain of enhanced permeability, but limited 

lateral extent, is created that is analogous to an isolated shale fracture network SRV domain. 

However, unlike the relatively rapid effective stress-induced collapse of a shale fracture 

network SRV domain, for which the shale matrix does not shrink significantly, and more like 

the progressive endogenous tensile failure associated with an active underground coal mine 

excavation, the geomechanically compliant domain of an isolated ultra-deep coal fracture 

network SRV domain dilates and expands inside the evolving dynamic pressure arch stress 

shield over production time, in a similar manner to that previously portrayed in Chapter 3, 

Figure 3.13. During production pressure drawdown, an ultra-deep coal fracture network SRV 

domain experiences rapidly decreasing reservoir confining stress, while stress within the 

adjacent host rock strata remains high. 

 

Inside an expanding pressure arch stress shield, where an overall state of progressive 

endogenous tensile failure and permeability enhancement prevails, “the reservoir” is formed 

by the complex, low bulk structural integrity, low bulk compressive strength “dispersed void 

space domain”, which comprises; a) apertures of the initial fracture network SRV domain and 

the DRV1 sub-domain, b) dilated coal fabric of the DRV2 sub-domain, and c) dilated matrix 

meso- and macro-pores of the DRV3 sub-domain. Outside the pressure arch stress shield, 

where bulk structural integrity is higher, bulk compressive strength is higher, and stress is 

elevated, there is no effective coal fracture / fabric / matrix permeability, and hence “no 

reservoir”. In accordance with this industry standard definition of a deep, thermogenic “source 

rock reservoir”, which is consistent with the definition of an isolated shale fracture network SRV 

domain, it follows that if the pressure arch stress shield of an ultra-deep coal seam’s naturally 

“self-fracturing” reservoir domain progressively expands, so does the “reservoir boundary” 

sensu stricto. Hence, the boundary of the “expanding reservoir” domain may be defined as 

being the inner surface of the high-stress envelope of locally deflected and concentrated 

maximum stress vectors that defines the geometry of the pressure arch stress shield. The 

scenario has far-reaching positive implications for potential CBDCG reservoir 

commercialisation strategies, as it would for shale fracture network SRV domains, if these 

dilated, expanded, and increased in permeability in a similar manner. 

 

Based on the multiple lines of supporting evidence presented within this thesis, The 

Hypothesis, initially presented in Chapter 4, has been upgraded to “Expanding Reservoir 

Boundary Theory”. Critical evidence obtained from time-lapse analysis of the Moomba 77 

post-hydraulic fracture stimulation flowback experiment in Chapter 5, and additionally by the 

physical simulation and production “history matching” thereof in Chapter 6, is summarised as 

follows: 



 

308 

 

1. Increasing trigger pressure-normalised surface gas volume and gas flow rate for 

consecutive natural surge events over flowback time (Chapter 5, Section 5.20.8). 

 

2. Increasing surface gas volume and gas flow rate for consecutive shut-in pressure-

normalised wellbore pressure BDTA events over flowback time (Chapter 5, Section 5.22). 

 

This was also independently observed during the “pure” flowback experiment at the 

Dorodillo 2 wellbore, whereby target coal seams were perforated, without any form of 

reservoir stimulation, after the cased wellbore had been evacuated of all fluid (Chapter 5, 

Section 5.22). 

 

3. Increasing capacity for the back-flow of accumulated wellbore flowback fluid, back into the 

fracture network GRV domain, at the tail-end of consecutive natural surge events (Chapter 

5, Section 5.20.7.3, and Figures 5.35 and 5.36). 

 

4. Increasing DRV3 sub-domain supercharging for the consecutive wellbore pressure BDTA 

gas flow rate decline profiles, and the subsequent natural surge events, that immediately 

followed extended wellbore shut-in periods (Chapter 5, Sections 5.20.7.2 and 5.20.8.2, 

and Figure 5.34). 

 

5. Decreasing stress within producing CBDCG reservoirs, as indicated by the physically 

simulated natural surge event trigger mechanism of “wellbore hydrostatic back-pressure 

and reservoir stress-dependent leak-off” (Chapter 5, Section 5.20.6, and Chapter 6). 

Systematic variation in natural surge event trigger pressure is interpreted to reflect the 

stress path of the fracture network GRV domain over flowback time. 

 

6. Increasing coal fabric permeability within the DRV2 sub-domain that surrounds the fracture 

network SRV domain and the DRV1 sub-domain over flowback time, as demonstrated by 

the time-lapse pressure transient analysis (PTA) of consecutive wellbore pressure build-

up profiles (Salmachi et al. (2019) in Appendix 5). 

 

7. Increasing hydraulic fracture flow conductivity within the initial fracture network SRV 

domain over flowback time (which is most likely a function of increasing hydraulic fracture 

aperture width), as demonstrated by the time-lapse rate transient analysis (RTA) of 

consecutive wellbore pressure blow-down to atmosphere (BDTA) gas flow rate decline 

profiles (Dunlop et al. (2020) in Appendix 6). 

 

The principles embodied by “Expanding Reservoir Boundary Theory” may be collectively 

harnessed as a large-scale dynamic de-stressing and permeability enhancement mechanism 
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by fit-for-purpose drilling, wellbore completion, and reservoir stimulation techniques, so as to 

create isolated, shale-like fracture network SRV domains that dilate, expand, and increase in 

permeability over production time, in defiance of the omnipresent tendency for compaction 

caused by rapidly increasing production pressure drawdown-induced effective stress. 

 

It is concluded that hydraulic fracture stimulation treatments may not be the optimal approach 

for generating commercial gas flow rates from Cooper Basin ultra-deep coal seams. The trend 

of increasing gas flow rates reported for past and present trials (since 2007), arising from 

increased proppant and cross-linked gel loading (Fraser and Johnson Jr., 2018), suggests 

that this practice, which normally promotes low hydraulic fracture complexity and surface area, 

stimulates less of the coal and more of the surrounding sandstone reservoirs. Viscous cross-

linked gelled proppant slurry does not readily penetrate narrow apertures of the complex, fine-

scale, tortuous coal fabric. Instead, it prefers to follow the widest and least tortuous flow path 

of least resistance through the coal seams. This leads to the creation of a less complex, lower 

surface area initial fracture network SRV domain than for low-viscosity treatments. In principle, 

hydraulic fracture stimulation treatments are incompatible with the most fundamental control 

on gas extraction efficiency for ultra-deep coal seams, this being stress reduction. Given the 

exponential sensitivity of coal fabric permeability to increasing reservoir confining stress, the 

primary objective of CBDCG reservoir stimulation treatments should be to harness the stress 

reduction capacity of desorption-induced coal matrix shrinkage, rather than suppress it. 

Multiple lines of evidence presented within this thesis suggest that Cooper Basin ultra-deep 

coal seams will progressively “self-fracture” naturally during desorptive gas production, in a 

complex, fine-scale manner, if allowed to do so by sympathetic drilling, wellbore completion, 

and reservoir stimulation treatment designs. 

 

The current strategy of applying large-scale, shale-like hydraulic fracture stimulation 

treatments, or variations thereof, forcibly injects additional mass into the target coal seams. 

Large quantities of fluid, cross-linked gel, and proppant, confined within the “wedge-like” 

geometry of a relatively planar initial fracture network SRV domain, generate an initial local 

increase in the already high reservoir confining stress. This may irreversibly damage the target 

coal seam’s highly stress-sensitive natural fabric, by endogenously compressing it to a state 

that is beyond the finite capacity of desorption-induced coal matrix shrinkage to regain, or 

enhance, the original native coal fabric aperture width. In reservoir engineering terms, a zone 

of “skin damage” may be created around the initial fracture network SRV domain. Minimising 

proppant size and concentration within the treatment fluid may provide some benefit in this 

regard. However, this is not the current strategy of Cooper Basin project operators. Reducing 

proppant pack width within the hydraulic fractures would minimise the initial incremental, 

endogenous coal fabric compression effect, and result in a shorter “stress recovery time”, as 

the coal fabric permeability attempts to rebound to its original state in response to desorption-

induced coal matrix shrinkage. 
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As an alternative approach to hydraulic fracture stimulation, Cooper Basin ultra-deep coal 

seams, and adjacent “non-coal” reservoirs indirectly, may be effectively stimulated on a large 

scale by harnessing the self-perpetuating, depth-resistant mechanism for creating coal fracture 

/ fabric permeability, and surface area for gas desorption, provided by the combined, mutually 

sustaining actions of desorption-induced coal matrix shrinkage and sympathetic pressure arch 

stress shield evolution. The ultra-deep coal seams may thereby be induced to pervasively 

“shatter”, or “self-fracture”, naturally during gas production, in an overall state of progressive 

endogenous tensile failure, independent of the lack of “brittleness”, analogous to the manner 

in which shrinkage crack networks slowly form, in a state of intrinsic, endogenous tension, 

within desiccating clay-rich surface sediment. Full-cycle, standalone commercial gas 

production from Cooper Basin ultra-deep coal seams is considered to be likely when such an 

approach is developed for de-stressing the commercial drainage area of wellbores, so as to 

replicate the very large, complex fracture network SRV domain of commercial shale gas 

reservoirs. Up-front reservoir stimulation treatments within ultra-deep coal seams play only a 

relatively short-term role in facilitating gas extraction. The initial fracture network SRV domain 

serves only to establish an initial base level of desorptive gas production, and to create an 

initial drainage framework, from which the ultimately much larger and productive dilating and 

expanding stimulated reservoir volume evolves - the fracture network GRV domain. 
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Abbreviations 

 

AGHC  Annulus Gas Headspace Compartment 

AGHCsurface Annulus Gas Headspace Compartment; surface gas volume 

AGHCvoid  Annulus Gas Headspace Compartment; in situ void space volume 

bbl   barrels 

BCG   Basin-centred gas 

BCGA   Basin-centred gas accumulation 

BDTA   Blow-down to atmosphere 

Bg (1/Bg) Gas expansion factor 

BHP   Bottom-hole pressure 

bpd   Barrels per day 

bpm   Barrels per minute 

bwpd   Barrels of water per day 

CBDCG  Cooper Basin deep coal gas 

cf   Cubic feet 

cm   Cubic metres 

CSG   Coal seam gas; synonymous with coal seam methane (CSM), coalbed methane 

(CBM), coalbed gas (CBG), and coalmine methane (CMM) 

DCG   Deep coal gas 

DRV   Dilated Reservoir Volume Domain 

DRV1   Dilated Reservoir Volume Domain - Primary Dilated Free Gas Storage Sub-

domain 

DRV2   Dilated Reservoir Volume Domain - Secondary Dilated Free Gas Storage Sub-

domain 

DRV3  Dilated Reservoir Volume Domain - Tertiary Dilated Free and Adsorbed 

(“Sorbed”) Gas Storage Sub-domain 

ECBM   Enhanced coalbed methane 

FBHP   Flowing bottom-hole pressure 

FIB   Focussed ion beam 

FNFFSC  Fracture Network Flowback Fluid Sump Compartment 

FNFFSCinterval Fracture Network Flowback Fluid Sump Compartment; vertical depth interval 

FNFFSCvoid  Fracture Network Flowback Fluid Sump Compartment; in situ void space 

volume 

FNGHC  Fracture Network Gas Headspace Compartment 

FNGHCinterval  Fracture Network Gas Headspace Compartment; vertical depth interval 

FNGHCsurface Fracture Network Gas Headspace Compartment; surface gas volume 

FNGHCvoid   Fracture Network Gas Headspace Compartment; in situ void space volume 

ft   feet 

FTHP   Flowing tubing head pressure 
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GRV   Gross Reservoir Volume Domain 

GRVgas  Gross Reservoir Volume Domain; gas-filled in situ void space volume 

GRVsump  Gross Reservoir Volume Domain; flowback fluid-filled in situ void space volume 

GRVvoid   Gross Reservoir Volume Domain; total (combined gas- and fluid-filled) in situ 

void space volume 

GTL   Gas to liquids 

hvb   High-volatile bituminous 

ID   Internal diameter 

IP   Initial production (flow rate) 

kPa   Kilopascals, absolute (measured relative to a full vacuum) 

kPag  Kilopascals, gauge (measured by a pressure gauge, relative to ambient 

atmospheric pressure, which is approximately 14.7 psi / 101 kPa at mean sea 

level) 

LOP   Leak-off pressure 

LOT   Leak-off test 

MPLT   Memory production logging tool 

Mrcf  Thousands of reservoir cubic feet 

Mrcm  Thousands of reservoir cubic metres 

MRTLL  Minimum rate (required) to lift liquids (up a wellbore conduit to surface) 

Mscf   Thousands of standard cubic feet 

Mscfd   Thousands of standard cubic feet per day 

Mscm   Thousands of standard cubic metres 

Mscmd  Thousands of standard cubic metres per day 

MMscf   Millions of standard cubic feet 

MMscfd  Millions of standard cubic feet per day 

MMscm  Millions of standard cubic metres 

MMscmd  Millions of standard cubic metres per day 

mvb   Medium-volatile bituminous 

nD   NanoDarcy (10-9 Darcy) 

nm   Nanometre (10-9 metres) 

NWBPL  Near-wellbore pressure loss 

OD   Outside diameter 

PBTD   Plugged-back total depth 

PBU   Pressure build-up 

PCFFSC Production Casing Flowback Fluid Sump Compartment 

PortaROC  Portable remote operations controller 

ppf   Pounds per foot 

ppg   Pounds per gallon 

psia  Pounds per square inch, absolute (measured relative to a full vacuum) 
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psig  Pounds per square inch, gauge (measured by a pressure gauge, relative to 

ambient atmospheric pressure, which is approximately 14.7 psi / 101 kPa at 

mean sea level) 

PTA   Pressure transient analysis 

PVT  Pressure-volume-temperature 

Q   Gas flow rate 

rcf   Reservoir cubic feet 

rcm   Reservoir cubic metres 

RT   Rotary table 

S1 (σ1)  Maximum principal normal stress 

S2 (σ2)  Intermediate principal normal stress 

S3 (σ3)  Minimum principal normal stress 

scf   Standard cubic feet 

scm   Standard cubic metres 

SEM   Scanning electron microscopy 

SG   Specific gravity 

SHmax  Maximum horizontal stress 

Shmin  Minimum horizontal stress 

SIBHP  Shut-in bottom-hole pressure 

SITHP   Shut-in tubing head pressure 

spf   Shots per foot (wellbore production casing string perforations) 

SRV   Stimulated Reservoir Volume Domain 

Sv   Vertical stress 

TD   Total depth 

THP   Tubing head pressure 

Tscf   Trillion standard cubic feet 

UCG   Underground coal gasification 

UR   Ultimate recovery 

VL   Langmuir volume 

VRo   Vitrinite reflectance in oil 

WAP   Wellhead Annulus Pressure 

 

  



 

314 

  



 

315 

Keywords 

 

Adsorption 

Coal matrix shrinkage 

Cooper Basin 

Deep coal 

Deep coal gas 

Deep coal gas play 

Deep coal gas reservoir 

Deep coal seam 

Desorption 
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Abstract. There is a vast, untapped gas resource in deep coal seams of the Cooper Basin, where extensive legacy gas
infrastructure facilitates efficient access tomarkets. Proof-of-concept for the 5million acre (20 000 km2) Cooper BasinDeep
Coal Gas (CBDCG) Play was demonstrated by Santos Limited in 2007 during the rise of shale gas. Commercial viability on
a full-cycle, standalone basis is yet to be proven. If commercial reservoirs in nanoDarcy matrix permeability shale can be
manufactured by engineers, why not in deep, dry, low-vitrinite, poorly cleated coal seams having comparable matrix
permeability but higher gas content? Apart from gas being stored in a source rock reservoir format, there is little similarity to
other unconventional plays. Without an analogue, development of an optimal reservoir stimulation technology must be
undertaken from first principles, using deep coal-specific geotechnical and engineering assumptions. Results to date suggest
that stimulation techniques for other unconventional reservoirs are unlikely to be transferable. A paradigm shift in extraction
technology may be required, comparable to that devised for shale reservoirs.

Recent collaborative studies between the South Australian Department of State Development, Geological Survey of
Queensland and Geoscience Australia provide new insight into the hydrocarbon generative capacity of Cooper Basin coal
seams. Sophisticated regional modelling relies upon a limited coal-specific raw dataset involving ~90 (5%) of the total
1900 wells penetrating Permian coal. Complex environmental overprints affecting resource concentration and gas flow
capacity are not considered. Detailed resource estimation and the detection of anomalies such as sweet spots requires the
incorporation of direct measurement. To increase granularity, the authors are conducting an independent, basin-wide review
of underutilised open file data, not yet used for unconventional reservoir purposes. Reservoir parameters are quantified for
seams thicker than 10 feet (3 m), primarily using mudlogs and electric logs. To date, ~3750 reservoir intersections are
characterised in ~1000 wells. Some parameters relate to resource, others to extraction. A gas storage proxy is generated, not
compromised by desorption lost gas corrections.

A 2016 United States Geological Survey resource assessment, based on Geoscience Australia studies, suggests that
the Play remains a world-class opportunity, despite being technology-stranded for the past 10 years. Progress has been
made in achieving small but incrementally economic flow rates from add-on hydraulic fracture stimulation treatments
inside conventional gas fields. Nevertheless, a geology/technology impasse precludes full-cycle, standalone commercial
production. A review of open file data and cross-industry literature suggests that the root cause is the inability of current
techniques to generate the massive fracture network surface area essential for high gas flow. Coal ductility and high initial
reservoir confining stress are interpreted tobe responsible.Ultra-deep coal reservoirs, like shale reservoirs,must beartificially
created by a large-scale stimulation event. Although coal seams fail the reservoir ‘brittleness test’ for shale reservoir
stimulation practices, the authors conclude from recent studies that pervasive, mostly cemented or closed coal fabric planes
of weakness may instead be reactivated on a large scale, to create a shale reservoir-like stimulated reservoir volume (SRV),
by mechanisms which harness the reservoir stress reduction capacity of desorption-induced coal matrix shrinkage.

Keywords: Cooper Basin, Deep Coal Gas Play, unconventional reservoir, source rock reservoir, deep coal seam, fracture
network, coal matrix shrinkage, pressure arch.
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Introduction

This paper aims to provide high level, potentially predictive
insights into the current status of Cooper Basin Deep Coal Gas

(CBDCG) Play appraisal, guided by an independent, pragmatic
review of exclusively open file data and cross-industry literature.
It is hoped that the interpretation andconclusionshereinwill assist
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in the process of achieving full-cycle, standalone commercial
gas production for this strategic play. All discussion in the paper
should be considered on this basis.

The authors are aware that additional research and commercial
progress are currently underway and that thiswork could potentially
challenge the interpretation and conclusions presented in this
paper. It is anticipated and encouraged that alternative views be
published in the future.

Source rock reservoir plays are ‘technology plays’, which
are most optimally developed when ‘geology drives the
technology’. It is therefore important that the most realistic
geological concept be clearly conveyed in simple, practical
terms to those designing and executing the technology.
Terminology and the level of technical detail in this paper are
adjusted accordingly, in such a way as to convey the relevant
principles and implications.

The material presented herein is an outcome of two main
activities:

1. A wide review of existing open file data and literature. The
literature review is not confined to the Oil and Gas Industry.
Concepts from the Underground Coal Mining Industry
and the greater Mining and Civil Engineering industries
have strongly influenced the authors’ interpretation and
conclusions.

2. The construction of a Cooper Basin Deep Coal Reservoir
Database. It is intended that the database will eventually
characterise most of the significant coal seams intersected by
the ~1900 Cooper Basin wells penetrating the Permian coal
measures.

Proof-of-concept for the 5 million acre (20 000 km2) CBDCG
Play was demonstrated by Santos Limited in 2007 during the
rise of shale gas in North America. Commercial viability on a
full-cycle, standalone basis is yet to be proven. If commercial
reservoirs in shale can be manufactured by engineers, why not
in deep, dry, low-vitrinite, poorly cleated coal seams having
higher total gas content and comparable matrix permeability?
Apart from gas being stored in a source rock reservoir format,
there is little similarity to other unconventional plays. Without
a suitable analogue, development of an optimal reservoir
stimulation technology must be undertaken from a first
principles perspective using deep coal-specific geotechnical
and engineering assumptions. The results of numerous field
trials to date suggest that stimulation techniques for other
unconventional reservoirs are unlikely to be directly
transferable, as a default solution, to the goal of achieving full-
cycle, standalone CBDCG commercialisation. The authors
postulate that a geology/technology impasse currently exists
on how to engineer a full-cycle, standalone commercial gas
extraction technology, which is capable of replicating the
paradigm shift technique devised for shale reservoirs in North
America. Yet another paradigm shift in extraction technology
may be required, comparable to that devised for shale reservoirs.

A 2016 United States Geological Survey resource assessment
(Schenk et al. 2016), based on sophisticated Geoscience
Australia studies, suggests that the CBDCG Play remains a
world-class opportunity for full-cycle, standalone commercial
gas production, despite being technology-stranded on this basis
for past 10 years. Progress has been made in achieving small

but incrementally economic flow rates from add-on CBDCG
reservoir hydraulic fracture stimulation treatments performed
in routine vertical wells drilled inside conventional gas fields
(Santos Limited 2015a, 2015b). Nevertheless, a geology/
technology impasse is interpreted to be precluding full-cycle,
standalone commercial gas production. Most of the resource
lies outside current field limits. No pathfinder trials have been
identified in the public domain that definitively demonstrate
a full-cycle, standalone commercial gas flow rate. No
announcements reporting the conversion of Contingent Resource
to Reserves have been identified.

Since2007, the complex rockproperties ofCBDCGreservoirs
have been characterised in detail (mainly by Santos Limited)
by applying sophisticated laboratory testing methodologies to
a relatively small inventory of full-hole core samples. Much of
the testing has been adopted from the shale and conventional
Coal Seam Gas (CSG) industries. It may be argued that
Cooper Basin coal rock properties are now relatively well
understood. Nevertheless, a large knowledge gap is interpreted
to remain in the fundamental understanding of CBDCG
reservoir behaviour during gas production and how full-cycle,
standalone commercial gas flows may be achieved from
these nanoDarcy-scale matrix permeability, geomechanically
challenging unconventional reservoirs. This contrasts with the
relatively advanced understanding of mainstream conventional
CSG reservoir and shale reservoir behaviour and the respective
technology requirements for generating commercial gas flow.

The term ‘deep coal’ is used loosely in the international
literature. In the majority of cases, it refers to deep
conventional CSG reservoirs approaching or exceeding the
absolute maximum commercial permeability depth limit for
that play type. For this reason, the CBDCG Play is
occasionally prefixed by the term ‘ultra’, to emphasise the fact
that there is no overlap with conventional CSG plays.

Literature for deep coal gas plays resembling theCBDCGPlay
are scarce. High level descriptions of the large gas resource
potential of various deep coal gas plays worldwide and the
currently unresolved technological challenge they represent are
providedbyKuuskraa andWyman (1993),WymanandKuuskraa
(1995), Kuuskraa et al. (1998) and Riestenberg et al. (2007).

Following the proof-of-concept gas flow achieved by Santos
Limited atMoomba77 in 2007,Menpes (2010)wasfirst to publish
a description of the CBDCGPlay. Updates have been provided by
Menpes and Hill (2012) and Menpes et al. (2013). Further
description has been in the form of promotional literature
prepared by the Department for Manufacturing, Innovation,
Trade, Resources and Energy (DMITRE), which is now the
Department of State Development (DSD). In 2012, the CBDCG
Play was featured in the ‘Roadmap for Unconventional Gas
Projects in South Australia’ (Goldstein et al. 2012).

In 2015 and 2016, Geoscience Australia (GA) released the
results of a series of sophisticated studies involving Cooper
Basin resource play architecture, lithofacies, source rock
geochemistry and petroleum systems analysis (Hall et al.
2015; Kuske et al. 2015; Mahlstedt et al. 2015; Hall et al.
2016a; Hall et al. 2016b). These studies have set the standard
for CBDCG Play definition but do not address gas extraction
technologies and the understanding of CBDCG reservoir
behaviour during gas production; specifically the critical issue
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of dynamic reservoir permeability as a consequence of
desorption-induced coal matrix shrinkage. Similarly, in all
other literature reviewed, there is little detailed technical
information applicable to the CBDCG Play on a reservoir
performance level.

Governmentpublicationsarecurrently themost comprehensive
open file source of play-based information. Open file corporate
technical reports andannouncements aregenerally restricted to raw
data and commercial aspects respectively. No published CBDCG
reservoir empirical models, mathematical models or simulations
havebeen identified, nor a set of empirically validatedgeotechnical
base input assumptions. Nevertheless, significant studies such as
these have most likely been undertaken by industry and academia
but have not yet been publicly disclosed.

Recent collaborative studies between the South Australian
Department of State Development (DSD), Geological Survey of
Queensland (GSQ) and Geoscience Australia (GA) provide
valuable new insight into the hydrocarbon generative capacity
of Cooper Basin coal seams and confirm the vast resource
(Hall et al. 2015, 2016a, 2016b; Kuske et al. 2015; Mahlstedt
et al. 2015). In 2016, The United States Geological Survey
(USGS) subsequently incorporated the results into an
independent ‘National and Global Petroleum Assessment’,
which recognises the CBDCG Play as being of international
significance (Schenk et al. 2016).

The Cooper Basin source rock geochemistry study performed
by Hall et al. (2016a) uses data from the Geoscience Australia
Organic Geochemistry Database. This is a compilation of
mainly total organic carbon (TOC), Rock-Eval pyrolysis and
vitrinite reflectance (VRo) data from a variety of public domain
sources:

1. Geoscience Australia’s National PetroleumWells Database.
2. Queensland Petroleum Exploration Database.
3. Petroleum Exploration Production System – South Australia

(PEPS–SA) Database.
4. OpenfileWellCompletionReports andDestructiveAnalysis

Reports.
5. Data generated by Geoscience Australia’s laboratories.
6. Data from recent sampling (mainly from Patchawarra

Formation coal seams) for the Mahlstedt et al. (2015) study.

The GA Organic Geochemistry Database, which forms the
basis of the USGS Report, contains ~300 coal-specific data
points, spread across ~90 (5%) of the total ~1900 Cooper
Basin wells penetrating the Permian coal measures. Of these,
~100 samples (from 25 wells) are located within the most
commercially prospective zone of the CBDCG Play, i.e.
deeper than 9000 feet (2750 m).

The authors note reference to two different standard
measurements for vitrinite reflectance (the most often used
thermal maturity indicator):

1. Mean maximum reflectance VRo (max), generally used for
coal organic matter.

2. Mean random reflectance VRo (random), generally used for
dispersed organic matter.

Although VRo (max) is the standard measurement for coal
organic matter, petroleum systems modelling requires the use of
VRo (random) as the primary thermal maturation indicator

(Burnham and Sweeney 1989; Sweeney and Burnham 1990;
Hantschel and Kauerauf 2009). Hall et al. (2016a) therefore
convert VRo (max) measurements to VRo (random) using the
following empirically derived equation (Ting 1978):

VRo ðrandomÞ ¼ VRo ðmaxÞ=1:066

This relationship is reported to hold for data between 0.55%
and 1.9% VRo (max). Deviation increases significantly beyond
the high end of this maturity range, with anisotropic effects
influencing measurements (Mukhopadhyay 1992). Hall et al.
(2016a) do not provide an equation for converting data outside
this range.

The authors recognise the importance of variation in vitrinite
reflectance measurement and the requirement for discriminating
between VRo (max) and VRo (random) when performing
detailed petroleum systems modelling. Nevertheless, for the
purpose of this paper, thermal maturity data are used in a
generic sense, for conceptual purposes only. No attempt is
made to investigate whether vitrinite reflectance measurements
encountered in raw data sources or interpretation reports are
reported in VRo (max) or VRo (random), nor to convert
to a consistent measurement type using the equation above.
All laboratory measurements, most of which are likely to be
reported asVRo (max) are simply referred to in the paper asVRo.
Variation according to the measurement type is treated as part of
the overall uncertainty, which also includes measurement errors
such as the incorrect identification of maceral types.

The multi-component kinetics and late gas potential study
performed by Mahlstedt et al. (2015) analyses 38 samples from
17 wells, located exclusively in the South Australian sector of
the Cooper Basin. Almost half of the samples are from wells
drilled between 1964 and 1978. Whether the significant age of
many of the samples has affected the test results is uncertain.

To increase vertical and areal granularity for detailed
play/reservoir/acreage screening and evaluation campaigns, the
authors are conducting an independent, basin-wide review
of underutilised open file data, not yet used for unconventional
reservoir purposes. The database quantifies reservoir parameters
for all target coal seams (i.e. potential ‘CBDCG reservoirs’)
greater than 10 feet (3 m) in thickness, primarily using
mudlogs, electric logs and relevant data from Well Completion
Reports. To date, ~3750 individual reservoir intersections are
characterised in ~1000 wells by 30 parameters, mostly in the
South Australian sector of the Cooper Basin. Some parameters
relate to resource assessment, others to gas extraction.

In this paper, a description of the CBDCG Play concept is
first provided. This is followed by an overview of those
play elements considered important to the understanding of
CBDCG reservoir behaviour and the development of a fit-for-
purpose reservoir stimulation technology. An assessment is then
made of whether world reservoir analogues may be used as a
guide for understanding CBDCG reservoirs. This includes a
high level comparison with conventional CSG reservoirs and
shale reservoirs, these being the two unconventional reservoir
types with which CBDCG reservoirs share mutually exclusive
characteristics. The recently initiated DSWPet Pty Ltd Cooper
Basin Deep Coal Reservoir Database is introduced and the
features, applications and selected results-to-date discussed.
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A high level review of industry CBDCG pathfinder trial progress
and preliminary insights to date are provided. Finally, the current
geology/technology impasse postulated to be retarding progress
towards full-cycle, standalone commerciality is outlined and
a possible way forward proposed.

Background

Cooper Basin geological setting

The Permo-Triassic Cooper Basin of eastern central Australia
is an elongate, intracratonic down warp, located 5000 km (3000
miles) from the nearest tectonic plate boundary – the Indo-
Australian Plate. It unconformably overlies the predominantly
uneconomic Proterozoic and Cambro-Ordovician sediments and
metasediments of theWarburton Basin. The Cooper Basin covers
an area of ~130 000 km2 (50 000 squaremiles) in the north-eastern
corner ofSouthAustralia and the south-westernpart ofQueensland
(Fig. 1).

The predominantly extensional tectonic regime of the
Palaeozoic strongly controlled the exclusively non-marine
sedimentation of the Cooper Basin. The sequence of glacial,
fluvial and lacustrine sediments, together with fluviodeltaic coal
measures, ranges in age from Late Carboniferous/Early Permian
to Late Triassic and attains a maximum thickness of ~6500 feet
(1980m).

Pre-existing structural relief strongly influenced early
sedimentation, with onlap onto structural highs being
common. Rates of deposition were typically low, in the order
of tens of feet (less than 10 m) per million years. Differential
compaction and the reactivation of basement faults along pre-
existing zones of weakness caused earlier structures to be
accentuated. This was particularly evident at the end of the
Early Permian and in the Late Triassic, when two major
unconformities were associated with tectonic activity that
uplifted and truncated the Permian section in many areas. Over

someof themajor highs andaround themarginof thebasin, severe
erosion has resulted in the Permian sequence sub-cropping
the overlying Eromanga Basin sequence, a major part of the
1.7 million km2 (660 000 square mile) Great Artesian Basin
(Fig. 1).

The contemporary stress regime of the Cooper Basin, driven
primarily by an increase in horizontal compressive stress
during the Tertiary, is highly deviatoric (anisotropic) and is
best classified as being on the boundary between reverse and
strike-slip. In general, the principal stress, SHmax (the maximum
horizontal stress, oriented approximately east–west, averaging
101�T), is approximately twice the magnitude of Shmin (the
minimumhorizontal stress), which is in turn approximately equal
to Sv (the vertical stress) (SHmax >> Shmin ~= Sv) (Hillis and
Reynolds 2000; Reynolds et al. 2005; Reynolds et al. 2006).

The stratigraphy of the Cooper Basin is described by Hill and
Gravestock (1995). A stratigraphic column is shown in Fig. 2.

CBDCG reservoirs are distributed throughout the Patchawarra,
Epsilon, Daralingie and Toolachee formations.

Hall et al. (2015) provide a regional overview of Cooper
Basin hydrocarbon prospectivity from a basin architecture and
lithofacies perspective.

The location of the CBDCG Play is shown in Fig. 3. Also
shown are the structural provinces referenced throughout the
paper.

Cooper Basin coal geology

The Permian Cooper Basin coal measures (250–295 Ma) formed
on the Gondwana super-continent of the southern hemisphere.
A cold, high latitude climate prevailed following the Late
Carboniferous to Early Permian (290–300 Ma) Gondwana
Glaciation (Veevers 1984, 2006). Summers were cool and wet.
Winters were freezing (Taylor et al. 1989). Australia had not yet
separated from the super-continent. The coal seams are generally
accepted to have accumulated in freshwater mires associated
with the large intracratonic sag basin. Low subsidence rate
and water table fluctuations allowed periodic but extensive
subaerial and potentially subaqueous peat oxidation (Hunt
and Smyth 1989). Variation in depositional environment may
have occurred. Over Permian time, a very thick sequence of
fluviodeltaic cycles developed, comprising stacked coal seams,
sandstones, siltstones and shales. The coal measures generally
have a high degree of lateral discontinuity. The variability in
thickness and lateral continuity of Cooper Basin coal seams is
likely to be a reflection of the depositional environment.
This is influenced by relative rates of accommodation and
sediment supply, similar to models proposed by Bohacs and
Suter (1997).

The slowly subsiding intracratonicCooperBasin coalmeasures
are very different from the rapidly subsiding foreland basin
coal measures of Eastern Australia (Hunt and Smyth 1989). As
a general rule, the former are inertinite-rich and poorly cleated,
while the latter are vitrinite-rich and well cleated. Exceptions do
occur, with inertinitic coal seams occurring in some parts of
the Bowen, Gunnedah and Sydney basins, particularly in the
upper sequence of the Late Permian, as a consequence of the
climate gradually transitioning towards the more arid Triassic,
during which oxidative processes were more prevalent.

Fig. 1. Location of the Cooper, Eromanga and Great Artesian basins in
eastern central Australia.
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No evidence has been identified for inertinite-rich Cooper
Basin coal seams being formed from a unique flora or during
climatic conditions differing from the vitrinite-rich coal seams of
Eastern Australia (Hunt and Smyth 1989).

For a comprehensive geological description of the Cooper
Basin coal measures, the reader is referred to Smyth (1984),
Hunt and Smyth (1989), Taylor et al. (1989) and Beeston
(1995).

Fig. 2. Stratigraphic chart of the Cooper Basin, highlighting the Deep Coal Gas Play stratigraphic interval, modified from Carr et al. (2015) in Mahlstedt et al.
(2015). Potential deep coal gas reservoirs are present in the Patchawarra, Epsilon, Daralingie and Toolachee formations. The Patchawarra Formation contains
the largest coal thickness and the bulk of the gas resource.
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Cooper Basin Deep Coal Gas Play concept

The CBDCG Play spans the Permian Patchawarra, Epsilon,
Daralingie and Toolachee formations (Fig. 2). It exists in both
South Australia and Queensland but the majority of the resource
and reservoir potential lies in South Australia.

The Patchawarra Formation is considered to be the primary
commercial target. It contains the largest number of individual

coal seams and by far the highest bulk coal volume. The bulk of
the resource is located in the Patchawarra Trough and western
portion of the Nappamerri Trough.

The CBDCG Play, like most other unconventional plays, is
based on the concept of a source rock reservoir petroleum system
(Levine 1993; Magoon and Dow 1994; Curtis 2002; Boyer et al.
2006). For a comprehensive description of the Cooper Basin
source rock reservoir petroleum system, the reader is referred to

Fig. 3. Pre-Permian basement depth structure map showing the Cooper Basin Deep Coal Gas Play area, modified from Carr et al. (2015) in Mahlstedt et al.
(2015). The extent to which the Play is present in the Nappamerri Trough and Windorah Trough is currently uncertain.
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Hall et al. (2016b). The Play does not rely upon a structural
trapping mechanism, so the bulk of the resource lies in deep,
thermally mature synclinal areas outside conventional gas fields.

The CBDCG Play concept is also based on the premise
that commercially prospective CBDCG reservoirs contain no
significant mobile formation water. In addition to the
requirement for being inherently ‘dry’, CBDCG reservoirs
must not be located adjacent to permeable formation water
bearing zones. These may be contacted or even penetrated
by reservoir stimulation treatments, potentially resulting in
cross-flow of formation water into the coal seams during
production. As for shale plays, the absence of mobile formation
water is a prerequisite for achieving full-cycle, standalone
commercialisation. No reservoir de-watering should be required
to establish gas production, nor to maintain it.

Source rock reservoir plays are ‘technology plays’,
which typically require the application of some form of
reservoir stimulation treatment for hydrocarbons to flow at a
commercial rate into a wellbore. In other words, the reservoir
must be artificially created.

Paradoxically, the most commercially prospective areas of
theCBDCGPlayare interpreted tobe indeep ‘BasinCentredGas’
(BCG) settings (Masters 1979; Law 2002). The main reasons for
this are that total gas content is high, reservoir overpressure
occurs, there is no significant mobile formation water and the
surrounding host rock framework is pervasively gas-saturated
and geomechanically competent enough to resist the tendency
for compaction caused by increasing production-induced
effective stress. The Cooper Basin BCG concept is described
by Hillis et al. (2001). Cooper Basin BCG settings are generally
encountered commencing at a depth of ~9000 feet (2750 m),
with some variation caused by the differing geothermal gradients
between structural provinces (for example, the high geothermal
gradient Nappamerri Trough versus the low geothermal gradient
Patchawarra Trough). In Cooper Basin BCG settings, formation
temperature typically exceeds 300�F (150�C). Formation
pressure exceeds 4000 psi (27.6 MPa) and may reach
9000+ psi (62.0+ MPa) in very overpressured environments.
At Kirby 1, in the Nappamerri Trough, an exploration drill-
stem test conducted over the basal Patchawarra Formation/
Tirrawarra Sandstone section at 12 400 feet (3780 m) recorded
a shut-in pressure of 9055 psi (62.4 MPa), indicating a formation
pressure gradient of 0.73 psi/foot (Delhi Petroleum Limited
1979).

Owing to the combination of shale-like reservoir rock
properties, coal-like geomechanical properties and the deep
geological setting, the CBDCG Play concept is unusual, even
within the realm of unconventional reservoirs. CBDCG reservoir
behaviour during gas production is interpreted to exhibit a
mixture of characteristics relating to both conventional CSG
reservoirs and shale reservoirs. This presents a challenge for
reservoir stimulation design. Apart from gas being stored in a
source rock reservoir format, the CBDCG Play bears little
similarity to other unconventional plays. Despite the Play
involving coal reservoirs, it does not fit the well-established
conventional CSG geology/technology paradigm operating at
significantly shallower depth since the 1970s. There is no initial
pervasively permeable vitrinite cleat or inertinite master joint
system characteristic of conventional CSG reservoirs. These

features do exist, together with other coal fabric apertures, but
they are interpreted to be mostly cemented with authigenic
siderite and kaolinite or closed by high initial reservoir
confining stress. This is consistent with the findings
of Kuuskraa and Wyman (1993), who clearly demonstrate,
using field data from a number of basins, that the absolute
fabric permeability of coal seams decreases exponentially with
increasing depth and resultant confining stress. At a depth of
~9000 feet (2750 m), coal fabric permeability is shown to be
well below 0.1 mD (the typical cut-off for Cooper Basin tight
sandstone gas reservoirs). This empirical relationship is
henceforth used as the basis for reasonably interpreting most
CBDCG reservoirs to have no pre-existing commercially
significant fabric permeability. Exceptions may occur, in the
form of sweet spots, for example where major structural
inversion has resulted in the rebound of coal fabric porosity
and permeability as a consequence of degassing and
associated desorption-induced coal matrix shrinkage. Features
distinguishing the CBDCG Play from conventional CSG plays
are discussed later. The coal is also not as brittle as commercial
shale reservoirs. As a consequence, the reservoir stimulation
technologies for conventional CSG reservoirs and shale
reservoirs are unlikely to be directly transferable, as a default
solution, to the goal of achieving full-cycle, standalone CBDCG
commercialisation.Despite havingveryhigh total gas content and
matrix porosity/permeability, comparable to other nanoDarcy-
scale matrix permeability source rock reservoirs, CBDCG
reservoirs do not pass the technology screening gates for either
conventional CSG reservoirs or shale reservoirs. This is a
consequence of coal ductility, high initial reservoir confining
stress and the high sensitivity of coal fabric permeability to that
stress. Young’s Modulus is lower, and Poisson’s Ratio higher,
than most of the surrounding rocks. CBDCG reservoirs do not
satisfy technology screening criteria for conventional CSG
reservoirs because they exist far below the absolute maximum
commercial permeability depth limit at ~6000 feet (1830 m).
CBDCG reservoirs do not satisfy technology screening criteria
for shale reservoirs because they fail the shale reservoir
‘brittleness test’ that determines ‘fraccability’. The CBDCG
Play clearly represents a newunconventional reservoir paradigm.

From a rock property, geological setting, gas deliverability
and production technology perspective, the CBDCG Play more
closely resembles shale gas plays than conventional CSG plays.

One of the few similarities between CBDCG reservoirs
and conventional CSG reservoirs is the capacity for storing
large amounts of gas by adsorption. This means that the
production behaviour of CBDCG reservoirs, like conventional
CSG reservoirs, may be influenced by desorption-induced coal
matrix shrinkage. The extent to which this may occur is currently
being investigated. Indeed, harnessing this aspect of the CBDCG
Play is considered critical to commercial success.

Play element review

The purpose of this section is to describe those aspects of the
Cooper Basin Deep Coal Gas Play considered most relevant to
the goal of achieving full-cycle, standalone commercial gas
production. This is attempted in such a way as to be appreciated

224 The APPEA Journal E. C. Dunlop et al.



by both the geoscience and engineering disciplines. Terminology
and the level of technical detail are adjusted accordingly.

Basic data

Basic data used for the play element review are sourced mainly
from known wells for which post-2007 (i.e. ‘modern shale era’)
Cooper Basin coal seam data have been acquired (Table 1). It
should be emphasised that a significant number of relatively
shallow wells have been full-hole cored, hydraulically
fracture-stimulated and flow tested outside the CBDCG Play
area. The coal seams involved are interpreted not to qualify as
CBDCG reservoirs sensu stricto. Nevertheless, such ‘DeepCSG’
data are useful for understanding the properties of Cooper Basin
coal seams in general, as well as defining the limits of the
CBDCG Play.

Most of the open file data are contained within Well
Completion Reports published by the South Australian
Department of State Development and the Geological Survey
of Queensland.

In the discussion for each play element, quoted values or
ranges for laboratorymeasured reservoir rock properties (notably
mineralogy, maceral composition, matrix porosity, matrix
permeability, gas content, gas composition and geomechanical
parameters) are generally not accompanied by a detailed
reference to their measurement source. It may be assumed that
thequotedvalueor range is basedonanassessmentof all available
data sources listed in Table 1.

The locations of the wells listed in Table 1 are shown in Fig. 4.
Available data types applicable to the CBDCG Play include:

1. Canister core gas desorption
2. Pressure core gas desorption
3. Gas/oil/water content
4. Gas composition
5. Gas isotope analysis
6. Adsorption isotherm analysis
7. Matrix porosity
8. Matrix permeability (pressure decay)
9. Total organic carbon (TOC)

Table 1. Known wells for which mainly post-2007 data have been acquired for characterising the Cooper Basin Deep Coal Gas Play

Well Operator Drill Core Top coal core
feet (metres)

Frac Status Comment

Bindah 3 Santos 2009 Yes 8964 (2732) No? Open file CBDCG

Bobs Well 2 Santos 2009 Yes 9155 (2790) No? Open file CBDCG

Dartmoor 1 Santos 2002 Yes 4764 (1452) Yes Open file Deep CSG

Davenport 1 Beach 2012 Yes 6247 (1904) Yes Open file Deep CSG

Dorodillo 2 Santos 1998 Yes 8540 (2603) No? Open file CBDCG

Forge 1 Strike 2010 Yes 4206 (1282) No Open file Deep CSG

Gaschnitz 4 Santos 2014 Yes 9572 (2918) ? Open file CBDCG

Kirralee 2 Santos 2008 Yes 9265 (2824) No? Open file CBDCG

Klebb 1 Strike 2014 No – Yes Open file Deep CSG

Klebb 2 Strike 2014 No – Yes Open file Deep CSG

Klebb 3 Strike 2014 No – Yes Open file Deep CSG

Klebb 4 Strike 2016 No – Yes Not released Deep CSG

Le Chiffre 1 Strike 2014 Yes 4803 (1464) Yes Open file Deep CSG

Marsden 1 Beach 2012 Yes 6276 (1913) No Open file Deep CSG

Moomba 77 Santos 1995 No – Yes Open file CBDCG

Nockatunga North 1 Santos 2010 Yes 4715 (1437) No Open file Deep CSG

Paning 2 Senex 2013 Yes 9439 (2877) Yes Open file CBDCG

Roswell 1 Santos 2013 Yes 10 090 (3075) Yes Open file CBDCG

Silver Star 1 Senex 2017 TBA TBA TBA Drilling CBDCG

Tindilpie 11 Santos 2011 Yes 9540 (2908) No? Open file CBDCG

Tindilpie 12 Santos 2011 Yes 10 020 (3054) No? Open file CBDCG

Tirrawarra 76 Santos 2008 Yes 9007 (2745) No? Open file CBDCG (no recovery)

Tirrawarra South 1 Santos 2002 No – Yes Open file CBDCG

Vintage Crop 1 Senex 2011 Yes 5823 (1775) No Open file CBDCG

Washington 1 Santos 2015 Yes 10 000+ (3000+) Yes Not released CBDCG
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10. Maceral analysis
11. Vitrinite reflectance (VRo)
12. Rock-Eval pyrolysis
13. Mineralogy (X-ray diffraction, XRD and HyLogging�)
14. Core gamma-ray
15. Computed tomography (CT) scans
16. Scanning electron microscopy (SEM) imagery
17. Geomechanical properties (particularly Young’s Modulus

and Poisson’s Ratio)
18. Coal matrix shrinkage testing
19. Stress path analysis
20. Core description

Reservoir definition

Similar to shales, Cooper Basin deep coal seams do not qualify as
reservoirs sensu stricto until a large, pervasively permeable, high
surface area fracture network is artificially created by some form
of large-scale reservoir stimulation treatment.

Potential CBDCG reservoirs are defined as those coal seams
existing below the absolute maximum commercial permeability
depth limit for conventional CSG reservoir drilling, wellbore

completion, reservoir stimulation, post-stimulation flowback
and production practices. This is generally accepted to be around
6000 feet (1830 m), with some variation according to well cost
(driven mainly by depth and water disposal requirements) and
gas price. In addition, individual coal seamsmust have a thickness
greater than 10 feet (3 m). This cut-off is an arbitrary starting
point, not related to reservoir rock properties, which is considered
by theauthors tobe theminimumcoal seam interval qualifying for
some form of reservoir stimulation treatment, as part of a full-
cycle, standalone commercial completion. To simplify further
discussion, all Cooper Basin deep coal seams exceeding the
cut-off thickness will be referred to as ‘CBDCG reservoirs’,
regardless of whether a stimulation treatment is warranted by
further screening criteria.

Thickness

Individual Cooper Basin coal seams rarely attain a thickness
greater than 100 feet (31 m). The maximum reported to date is
148 feet (45 m) in the Patchawarra Formation at Davenport 1,
located in theMilpera Trough towards the southernmargin of the
Cooper Basin (Beach Energy Limited 2012a). Average thickness
of individual CBDCG reservoirs (according to the reservoir

Fig. 4. Location of key wells referred to in the paper. These are mostly where hydraulic fracture stimulation treatments and full-hole core acquisition programs
have occurred.
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definition) is ~20 feet (6 m). In some areas, total coal seam
thickness per well may reach 350 feet (107 m) or more over
the full Permian section. A total of 360 feet (110 m) of ‘net coal’
was intersected at Davenport 1 (Beach Energy Limited 2012a).

Cooper Basin coal seams may exhibit a high degree of
lateral heterogeneity. Thickness may change significantly over
relatively short distances. The use of 3D seismic may reduce
the risk of future horizontal wells being placed in laterally
discontinuous CBDCG reservoirs.

Depth

Cooper Basin coal seams range in depth from ~4000 feet
(1220 m) around the margin of the Cooper Basin, to 12 000+
feet (3660+ m) in the Nappamerri Trough.

Unlike conventional CSG reservoirs, depth is not interpreted
to be a limiting factor for CBDCG reservoir quality and post-
stimulation gas flow capacity. Indeed, as will be discussed later,
extreme depth may be an advantage.

Temperature

Cooper Basin coal seams range in temperature from ~150�F
(65�C) to 490�F (250�C).

Geothermal gradients range from 1.5�F per 100 feet (2.7�C/
100 m) around the shallow southern margin of the Cooper Basin
to 3.7�F per 100 feet (6.7�C/100 m) over the radiogenic granitic
basement terrains of the Nappamerri Trough.

Excessively high reservoir temperature reduces CBDCG
reservoir gas storage capacity by reducing gas adsorption
capacity (Gaschnitz 1997; Gaschnitz et al. 1997; Hildenbrand
et al. 2006).

Reservoir pressure

Obtaining reliable pressure measurements in nanoDarcy-scale
matrix permeability CBDCG reservoirs is difficult and subject to
high uncertainty.Diagnostic fracture injection testing (DFIT) and
post-hydraulic fracture stimulation pressure decline analysis are
the most reliable methods for achieving this. In the absence of
such information, the adjacent sandstone reservoirs are typically
used to provide a conservative estimate of CBDCG reservoir
pressure.On this basis,CooperBasin coal seamsare interpreted to
range in pressure from ~2000 psi (13.8 MPa) to 9000+ psi
(62.0+ MPa). They may be normally pressured with respect to
the regional hydrodynamic gradient (0.43 psi/foot) in shallow
areas such as the southern margin of the Cooper Basin or highly
overpressured in deep BCG settings such as the Nappamerri
Trough. At Kirby 1, in the Nappamerri Trough, an exploration
drill-stem test conducted over the basal Patchawarra Formation/
Tirrawarra Sandstone section at 12 400 feet (3780 m) recorded a
shut-in pressure of 9055 psi (62.4 MPa), indicating a formation
pressure gradient of 0.73 psi/foot (Delhi Petroleum Limited
1979).

The large amount of gas generated by thermogenically self-
sourcing CBDCG reservoirs, coupled with their nanoDarcy-
scale matrix permeability, are interpreted to be responsible for
the significant overpressure encountered in deep, high thermal
maturity reservoir settings. Disequilibrium compaction is
discounted as a mechanism, owing to the very low rate of
deposition. Gas generative capacity of Cooper Basin coal

seams is well in excess of gas storage capacity. If matrix
permeability is insufficient to allow rapid gas expulsion,
overpressure results. Source rock kinetics studies suggest that
Cooper Basin coal seams may still be generating gas at thermal
maturities as high as 3.5% VRo (Mahlstedt et al. 2015).

In BCG settings, where CBDCG reservoirs are interpreted
to be the most commercially prospective, all lithologies are
typically overpressured. Reservoir overpressure is a highly
beneficial reservoir property which sets CBDCG reservoirs
apart from conventional CSG reservoirs. Overpressure not
only increases the amount of gas the coal seam can store, it
increases the pressure differential between reservoir and
wellbore during production drawdown, thereby enhancing gas
flow rate into the wellbore.

Thermal maturity

Cooper Basin coal seams range in thermal maturity from ~0.4%
VRo in shallow areas of the Basin (for example in the uppermost
coal seams at Forge 1 and Le Chiffre 1) to 8+% VRo in the
Nappamerri Trough.

Electrically conductive, meta-anthracitic coal seams,
interpreted to be graphitised, have been encountered in wells
such as Burley 1 and McLeod 1 in the Nappamerri Trough at
11 300+ feet (3450+ m), at a temperature of 400+�F (205+�C)
and a thermal maturity of 6.0+% VRo. Some Cooper Basin
deep coal full-hole cores exhibit a subtle metallic lustre, which
may be evidence of graphitisation. The same effect has been
reported in other basins where coal seams are located adjacent to
high heat flow sources such as igneous intrusions. Graphitisation
of high thermal maturity shales has also been reported (Harrison
1979; Bustin et al. 1995; Laughrey et al. 2011; Walters et al.
2014).

High thermal maturity is beneficial to CBDCG reservoirs
because it generally increases total gas content, decreases
water content and creates additional free gas storage capacity
via secondary organicmatrix porosity development. Factors such
as depth, stress, temperature, cementation and environmental
overprints may offset these benefits.

Fracture network

Similar to shale reservoirs, a commercial CBDCG reservoir
requires the presence of a large, open, permeable, high surface
area fracture network. It is interpreted that this must be artificially
created by some form of large-scale reservoir stimulation
treatment.

As yet, no significant body of evidence has been identified to
support the presence of a commercially significant pre-existing,
open, pervasively permeable natural fracture system at the
extreme depths at which commercially prospective CBDCG
reservoirs are interpreted to occur (i.e. greater than ~9000 feet/
2750 m). Nevertheless, the potential for isolated, fabric porosity/
permeability sweet spots cannot be discounted. Examples
include:

1. Tension fractures associated with abrupt anticlinal or
synclinal flexure.

2. Areas where major structural inversion has resulted in the
rebound of coal fabric porosity and permeability as a
consequence of degassing and associated desorption-induced
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coal matrix shrinkage over geological time. As will be
discussed later, the southern margin of the Cooper Basin
may be an example of this.

Fabric

Coal fabric is interpreted to play an important role in the creation
of an artificial CBDCG reservoir.

The term ‘coal fabric’ refers to all planes of weakness (lower
tensile strength) within a coal seam. Coal fabric may be open,
variably cemented (for example with authigenic siderite and
kaolinite) or closed by high initial reservoir confining stress. It
may be large- or small-scale. Coal fabric encompasses all existing
or potential non-matrix void space. As may be appreciated when
viewing an open-cut coalminewall, coal fabricmay be abundant,
very complex and prone to reactivation in response to a change in
its stress state.

Potential coal fabric types include vitrinite cleats, inertinite
master joints (also termed ‘master cleats’), other natural fractures,
faults, lithology contrasts and low tensile strengthbeddingplanes.
In further discussion, all such featureswill be collectively referred
to as ‘coal (or reservoir) fabric’.

The fabric of a CBDCG reservoir is important because it
has the potential to be reactivated by reservoir stimulation
treatments and preferentially dilated by subsequent desorption-
induced coal matrix shrinkage during gas production. Fabric
complexity may lead to high density fracture network surface
area after reactivation/dilation, which is important for gas
extraction efficiency. Another important aspect of coal fabric is
its ability to modulate the coal seam’s inherent (laboratory-scale)
geomechanical properties. Small-scale, uniform coal matrix
blocks, between the coal fabric planes of weakness, may have

significantly different geomechanical properties to the coal seam
as a whole. Young’s Modulus and Poisson’s Ratio, being key
geomechanical parameters for assessing ductility, are significantly
affectedby the scale ofmeasurement. The larger the scale, themore
ductile is the behaviour of the coal seam compared to small-scale
laboratory measurements.

Fig. 5 shows the typical macro-scale appearance of a CBDCG
reservoir, based on a full-hole core (Santos Limited 2009a). The
well-developed, complex coal fabric is interpreted to have dilated
in response to a) reservoir confining stress reduction associated
with its transfer to surface and b) desorption-induced coal
matrix shrinkage. The multiple-orientation planes of weakness
associated with the mostly cemented or closed coal fabric and
their dynamic fabric permeability in response to changing stress
conditions are considered fundamental to understanding the
behaviour of CBDCG reservoirs during gas production. This is
because gas production causes desorption-induced coal matrix
shrinkage and this, in turn, may cause a change in the CBDCG
reservoir’s stress state.

Analysis of full-hole cores acquired to date indicates that
CBDCG reservoirs do not have a significant, pervasively
permeable conventional CSG-like cleat system. Vitrinite cleats
and inertinite master joints do exist, and would be permeable at
much shallower depth, butwithin theCBDCGPlay area, at depths
greater than ~9000 feet (2750m), they are interpreted to be
mostly cemented with authigenic siderite and kaolinite or
closed by high initial reservoir confining stress. The vitrinite
cleats are restricted mainly to isolated, thin vitrinite laminations
and lenses, collectively forming a relatively minor component
of the bulk coal volume. Nevertheless, these thin cleated layers,
together with other bedding features, form numerous planes of

Fig. 5. Typical macro-scale appearance of a Cooper Basin deep coal seam. Low vitrinite content results in a dull coal having relatively poor cleat
development. Inertinite is the dominant maceral. Abundant coal fabric is evident (Santos Limited 2009a).
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weaknesswhich contribute to the overall coal fabric and are likely
to contribute to the production surface area created by an effective
reservoir stimulation.

Mineralogy

The mineral content of Cooper Basin coal seams analysed to
date is low, typically around 10% by weight. Bulk composition
is simple and relatively invariant, comprising mainly siderite,
kaolinite and quartz in approximate order of volumetric
abundance. On a fine scale, there is a high degree of
variability in the proportion of these constituents.

Finely banded, nodular to massive authigenic siderite
cementation is a feature of many deep coal full-hole cores
acquired to date. Siderite has a high specific gravity of 3.87 g/cc
and this is responsible for the relatively high bulk density of
Cooper Basin coal seams. Siderite is a form of iron carbonate
(FeCO3), which is acid-soluble, so its presence may validate
acidisation as having a role in CBDCG reservoir stimulation.

Apertures associated with vitrinite cleats, inertinite master
joints and other coal fabric features are typically cemented with
authigenic siderite and kaolinite. Thismay also apply to inertinite
meso- and macro-pores.

Similar to shale reservoirs, the mineralogy of CBDCG
reservoirs may influence geomechanical properties, potentially
increasing brittleness, and this could have a positive impact on
reservoir stimulation treatment effectiveness (Rickman et al. 2008).

Maceral composition

Cooper Basin coal seams may be broadly described as having an
‘inertinitic’ maceral character, similar to some coal seams in the
Bowen Basin, Gunnedah Basin and Sydney Basin (Hunt and
Smyth 1989), as well in China (Wang et al. 2013) and South
Africa (Cadle et al. 1993).

Vitrinite, the low strength, glassy coal maceral responsible for
fine-scale face and butt cleat formation in conventional CSG
reservoirs forms a relatively small part of the bulk coal volume of
CBDCG reservoirs. Millimetre-scale vitrinite cleat systems are
confined to numerous thin, pervasively distributed laminations
and lenses parallel to bedding, collectively accounting for ~10 to
30% of the total coal matrix volume (Santos Limited 2009a). It is
most widely accepted that the relatively low vitrinite content
of Cooper Basin coal seams is a consequence of a depositional
environment where subaerial oxidation and charring is prevalent
(Hobday 1987). An additional mechanism has been postulated,
whereby initially vitrinite-prone coal seam organic matter
transitions to an inertinitic chemical and textural state as a
consequence of ‘organic metamorphism’ during advanced
thermal maturation (Mastalerz et al. 1993; García-González
et al. 1997; Hower et al. 1998).

Of the relatively small amount of vitrinite cleating present, the
potential for conventional CSG reservoir-like cleat permeability
is interpreted to have been largely eliminated by depth,
temperature and time, the face and butt cleat apertures being
mostly cemented with authigenic siderite and kaolinite or closed
by high initial reservoir confining stress.

Inertinite (or more specifically, the sub-macerals semifusinite
and inertodetrinite) dominates the coal matrix volume (Hunt
and Smyth 1989). This gives Cooper Basin coal seams their

characteristic dull, massive appearance. Master joints are present
rather than fine-scale cleats. Master joints form on a larger scale,
with wider spacing than vitrinite cleats, and extend across
multiple inertinite and vitrinite bands, similar to those in the
Bowen Basin described by Dawson and Esterlé (2010).

In contrast tomicro-porous vitrinite, inertinitematrix contains
meso- and macro-porosity (pores 2–50 nanometres and greater
than 50 nanometres in diameter respectively). This creates
significant free gas storage capacity, somewhat analogous to
the organic matrix porosity of shale reservoirs. Inertinitic
phyteral matrix porosity may be clearly seen under scanning
electron microscopy (SEM) in the form of preserved cell lumens
(Fig. 6).

Remnant apertures associated with all maceral types may be
occluded to various degrees by authigenic siderite, kaolinite and
various forms of residual oil (Santos Limited 2010).

The dominance of the inertinite coal maceral is interpreted to
strongly influence the CBDCG Play concept, reservoir rock
properties and gas flow capacity.

Porosity – matrix

Large uncertainty exists in themeasurement of coalmatrix porosity.
Different laboratory testing procedures yield significantly
different results. For example, the use of solvents such as
toluene during sample processing is interpreted to alter coal
matrix character, most likely leading to matrix porosity
overestimation. It is beyond the scope of this paper to describe
or resolve the complex issue. From a practical, conceptual
perspective, CBDCG matrix porosity is reasonably interpreted
from the data to be broadly comparable to shale reservoirs and
capable of storing significant amounts of free gas.

Table 2 summarises the Cooper Basin coal matrix total
porosity measurements provided by all available open file full-
hole core analysis reports.

Porosity – fabric

The initial, in situ coal fabric porosity of CBDCG reservoirs has
not yet been reliably quantified. Until such time as this occurs,

Fig. 6. Inertinite under scanning electron microscopy (SEM), showing
abundant open phyteral matrix meso- and macro-porosity. In some areas,
this may become variably occluded by authigenic siderite, kaolinite and
various forms of residual oil (Santos Limited 2009a).
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coal fabric porosity is reasonably interpreted to be insignificant,
thereby playing a minor role in free gas storage. The stress-
sensitive coal fabric apertures within the relatively ductile
coal matrix are likely to be mostly cemented with authigenic
siderite and kaolinite or closed by high initial reservoir confining
stress. Nevertheless, as previously discussed, coal fabric porosity
sweet spots cannot be discounted.

Permeability – matrix

As for coal matrix porosity, large uncertainty exists in the
measurement of coal matrix permeability, owing to the
possibility that coal organic matter may be altered by the testing
procedure, particularlywhen solvents such as toluene are involved.
Matrix permeability may be enhanced. It is beyond the scope of
this paper to describe or resolve the complex issue. From a
practical, conceptual perspective, CBDCG matrix permeability
is reasonably interpreted from the data to be broadly comparable
to shale reservoirs, for whichmatrix permeability ismeasured on a

nanoDarcy scale. Asaconsequence,CBDCGreservoirs, like shale
reservoirs, are interpreted to be incapable of significant freeflowof
gas into a wellbore until subjected to some form of reservoir
stimulation treatment.

Table 3 summarises the Cooper Basin coal matrix absolute
permeabilitymeasurements providedbyall available openfile full-
hole core analysis reports.

Permeability – fabric

The initial, in situ coal fabric permeability of CBDCG reservoirs
is interpreted to be insignificant compared to conventional CSG
reservoirs and other reservoirs reliant upon fracture apertures to
produce gas at commercial rates. The stress-sensitive coal fabric
apertures within the relatively ductile coal matrix are likely to
be mostly cemented with authigenic siderite and kaolinite or
closed by high initial reservoir confining stress. Nevertheless, as
previously discussed, coal fabric permeability sweet spots cannot
be discounted.

Table 2. Summary of post-2007 Cooper Basin coal matrix total porosity measurements (%) from full-hole core

Well Core Minimum Average Maximum Laboratory Test procedure

Bindah 3 Yes 6.4 7.7 9.4 TerraTek Dry helium – TRA retort

Bobs Well 2 Yes 5.1 6.3 7.8 Weatherford Dry helium – SRP modified Dean Stark

Dartmoor 1 Yes – – – – No coal matrix porosity measurements

Davenport 1 Yes – – – – No coal matrix porosity measurements

Dorodillo 2 Yes – – – – No coal matrix porosity measurements

Forge 1 Yes – – – – No coal matrix porosity measurements

Gaschnitz 4 Yes ? ? ? ? ?

Kirralee 2 Yes 3.9 5.0 6.7 TerraTek Dry helium – TRA retort

Klebb 1 No – – – – –

Klebb 2 No – – – – –

Klebb 3 No – – – – –

Klebb 4 No – – – – Not released

Le Chiffre 1 Yes 13.7 22.2 25.9 Weatherford Dry helium – SRP modified Dean Stark

Marsden 1 Yes – – – Weatherford No coal matrix porosity measurements

Moomba 77 No – – – – –

Nockatunga North 1 Yes 9.1 11.2 12.7 Weatherford Dry helium – SRP modified Dean Stark

Paning 2 Yes – – – – No coal matrix porosity measurements

Roswell 1 Yes 5.1 7.0 8.0 Weatherford Dry helium – SRP modified Dean Stark

Silver Star 1 TBA – – – – –

Tindilpie 11 Yes 6.3 6.3 6.3 Weatherford Dry helium – SRP modified Dean Stark

Tindilpie 12 Yes 1.8 5.3 8.5 Weatherford Dry helium – SRP modified Dean Stark

Tirrawarra 76 Yes – – – – No coal core recovered

Tirrawarra South 1 No – – – – –

Vintage Crop 1 Yes – – – Weatherford No coal matrix porosity measurements

Washington 1 Yes – – – – Not released
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Source rock properties

The terrestrial organic matter associated with Cooper Basin coal
seams is classified as being gas-prone Type III kerogen (Tissot
et al. 1974).

The original Hydrocarbon Index (HI), i.e. the generation
potential prior to the commencement of thermogenesis, may
approach 500 mg HC/g TOC (Hall et al. 2016b).

The most recent characterisation of Cooper Basin coal source
rock properties is provided by Mahlstedt et al. (2015), Hall et al.
(2016a) and Hall et al. (2016b).

Some key findings (see Fig. 7) are as follows:

1. Most hydrocarbons are generated over the temperature range
125 to 200�C (257 to 392�F). This is equivalent to a VRo
range of 0.5 to 2.0%.

2. A late-stage gas generation phase (50 mg/g of TOC) exists
from 200 to 250�C (392 to 482�F). This is equivalent to a
VRo range of 2.0 to 3.5%.

3. Significant potential exists for the generation of gas liquids.

Gas content

Mudlog total gas readings and the canister gas desorption of
full-hole core acquired in a variety of Cooper Basin geological
settings indicate high variability in total gas content over thewide
depth and thermal maturity spectrum of coal seams. Endmember
gas content examples quantified by canister gas desorption to date
include:

1. Highly gas-undersaturated coal in the Epsilon Formation of
Nockatunga North 1, at ~30 scf/short ton (0.9 cc/g) on a raw
basis (Santos Limited 2010). Depth and thermal maturity are
~4750 feet (1450 m) and 0.8% VRo respectively.

2. Highly gas-oversaturated coal in the Toolachee Formation of
Paning 2, in excess of 1000 scf/short ton (31.2 cc/g) on a raw
basis (Senex Energy Limited 2013b). Depth and thermal
maturity are~9450 feet (2880m)and1.1%VRorespectively.

Cooper Basin deep coal seams may be gas-undersaturated
with respect to their monolayer adsorption capacity (VL), and

Table 3. Summary of post-2007 Cooper Basin coal matrix absolute permeability measurements (nD) from full-hole core

Well Core Minimum Average Maximum Laboratory Test procedure

Bindah 3 Yes 415 503 591 TerraTek Pressure decay

Bobs Well 2 Yes 20 26 49 Weatherford Pressure decay

Dartmoor 1 Yes – – – – No coal matrix permeability measurements

Davenport 1 Yes – – – – No coal matrix permeability measurements

Dorodillo 2 Yes – – – – No coal matrix permeability measurements

Forge 1 Yes – – – – No coal matrix permeability measurements

Gaschnitz 4 Yes ? ? ? ? ?

Kirralee 2 Yes 315 377 455 TerraTek Pressure decay

Klebb 1 No – – – – –

Klebb 2 No – – – – –

Klebb 3 No – – – – –

Klebb 4 No – – – – Not released

Le Chiffre 1 Yes 59 510 827 Weatherford Pressure decay

Marsden 1 Yes – – – Weatherford No coal matrix permeability measurements

Moomba 77 No – – – – –

Nockatunga North 1 Yes 124 278 488 Weatherford Pressure decay

Paning 2 Yes – – – – No coal matrix permeability measurements

Roswell 1 Yes 5 18 32 Weatherford Pressure decay

Silver Star 1 TBA – –

Tindilpie 11 Yes 157 157 157 Weatherford Pressure decay

Tindilpie 12 Yes 2 16 35 Weatherford Pressure decay

Tirrawarra 76 Yes – – – – No coal core recovered

Tirrawarra South 1 No – – – – –

Vintage Crop 1 Yes – – – Weatherford No coal matrix permeability measurements

Washington 1 Yes – – – – Not released
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therefore commercially non-prospective, in the following
situations:

1. In geological settings of low thermal maturity, where
thermogenic gas generation has been low and residual
biogenic gas content is insufficient for saturation.

2. In geological settings where the coal seams contain residual
oil, resulting in suppression of adsorbed and free gas content
(Levine 1987, 1991, 1992).

3. In geological settings where the Permian coal seams are
proximal to active freshwater aquifers in the overlying
Jurassic-Cretaceous Great Artesian Basin (Eromanga
Basin) and gas has been lost to solution in these aquifers
(Dunlop et al. 1992).

Cooper Basin deep coal seams may be gas-oversaturated
with respect to their monolayer adsorption capacity (VL), and
therefore commercially prospective, if they exist within:

1. Unconventional, pervasively gas-oversaturated BCG type
settings.

2. Conventional, structurally- or stratigraphically-trapped gas
accumulations.

3. Water-saturated environments outside conventional
hydrocarbon accumulations, provided the formation water
is fully-saturated with dissolved hydrocarbon gases, so gas is
not lost to solution.

4. Water-saturated environments outside conventional
hydrocarbon accumulations, where the formation water is
under-saturated with respect to dissolved hydrocarbon gas
but the coal seams are generating gas more rapidly than it is
lost to solution.

In principle, free gas in coal matrix porosity and remnant coal
fabric apertures will only occur when the coal matrix is gas-
oversaturated with respect to its maximummonolayer adsorption
capacity (VL).

For those CBDCG reservoirs existing within a gas-
oversaturated environment, full-hole core desorption and
adsorption testing suggests the free gas component of total
reservoir gas content has the potential to be comparable to or

Fig. 7. Cooper Basin source rock transformation ratio curves (top) and generation rate curves (bottom). Note the late gas generation peak (red curve)
(Mahlstedt et al. 2015).
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greater than the adsorbed component. The bulk of the free gas
phase is interpreted to exist within the inertinite matrix meso-
and macro-porosity previously discussed. At low reservoir
pressures, adsorbed gas is likely to dominate. Monolayer
adsorption capacity is limited to the pressure at which VL is
attained. Beyond that, free gas content continues to increase
linearly with increasing pressure (i.e. depth) in accordance
with Boyle's Law and may eventually dominate. That is
unless some other form of high pressure gas storage
mechanism is involved, such as multi-layer adsorption or
capillary condensation (Evans et al. 1986; Tuller et al. 1999).

At extreme depth and temperature, both adsorbed and free
gas capacity are likely to become attenuated. High temperature
reduces maximum adsorption capacity (Gaschnitz 1997;
Gaschnitz et al. 1997; Hildenbrand et al. 2006). Compaction,
diagenesis and graphitisation reduce the amount of phyteral
matrix porosity and therefore the in situ void space available
for free gas storage. In general, like shale gas reservoirs, the
contribution of free gas is favoured over adsorbed gas at extreme
depth, pressure and temperature.

The authors’ view is that the true nature of gas adsorption in
CBDCGreservoirs remains to be characterised. There is currently
uncertainty as to whether multi-layer adsorption or capillary
condensation may play a role in gas storage at high reservoir
pressures (which may exceed 9000 psi/62.0 MPa in the
Nappamerri Trough). Extensive near-liquid density gas storage
may be occurring at the expense of free gas storage sensu stricto.
Potential evidence for this is found in recent high pressure
adsorption isotherm testing, where unexpectedly high adsorbed
gas contents were recorded, which departed significantly from
the Langmuir Isothermmodel (Santos Limited 2013). Key results
from this testing are as follows:

1. At a pressure of 3915 psia (27.0 MPa) and a temperature of
122�F (50�C), adsorbed gas content was 1250 scf/short ton
(39.0 cc/g) on a raw basis.

2. At a pressure of 3915 psia (27.0 MPa) and a temperature of
302�F (150�C), adsorbed gas content was 865 scf/short ton
(27.0 cc/g) on a raw basis. On a dry, ash free basis this is 903
scf/short ton (28.2 cc/g).

Notably, full adsorption capacity had not yet been reached
when these experiments were curtailed after 70 days, owing to
slow equilibrium time.

Gas composition

Gas composition varies considerably according to thermal
maturity. Unlike conventional CSG reservoirs, which generally
contain mainly biogenic methane, CBDCG reservoirs, like
thermogenic shale reservoirs, have considerable potential for
ethane, propane, butane and condensate (pentane+). There
may also be significant quantities of carbon dioxide.

The CBDCG Play has significant gas liquids potential in
certain areas of the Cooper Basin and may be subdivided into
wet and dry gas provinces, potentially requiring slightly different
technological approaches.

CBDCG reservoirs may have a residual biogenic component
originating from when the coal resided in the shallow,

conventional CSG reservoir realm. It is interpreted, based on
stable isotope analysis (Santos Limited 2010; Strike Energy
Limited 2010) that any prior biogenic gas has been mostly
purged from the coal matrix adsorption sites and free gas
storage voids by later thermogenic oil and gas expulsion.

Owing to their high gas adsorption affinity, CBDCG
reservoirs may accumulate gas from extraneous sources, acting
as ‘molecular sponges’. This may influence gas composition.
An example exists in the Gunnedah Basin of New South Wales,
Australia, where conventional CSG reservoirs located near
igneous intrusions, have elevated carbon dioxide content, this
being adsorbed from the surrounding rocks (Faiz and Hutton
1992; Bocking and Weber 1993; Gurba and Weber 2001;
Salmachi et al. 2016).

Water content

Commercially prospective CBDCG reservoirs should contain no
significant mobile formation water.

The absence of mobile formation water within the CBDCG
Play area is considered likely for the following reasons:

1. Thermogenic expulsion of limited oil, and later large
volumes of gas from these gas-prone Type III terrestrial
source rocks, is interpreted to have purged most of the
initial coal seam connate water into the surrounding
sandstones, thereby creating a gas-filled, hydrophobic (oil-
and gas-wet) pore system within the coal.

2. At the depth at which commercially prospective CBDCG
reservoirs are interpreted to occur, coal fabric apertures are
likely to be mostly cemented with authigenic siderite and
kaolinite or closed by high initial reservoir confining stress.
As a consequence, there is little or no coal fabric void space
remaining to store significant volumes of mobile formation
water.

3. Coal matrix permeability is measured on the nanoDarcy
scale. Significant mobile formation water contribution may
be discounted from this source, on the basis that meaningful
Darcyflowofwater is unlikely tooccur throughapore system
having such extremely low permeability, particularly when
the relative permeability to water during two-phase flow is
taken into account.

DehydratedCooper Basin deep coal seams,which are isolated
frompotentialmobile formationwater zones,may be found in the
following geological settings:

1. Within BCG accumulations, below ~9000 feet (2750 m),
where all lithologies are mostly pervasively gas-
oversaturated and typically of very low matrix permeability
(less than 0.1 mD).
– It should be recognised that stranded formation water

intervals are known to exist in BCG accumulations, so
the risk of mobile formation water cannot be completely
eliminated. Stranded formation water cannot be purged
by gas expulsion because it exists within a hydraulically
isolated compartment, for example sealed by shale.

2. Outside BCG accumulations, in the normal hydrodynamic
regime, where thermally mature coal seams are encased in
thick siltstone, shale or tight sandstone layers.
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3. Within conventional, structurally- or stratigraphically-
trapped gas accumulations, where the surrounding
lithologies are likely to be mostly gas-oversaturated.
– Within a gas field, it is likely that CBDCG reservoir

stimulation treatments may safely contact or even
penetrate surrounding permeable sandstones, potentially
leading to gas being produced from not only the CBDCG
reservoir but also from the conventional reservoirs.

CBDCG reservoir stimulation trials to date have generally
resulted in gas flows without associated formation water (Santos
Limited 2008b; Senex Energy Limited 2013a) because they have
been conducted within conventional gas accumulations. Only
one dedicated CBDCG hydraulic fracture stimulation trial has
been identified outside gas-filled structural closure, this being at
Washington 1 in the northern Patchawarra Trough.Washington 1
is the first CBDCG well identified, which definitively tests the
full-cycle, standalone Play sensu stricto. It has not yet been
publicly disclosed whether formation water was recovered,
either directly from the coal or indirectly from the surrounding
sandstones.

Gas flow capacity – matrix

The matrix permeability of shale and coal are both measured on
the nanoDarcy scale. To achieve a commercial gas flow rate into
awellbore, massive fracture network surface areamust be created
by some form of reservoir stimulation treatment. Optimally
stimulated shale gas reservoirs are capable of very high
production rates. In 2015, a 3221 foot (980 m) horizontal well
in the Utica Shale of Pennsylvania, USA, having 18 hydraulic
fracture stimulation stages, is reported to have flowed gas at an
initial rateof72.9 MMCFD(EQTCorporation2015).This iswell
in excess of the gas flow rates achieved from most conventional
reservoirs. On this basis, it is insightful to consider the optimally
stimulated gas flow capacity of CBDCG reservoirs, when
CBDCG reservoirs are interpreted to have comparable matrix
porosity and permeability.

The reservoir quality and associated flow capacity of shale
reservoirs is strongly influenced by the amount of interconnected
primary and secondary matrix porosity/permeability associated
with organic matter and pyrobitumen. This is clearly identified
by SEM-imaging of Focused Ion Beam (FIB) ablated samples
(Loucks et al. 2009; Wang and Reed 2009). The higher the
total organic carbon (TOC) and thermal maturity, the higher is
the inherent matrix flow capacity. Cooper Basin coal seams are
similarly interpreted to have high inherent matrix gas flow
capacity, owing to the presence of abundant inertinite matrix
porosity/permeability (Fig. 6). This is interpreted to provide an
interconnected meso- and macro-porous organic network, which
optimises gas transport through the coal matrix. Also analogous
to shale reservoir behaviour, the interconnected organic matrix
porosity of CBDCG reservoirs is interpreted to increase with
thermal maturity as secondary organic matrix porosity develops
in the dry gas window beyond a thermal maturity of ~1.2% VRo.
As for shale reservoirs, the formation of porous and permeable
pyrobitumen from residual oil may play a role in providing not
only secondary free gas storage capacity but also additional
matrix gas flow capacity (Bernard et al. 2012; Curtis et al. 2012).

Also enhancing the matrix gas flow capacity of commercially
prospective CBDCG reservoirs is their dehydrated nature.
Thermogenic expulsion of limited oil, and later large volumes
of gas, is interpreted to have purged most of the initial coal seam
connate water into the surrounding sandstones. This creates a
hydrophobic (oil- and gas-wet) CBDCG reservoir pore system
having a high imbibition pore entry threshold to aqueous fluids.
Hydrophobic pore systems are more difficult to invade with
aqueous fluids than hydrophilic (water-wet) pore systems.
CBDCG reservoirs are therefore interpreted to have optimum
relative permeability to hydrocarbons and a high resistance to
aqueous drilling, wellbore completion and hydraulic fracture
stimulation-induced fluid damage. Empirical evidence for this
lies in the fact that the long-term presence of initial mobile
formation water in the cleat network of conventional CSG
reservoirs does not appear to have a significant negative
impact on ultimate gas deliverability after reservoir de-watering.

During laboratory canister gas desorption tests of Cooper
Basin deep coal full-hole core to constant atmospheric
pressure drawdown, most of the core’s total gas content is
typically liberated in several days (Fig. 8). In contrast, weeks
to months are generally required to desorb gas from cores
acquired in vitrinite-rich, matrix micro-porosity dominated
conventional CSG reservoirs. In most cases, vitrinite-rich,
initially gas-undersaturated conventional CSG reservoirs store
mainly adsorbed gas. Slow diffusion within the micro-porous
coal matrix results in a slow gas desorption rate.

The high rate of gas liberation during CBDCG full-hole core
desorption compared to conventional CSG reservoirs may be a
consequence of the following factors:

1. The dominance of the meso-, macro-porous inertinite
maceral (Crosdale et al. 1998).

2. The presence of a free gas phase. For a given mass transport
mechanism, free gas has higher mobility than adsorbed gas.

3. Possible limited Darcy flow contribution within the
interconnected organic pore network. Darcy flow is much
faster than diffusion.

4. Coal fabric dilation caused by reservoir confining stress
reduction associated with core transfer to surface. This
may create higher coal fabric permeability and surface
area for gas desorption.

5. Coal fabric dilation caused by desorption-induced coal matrix
shrinkage. Thismay create higher coal fabric permeability and
surface area for gas desorption.

6. The very high pressure differential resulting from exposure
of the high pressure core to atmosphere, whichmay result in:
– Higher gas flux (i.e. Darcy’s law).
– Micro-fracturing of the core, analogous to the pressure/

stress induced ‘outbursts’ experienced in underground
coal mines.

Inertinite-rich CBDCG reservoirs may be classified as ‘Fast
Coal’ (high inherent gas flow capacity). In contrast, vitrinite-rich
conventional CSG reservoirs may be classified as ‘Slow Coal’
(low inherent gas flow capacity).

Significantly, no body of evidence has been identified, which
indicates commercial shale gas canister gas desorptions to be as
rapid as CBDCG reservoirs.
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The combination of higher total gas content, reservoir
overpressure and more rapid canister gas desorption rate of
CBDCG reservoirs, compared to both conventional CSG
reservoirs and shale gas reservoirs, suggests high gas flow rates
may be achievable from CBDCG reservoirs using appropriate
CBDCG-specific drilling, wellbore completion, reservoir
stimulation, post-stimulation flowback and production practices.

Gas flow capacity – fabric

Similar to shale reservoirs, the initial, pre-stimulation gas flow
capacity of CBDCG reservoir fabric is, in most cases, interpreted
to be very low.

Owing to the extreme depth and high initial confining stress
of commercially prospective CBDCG reservoirs, remnant coal
fabric apertures within the relatively ductile coal matrix are likely
to have minimal permeability, as a consequence of being mostly
cemented with authigenic siderite and kaolinite or closed by
high initial reservoir confining stress. Nevertheless, abundant,
multiple-orientation planes of weakness remain as preferential
sites for future reactivation by a variety of potential reservoir
stimulation techniques and subsequent dilation by desorption-
induced coal matrix shrinkage.

Identifying a mechanism for pervasively reactivating
(‘shattering’) the mostly cemented or closed CBDCG reservoir
fabric is considered to be the single most important task to be
performed before full-cycle, standalone commercial CBDCG
production can be achieved.

Geomechanical properties

There is a strong contrast between coal reservoir and shale
reservoir geomechanical properties. Commercially prospective

shale reservoirs are brittle. All coal reservoirs, regardless of their
rank and geological setting, are relatively ductile in comparison.

The laboratory-scale geomechanical properties of coal are
modulated, on a larger scale, by the coal seam’s fabric. Small-
scale, uniform coal matrix blocks, between the coal fabric planes
of weakness, may have significantly different geomechanical
properties to the coal seam as a whole. Young’s Modulus
and Poisson’s Ratio, being the key geomechanical parameters
used for assessing ductility, are significantly affected by the scale
of measurement. The larger the scale, the more ductile is the
behaviour of the coal seam compared to small-scale laboratory
measurements.

The concept of rock brittleness combines two fundamental
geomechanical parameters applicable to all solid materials,
Young’s Modulus and Poisson’s Ratio (Rickman et al. 2008).

Young’s Modulus (E) is a measure of the stiffness, tensile
elasticity or deformability of a solid material. It is defined as
the ratio of tensile stress (force per unit area) to tensile strain (the
resultant deformation). A material with low Young’s Modulus
(for example rubber) bends easily in response to applied tensile
stress, deforming rather than breaking. A material with high
Young’s Modulus (for example glass) is less compliant (unless
in the form of high aspect ratio fibres, which again highlights the
scale modulation effect). Instead, glass breaks or ‘shatters’
suddenly when applied tensile stress becomes too high.

Poisson’s Ratio (n) is a measure of the ability of a solid
material to deform in the direction perpendicular to an applied
stress. It is defined as the ratio of transverse contraction strain to
longitudinal extension strain in the direction of extensional force.
Tensile deformation is defined as ‘positive’ and compressive
deformation is defined as ‘negative’. For most materials, if the
material is stretched along one axis, it contracts perpendicular

Fig. 8. Veryhighcanister gasdesorption rate fromahighgas content full-hole core acquired in aCooperBasindeepcoal seam.Mostof thegas content is liberated
in several days. Total gas content from this test is reported to be 1042 scf/short ton (32.5 cc/g) on a raw basis. Note the large lost gas (Q1) correction, amounting
to 69% of the interpreted total gas content (Senex Energy Limited 2013b).
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to the direction of stretching. Conversely, if the material is
compressed along one axis, it expands perpendicular to the
direction of compression.

Before discussing the relevance of Young’s Modulus and
Poisson’s Ratio to CBDCG reservoirs, their application to shale
reservoirs is first considered.

Brittleness is of critical importance to the shale reservoir
stimulation paradigm for two reasons:

1. Poisson’s Ratio determines how easily, and inwhat form, the
shale fails under the applied stress associated with hydraulic
fracture stimulation treatments.

2. Young’s Modulus determines how resistant the created
fracture is to deformational healing over time.

The ‘brittleness factor’ enables both of these fundamental
geomechanical rock properties controlling induced fracture
behaviour to be simultaneously applied to the task of
screening commercially prospective unconventional reservoirs
for their ‘fraccability’.

The brittleness of commercially prospective shale reservoirs
means they may be effectively ‘shattered’ by high injection rate,
slick-water hydraulic fracture stimulation treatments to generate
complex, very high surface area fracture networks. High surface
area is a prerequisite for achieving a commercial gas flow.

Fig. 9 demonstrates the laboratory-scale contrast in
geomechanical character between a CBDCG reservoir (Santos
Limited 2013) and a brittle shale reservoir that can be very
effectively fracture-stimulated on a massive scale, the well
known Barnett Shale of Texas, USA. By cross-plotting
Young's Modulus and Poisson's Ratio, a demarcation between
brittle and ductile reservoir is defined. The superimposed Cooper
Basin deep coal data clearly plot in the ductile zone. Lack of
brittleness sets CBDCG reservoirs apart from commercial shale
reservoirs.

The relative ductility of CBDCG reservoirs compared to
commercially prospective shale reservoirs means they do not
satisfy the basic shale reservoir brittleness screening criterion.
Indeed,many shales do not pass the ‘brittleness test’, for example
if clay content is too high. It is therefore considered unlikely
that sufficient ‘shattering’ can be achieved in a CBDCG reservoir
exposed to high initial reservoir confining stress using
existing shale reservoir stimulation technology. The relative
ductility of CBDCG reservoirs should, under the shale reservoir
stimulation paradigm, preclude the generation of large, complex,
permeable fracture networks, resulting in sub-commercial gasflow
rate and ultimate recovery. As a consequence, the application of
best practice shale hydraulic fracture stimulation technology, or
variations thereof, isconsidered likely togenerate relativelysimple,
planar fracture geometries having low surface area with respect to
the volume of fluid injected.

The mineralogy of shale reservoirs has a strong impact on
brittleness and therefore their ‘fraccability’ (Jarvie et al. 2007;
Rickman et al. 2008; Guo et al. 2013). High silica and low clay is
the optimumcomposition. Similar to theCooperBasinRoseneath
Shale and Murteree Shale (Fig. 2), CBDCG reservoirs contain
laminations and lenses of siderite, a variety of iron carbonate
(FeCO3). Variations in siderite content may influence brittleness,
which could in turn lead to variability in hydraulic fracture
stimulation effectiveness. At this early stage of CBDCG Play
appraisal, no reports of this occurring have been identified.

World reservoir analogues

When reviewing the literature for CBDCG reservoir analogues,
it becomes apparent that marginal conventional CSG reservoirs
approaching or exceeding the absolute maximum commercial
permeability depth limit at ~6000 feet (1830m) are often referred
to as ‘deep coal reservoirs’ (Cui and Bustin 2005). Findings

Fig. 9. Brittleness comparison between a Cooper Basin deep coal seam (Santos Limited 2013) and the Barnett Shale (Rickman et al. 2008). Cooper Basin
deep coal seams are relatively more ductile than commercial shale reservoirs and fail the ‘brittleness test’ for shale reservoir stimulation practices.
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therein may be misleading if applied to the Cooper Basin, where
commercially prospective CBDCG reservoirs exist at depths
exceeding ~9000 feet (2750 m) and a different play concept
prevails.

Technical and commercial evaluation of CBDCG reservoirs,
when based on conventional CSG reservoir geotechnical
and engineering assumptions, results in a negative outcome.
Before evaluation, it is necessary to clearly recognise the
differences between the two reservoir types. This will not only
lead to a different assessment but also have major full-cycle
implications for the subsequent application of drilling,
wellbore completion, reservoir stimulation, post-stimulation
flowback and production practices. The specialised practices
developed for conventional CSG reservoirs are likely to fail
when applied to CBDCG reservoirs. For example, in the same
way as the principles of conventional Darcy flow reservoirs are
misleading and opportunity limiting when applied to shale
reservoirs, the geotechnical and engineering assumptions for
conventional CSG reservoirs are interpreted to be potentially
misleading and opportunity limiting when applied to CBDCG
reservoirs. This is particularly relevant to mathematical reservoir
modelling and simulation, upon which major commercial
decisions are often based. A valid set of geotechnical and
engineering input assumptions, supported by empirical data, is
essential for achieving a realistic outcome.

A suitable world reservoir analogue has not yet been
identified to serve as a guide for understanding CBDCG
reservoirs. This justifies the adoption of a first principles
approach to the development of reservoir stimulation technologies
and reservoir models and simulations.

Given the absence of a reservoir analogue, it is insightful
to compare and contrast CBDCG reservoirs with the two
distinctly different unconventional reservoir types with which
CBDCG reservoirs share mutually exclusive characteristics –

conventional CSG reservoirs and shale reservoirs. This may
lead to an appreciation of the paradigm shift in completion
engineering that will be required for successful CBDCG
reservoir appraisal.

Comparison with conventional CSG reservoirs

CBDCG reservoirs are interpreted to differ from the conventional
shallow, permeable, vitrinite-rich, well cleated, typically gas-
undersaturated CSG reservoir stereotype in the following
respects:

1. Greater depth, far below the absolute maximum commercial
permeability depth limit for conventional CSG reservoirs.

2. Higher initial reservoir confining stress.
3. Higher temperature.
4. No commercially significant natural flow capacity.
5. No significant pre-existing open, pervasively permeable

vitrinite cleat, inertinite master joint or other coal fabric
permeability.
– Such features exist but their apertures are interpreted to

be mostly cemented with authigenic siderite and
kaolinite or closed by high initial reservoir confining
stress.Nevertheless, thepotential for isolated,commercially
significant coal fabric porosity and permeability sweet
spots cannot be discounted.

6. Similar to shale reservoirs, the CBDCG reservoir concept
is based on the requirement for massively reactivating
a mostly cemented or closed fabric aperture network,
manifesting itself as fine-scale planes of weakness.
– TheCBDCGPlay is a ‘technologyplay’.Gas is unlikely

to flow into a wellbore in commercial quantities until a
large, very high surface area, permeable fracture system
is artificially created by some form of large-scale
reservoir stimulation treatment.

7. Higher matrix porosity and permeability.
– CBDCG reservoirs are dominated by a meso- and

macro-porous inertinite-rich matrix. Conventional
CSG reservoirs are dominated by a micro-porous
vitrinite-rich matrix.

8. A triple porosity system exists, with gas stored in the form
of:
– Adsorbed gas in coal matrix micro-porosity.
– Free gas in coal matrix meso- and macro-porosity.
– Free gas in any remnant, very low permeability, cleat or

other coal fabric apertures that have not yet been
cemented or closed by high reservoir confining stress.

9. Dominated by thermogenic rather than biogenic gas.
10. The presence of hydrocarbon gas species other than

methane, such as ethane, propane, butane and condensate
(pentane+).

11. Gas-oversaturated.
– Some ‘unconventional’ CSG fields may also be gas-

oversaturated. An example is the Scotia Field in the
Bowen Basin, where fractured coal seams lie within the
gas cap of an anticlinal closure.

12. Overpressured.
13. Disconnected from the hydrodynamic pressure regime.
14. Higher total gas content, primarily as a result of

oversaturation leading to incremental free gas stored in
the meso- and macro-porous inertinite-rich matrix.
– Free gas storage may be comparable to, or greater than

adsorbed gas storage. Total gas content is generallywell
in excess of conventional CSG reservoirs, which are
typically variably gas-undersaturated with respect to,
and limited by, their maximum monolayer adsorption
capacity (VL).

15. Owing to the high reservoir pressure, multi-layer
adsorption and capillary condensation may occur within
the matrix pore space, potentially resulting in anomalously
high adsorption capacity, in excess of the monolayer
adsorption capacity (VL).

16. Dehydrated.
– No significant mobile formation water is present in

either the coal matrix or any remnant vitrinite cleat,
inertinite master joint or other coal fabric apertures that
have not yet been cemented or closed by high reservoir
confining stress.

17. No reservoir de-watering is required to establish or
maintain gas production.
– Areas of the Cooper Basin where coal seams contain, or

are surrounded by mobile formation water are not
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considered to form part of the CBDCG Play sensu
stricto.

18. A postulated near-constant stratal reservoir boundary
condition during gas production.
– Near-zero uniaxial vertical strain.
– Near-zero radial strain.
– Decreasing reservoir confining stress despite increasing

effective stress.

CBDCG reservoirs and conventional CSG reservoirs are
interpreted to share the following fundamental characteristics:

1. The capacity to store a significant volume of gas by
adsorption.

2. The capacity for desorption-induced coal matrix shrinkage
during gas production.

3. The capacity for dynamic coal fabric permeability during gas
production.

4. Similar inherent geomechanical properties. Coal is relatively
ductile compared to the surrounding rocks, regardless of its
rank and geological setting.

5. The high sensitivity of abundant, complex, fine-scale coal
fabric apertures to reservoir confining stress.

Comparison with shale reservoirs

From a reservoir rock property, geological setting, gas
deliverability and production technology perspective, CBDCG
reservoirs, despite the obvious lithological distinction, are
interpreted to more closely resemble shale gas reservoirs
than conventional CSG reservoirs. Nevertheless, in terms of
developing an optimal reservoir stimulation technology, there
are some very important differences:

1. Commercially prospective shale reservoirs are brittle.
CBDCG reservoirs are relatively ductile in comparison.

2. Shale reservoirs have insignificant capacity for desorption-
induced matrix shrinkage during gas production.

3. Shale reservoirs have insignificant capacity for fabric
permeability increase during gas production.

4. Shale reservoirs are less sensitive to reservoir confining
stress.

Otherwise, the CBDCG reservoir characteristics previously
contrasted with conventional CSG reservoirs, may equally apply
to shale reservoirs.

In summary, CBDCG reservoirs are interpreted to behave in
a manner comparable to a ‘ductile shale reservoir’ but with the
capacity to shrink during gas production and for the coal fabric to
potentially increase in permeability if the coal seam does not
compact, on a production time scale, in response to increasing
production-induced effective stress.

Closest coal reservoir analogue – Piceance Basin,
Mesaverde Group Cameo Coal

The closest known coal reservoir analogue toCBDCG reservoirs,
in terms of stratigraphy and general geological setting, is the
fluvio-deltaic Williams Fork Formation of the Cretaceous
Mesaverde Group in the Piceance Basin of Colorado, USA
(Olsen et al. 2003; Olson 2003). Here, commercial production
from a deep coal gas reservoir has been achieved from vitrinite-

rich coal seams within several anticlinal closures. At the White
RiverDomeField, commercial deepcoal gas reservoir production
extends to almost 9000 feet (2750 m) and, other than the gas
flows achieved from Cooper Basin trials, is the deepest known
worldwide. Deep coal seams are present throughout theWilliams
Fork Formation. The lowermost interval, commonly referred to
as the Cameo Coal zone, contains the greatest number of seams
(typically 6 to 8) and overall net thickness at 11 to 56 feet (3.4
to 17 m), averaging 33 feet (10 m). The Cameo deep coal
seams are high volatile bituminous in rank and span a thermal
maturity range between 0.6 to 0.9% VRo. Fabric permeability
is interpreted to be a combination of cleating and natural
fracturing. Wells are drilled vertically. Most wells have
commingled production from low permeability sandstone and
deep coal. Although initial gas production rates are higher from
the sandstones, ultimate recovery per well is a function of
associated coal thickness and gas content. Permeability of the
deep coal seams is an order of magnitude higher than the
sandstones but both require hydraulic fracture stimulation.
Production logs have indicated flow rates of around
0.15 MMCFD from individual seams. The proportion of gas
production from the deep coal seams versus the sandstones
changes over time. Gas content ranges from 550 to 750 scf/
short ton (17.2 to 23.4 cc/g) on a dry, ash-free basis. In shallower
areas of the Piceance Basin, such as at the Parachute Field, gas
flow rates from the Cameo Coal at 5000 to 6000 feet (1524 to
1829 m) average 0.43 MMCFD.

Cooper Basin Deep Coal Reservoir Database

Existing Cooper Basin dataset

The concept of a CBDCG reservoir did not exist before 2006.
The very large Cooper Basin historical dataset, acquired since the
1950s, therefore contains relatively little information applicable
to the understanding of coal seam reservoirs, particularly in deep
areas of the Basin. This is consistent with the historical
commercial strategy of mainly developing high permeability
sandstone reservoirs.

Since 2007, sophisticated full-hole core acquisition and
analysis programs have been undertaken involving CBDCG
reservoirs. Most recently, laboratory studies have investigated
the multi-component source rock kinetics of Cooper Basin coal
seams (Mahlstedt et al. 2015). Based on the new information,
collaborative regional studies performed by the South Australian
Department of State Development (DSD), the Geological
Survey of Queensland (GSQ), Geoscience Australia (GA) and
the United States Geological Survey (USGS) have documented
the vast gas storage potential of these reservoirs (Hall et al.
2015, 2016a, 2016b; Kuske et al. 2015; Mahlstedt et al. 2015;
Schenk et al. 2016). Nevertheless, the raw dataset used for the
kinetics study, that specifically relates to CBDCG reservoirs, is
limited to less than 20 wells, all of which are located in South
Australia. While the analysis of this limited dataset provides
valuable insight into CBDCG reservoir rock properties, it does
not provide the accurate spatial resolution of resource and
reservoir parameters required for effective play screening and
evaluation campaigns. There is a requirement for somehow
extracting as much CBDCG reservoir-related information as
possible from the large, underutilised historical routine dataset.
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The Geoscience Australia Organic Geochemistry Database,
used for the sophisticated 2015/2016 regional petroleum systems
modelling, contains ~300 coal-specific data points, spread across
~90 (5%) of the total ~1900 Cooper Basin wells penetrating
the Permian coal measures. Of these, ~100 samples (from 25
wells) are located within the most commercially prospective
zone of the CBDCG Play, i.e. deeper than ~9000 feet
(2750 m). This limits model constraint and spatial resolution.
Coal reservoir properties are extrapolated large distances between
well control points. Complex environmental overprints affecting
resource concentration and gas flow capacity are not considered.
Detailed resource estimation and the detection of anomalies
such as gas production sweet spots requires the incorporation
of a direct measurement approach.

The very large historical dataset should be used, if possible,
for characterising the CBDCG Play.

Cooper Basin Deep Coal Reservoir Database description

The Cooper Basin Deep Coal Reservoir Database was initiated
by DSWPet Pty Ltd in 2015, with assistance from the South

Australian Department of Development (DSD), to support
ongoing appraisal of the CBDCG Play in the South Australian
sector of the Cooper Basin. This database, which has recently
been expanded to include the Queensland sector of the Basin,
quantifies reservoir parameters for all target coal seams (i.e.
potential ‘CBDCG reservoirs’) in the Patchawarra, Epsilon,
Daralingie and Toolachee formations greater than 10 feet
(3 m) in thickness. This cut-off is an arbitrary starting point,
not related to reservoir rock properties, which is considered by
the authors to be the minimum coal seam interval qualifying
for some form of reservoir stimulation treatment, as part of a full-
cycle, standalone commercial completion. It is also recognised
that much of the historical electric log dataset has not been
designed to effectively evaluate coal reservoirs. Mudlogs,
which provide a direct measurement of coal character, are
therefore being analysed. To date, ~3750 individual reservoir
intersections are characterised in ~1000 wells (Fig. 10) by 30
parameters. Some parameters relate to resource assessment
and gas production sweet-spot delineation, while others relate
to drilling, wellbore completion, reservoir stimulation and
production optimisation.

Fig. 10. Location of the ~1000 wells in South Australia and Queensland for which ~3750 individual CBDCG reservoir intersections have so far been
characterised (CBDCG Reservoir Database), modified from Carr et al. (2015) in Mahlstedt et al. (2015).
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Objectives of the database are to:

1. Extend the functionality and spatial resolution of the current
CBDCG dataset to support the ongoing CBDCG Play
appraisal program.

2. Increase the spatial resolution of resource estimates – both
areally and vertically.

3. Provide a relatively high resolution screening tool for
identifying commercially prospective acreage, drilling
locations, reservoir stimulation targets and potential gas
production sweet spots.

4. Provide a reality check for existing coal thermalmaturity and
coal hydrocarbon generation models in relation to CBDCG
reservoirs.

The primary data source is the large historical mudlog dataset.
This is supplementedby sparse but very detailed data frommainly
post-2007 full-hole core analysis programs (less than 20 wells
cored), electric logs, composite logs and miscellaneous data
contained in Well Completion Reports. As for mudlogs,
electric logs are routinely acquired in almost every well, so an
attempt is currently being made to derive reservoir parameters
from this data type too. It may be possible to estimate reservoir
total gas content and other reservoir properties using resistivity
readings. Similarly, geomechanical property and stress variability
may be inferred from caliper (i.e. wellbore diameter) readings.

Mudlogs are considered to be the most beneficial data type
because it is possible to extract relatively high resolution reservoir
total gas content and gas compositional information upon which
resource assessments may be based. A proxy for reservoir total
gas content may be generated, which is not compromised by the
variable uncertainty associated with canister desorption lost
gas (Q1) corrections. Some CBDCG reservoir Q1 corrections
may approach 90% of the reported reservoir total gas content
(Beach Energy Limited 2012a, 2012b). Measuring reservoir
total gas content and composition from electric logs is
currently problematic on a routine basis. This is highlighted
by the fact that the most practical method for reservoir total
gas content measurement is still by acquiring some form of
core sample and performing canister desorption analysis. This
is a time consuming, expensive, and uncertain process, which is
impractical to undertake on a routine basis. Less than 20 Cooper
Basin deep coal seams have been tested for reservoir total gas
content in this manner.

Mudlogs have been acquired in almost every well drilled in
the Cooper Basin since the 1950s. One of the most important
functions of themudlog is to semi-quantitatively record, using the
total gas (TG) detector, the amount of gas liberated into the
drilling fluid from the rock being drilled. This means that a
mudlog TG reading has been recorded for the majority of coal
seams intersected in theCooperBasin.While themagnitudeof the
mudlogTGreading is deemedproportional to the total gas content
of the reservoir, it is also influenced by several drilling variables.
Themost significant is the drilling rate-of-penetration (ROP). The
faster the coal seam is drilled, the higher is the concentration of
liberated (desorbed) gas in the circulated drilling fluid returning
to the gas detector at surface. Other variables, such as mud (i.e.
drilling fluid) weight (MW), have a comparatively lesser impact
on coal seam mudlog TG readings. The reason for this relates to
the highly impermeable nature of CBDCG reservoir matrix and

fabric. Drilling through a coal seamwith a pressure-overbalanced
MW will not flush gas back into the coal seam (as may occur
with permeable sandstone reservoirs), thereby suppressing the
mudlog TG reading. Drilling through a coal seam with pressure-
underbalanced MW will not cause significant gas flow from
the coal seam into the wellbore (as may occur with permeable
sandstone reservoirs), thereby inflating the mudlog TG reading.
Instead, only stored gas associated with the cylinder of coal being
drilled is liberated into the drilling fluid. In principle, the mudlog
TG detector records only gas liberated by the action of the drill bit
crushing the coal. A mudlog TG peak recorded over a CBDCG
reservoir interval is therefore analogous to the canister gas
desorption of full-hole core. The wellbore may be considered
as a large ‘desorption canister’. The concentration of gas in the
drilling fluid (TG) leaving the drill bit is proportional to the
reservoir total gas content of the coal seam being drilled. There
is no Q1 correction to be made to the TG reading because the
concentration of all gas liberated by cuttings in the wellbore is
captured by the gas detector at surface.Q1 andmeasured gas (Q2)
are effectively combined as a single measurement (mudlog TG).
Given the very small size of normal coal cuttings (up to several
millimetres in diameter) and the high gas desorption rate of deep
coal full-hole cores tested to date, most of the coal’s total gas
content is likely to be liberated into the drilling fluid before, or
soonafter, it reaches surface.Residual gas (Q3) lost to atmosphere
may therefore be discounted as insignificant. With gas liberation
being mostly complete by the time the drilling fluid reaches the
gas detector, the mudlog TG reading should reflect the reservoir
total gas content of the coal seam.

By normalising mudlog TG readings to constant ROP, it is
possible to rank, in a relative sense, the reservoir total gas contents
of all Cooper Basin coal seams using ROP-normalised mudlog
TG readings as a proxy.

The application of ROP-normalised mudlog TG readings is in
the process of being extended to semi-quantitatively estimate the
actual reservoir total gas content for all Cooper Basin coal seams
for which reliable mudlog TG readings have been recorded. This
may be achieved by plotting ROP-normalised mudlog TG
readings versus the corresponding reservoir total gas content
measured by canister gas desorption in a non-cored part of the
seamor in anequivalent seam inanearbywell. The expectednear-
linear correlation may then be used to estimate the reservoir total
gas content of any CBDCG reservoir from its ROP-normalised
mudlog TG reading. Clearly, given the relatively small number
of Cooper Basin deep coal canister gas desorptions performed
to date and the high uncertainty in Q1 estimation, this approach
is currently unreliable. Nevertheless, in the future, higher quality
reservoir total gas content measurements may become
available to generate a more reliable transform. More accurate
direct measurements for correlating with ROP-normalised
mudlog TG readings include pressure core and various ‘gas
content measurement-while-drilling’ techniques, such as those
developed by Gray et al. (2013) and Dunlop et al. (2014).

In essence, the Cooper Basin Deep Coal Reservoir Database
calibrates ROP-normalised mudlog TG readings to quantitative
reservoir total gas content data, thereby populating target coal
seams inmost Cooper Basinwells with an estimate of their actual
reservoir total gas content. This information may then be input
directly to the resource estimation process.
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For data management purposes, the coal seams of the
stratigraphically adjacent Daralingie and Toolachee formations
are combined to formone entity. They are henceforth collectively
categorised as the ‘Toolachee Formation’. The reason for this is
that, over most of the Cooper Basin, the Daralingie Formation
is thin or absent (due to erosional truncation) and contains
relatively few potential CBDCG reservoirs.

Database parameters are reported on a well, formation and
individual target coal seam basis, as indicated below. Parameters
derived from basic raw data by some form of calculation are
highlighted inbold italic font. The parameter listwill expandover
time as more data are collected.

Well summary parameters

Reportable well-based summary parameters are listed below:

1. Well name and number.
2. Geothermal gradient.
3. Structural province in which the well is located.
4. Total number of discernible coal seams, of any thickness.
5. Total number of target coal seams.
6. Total thickness of target coal seams (feet/metres).
7. Total target coal seam Gas-In-Place (GIP) per section

(square mile).

Formation summary parameters

Reportable formation-based summary parameters are listed
below:

1. Top and base of the formation in Driller’s Depth (feet RT).
2. Top and base of the formation in Logger’s Depth (feet RT).
3. Thickness of the formation (feet).
4. Top and base of the formation in Logger’s Depth (metres

RT).
5. Thickness of the formation (metres).
6. Total number of discernible coal seams, of any thickness.
7. Total number of target coal seams.
8. Total thickness of target coal seams (feet/metres).
9. Total target coal seam Gas-In-Place (GIP) per section

(square mile).
10. Thermal maturity. Vitrinite reflectance (VRo) at the top of

the formation.
11. Thermal maturity. Vitrinite reflectance (VRo) at the base of

the formation.

Individual target coal seam parameters

Reportable parameters currently attributed to every individual
CBDCG reservoir intersection are listed below:

1. Top and base of the target coal seam inDriller’s Depth (feet
RT).

2. Top and base of the target coal seam inLogger’sDepth (feet
RT).

3. Thickness of the target coal seam (feet).
4. Top and base of the target coal seam in Logger’s Depth

(metres RT).
5. Thickness of the target coal seam (metres).
6. Minimum gamma-ray reading.
7. Lithotype of the target coal seam; high,medium or lowGR.

8. Maximum wellbore diameter over the target coal seam
(inches).

9. Maximum deep resistivity over the target coal seam
(ohmm).

10. Lithology immediately overlying the target coal seam.
11. Lithology immediately underlying the target coal seam.
12. Fluid type in the lithology immediately overlying the target

coal seam (gas/oil/water).
13. Fluid type in the lithology immediately underlying the

target coal seam (gas/oil/water).
14. Highest total gas (TG) reading (Units, 1 Unit = 200 ppm).
15. Average total gas (TG) reading (Units, 1 Unit = 200 ppm).
16. Rate-of-penetration (ROP) corresponding to the peak total

gas (TG) reading.
17. Average rate-of-penetration (ROP) over entire target coal

seam.
18. Total gas (TG) reading peak - normalised for constant

rate-of-penetration (ROP).
19. Total gas (TG) readingaveraged -normalised for constant

rate-of-penetration (ROP).
20. Percentage gas chromatograph readings for methane (C1),

ethane (C2), propane (C3), butane (C4) and pentane (C5).
21. Gaswetness ratio calculated from the gas chromatograph

readings.
22. Thermal maturity. Vitrinite reflectance (VRo) for the

target coal seam.
23. Drilling mud weight (MW) in pounds per gallon, while

drilling the target coal seam.
24. Temperature of the target coal seam (�F, �C).
25. Formation pressure of the target coal seam (psi, MPa).
26. The formation pressure gradient of the target coal seam

(psi/foot).
27. Was core acquired? Yes (Y) or No (N).
28. Reservoir total gas content determined from canister

desorption of core on a raw basis (scf/short ton, cc/g).
29. Total target coal seam gas content (scf/short ton, cc/g).
30. Total target coal seam Gas-In-Place (GIP) per section

(square mile).

Key results to date

Data analysis to date has been limited mainly to the South
Australian sector of the Cooper Basin. This has shown that
there is considerable stratigraphic and areal variation in the
thickness, gas content and resource capacity of the CBDCG
Play. Results also support the laboratory findings of Mahlstedt
et al. (2015) and the use of key database parameters such as gas
content derived from mudlog data.

Total target coal seam thickness per well versus depth

The distributions of total target coal seam thickness per well
versus depth for the Patchawarra, Epsilon and Toolachee
formations are shown in Fig. 11.

Fig. 11 shows:

1. The Patchawarra Formation contains the largest thickness of
target coal seams per well.

2. All formations contain target coal seams.
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Total target coal seam thickness per well versus area
(Patchawarra Formation)

The areal distribution of total target coal seam thickness per
well for the Patchawarra Formation is shown in Fig. 12.

Fig. 12 shows:

1. For the Patchawarra Formation in the SouthAustralian sector
of the Cooper Basin, the largest thickness of potential
CBDCG reservoirs per well is present in the Patchawarra
Trough structural province and the Moomba portion of the
Nappamerri Trough structural province. The very thick coal
section present in the Battunga, Milpera and Weena troughs
is not considered part of the CBDCG Play sensu stricto but,
based on the reservoir definition, the very thick coal seams
in this area do qualify as ‘potential CBDCG reservoirs’ from
that perspective.

Target coal seam thermal maturity (VRo) versus depth

The distribution of target coal seam thermal maturity (VRo)
versus depth for two different structural provinces; the Moomba
Field area and the Patchawarra Trough respectively, are shown in
Figs 13–14 with respect to the background data for all target coal
seams.

Figs 13–14 show:

1. A steady increase in thermal maturity with depth to ~9000
feet (2750 m). Here the data points scatter out to the right,

with anomalously high VRo values. Interestingly, this
appears to coincide with the regional transition from normally
pressured to overpressured sandstone reservoirs at the top
of BCG zones. Vitrinite anisotropy and graphitisation may
be involved in the generation of these anomalous VRo
values. The effect may be indicative of pervasive reservoir
overpressure conditions in the CBDCG Play.

2. Multiple linear thermal maturity trends within each
formation caused by different geothermal and structural
elevation histories in different basin structural provinces.
This observation suggests that regional reservoir parameter
predictions based on depth could be misleading because
multiple thermal maturity/depth trends are present.

3. For a given depth, coal seams in the high geothermal gradient
Moomba structural province have significantly higher
thermal maturity than coal seams in the comparatively low
geothermal gradientPatchawarraTroughstructural province.

4. Within the Moomba and Patchawarra Trough structural
provinces, there are higher-order maturity trends. Again,
regional depth maturity transforms must be treated with
caution.

5. Forge 1, in the Weena Trough of the far southern Cooper
Basin is highlighted as the well in which the most thermally
immature coal seams have been encountered to date. The
very immature coal samples collected from this well played
an integral role in the multi-component kinetics study of
Mahlstedt et al. (2015).

Fig. 11. Total target coal seam thickness per well plotted versus depth (CBDCG Reservoir Database). The Patchawarra Formation contains the largest coal
thickness and the bulk of the gas resource.
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Target coal seam ROP-normalised mudlog total gas (TG)
readings versus thermal maturity (VRo)

The distribution of target coal seam ROP-normalised mudlog
TG readings versus thermal maturity (VRo) is shown in Fig. 15.

Fig. 15 shows:

1. There is a large variation in ROP-normalised mudlog
TG readings for a given thermal maturity. This could be
explained by variation in mineral (‘ash’) content.
Alternatively, the variation may also be interpreted to
indicate that the total gas content of coal seams is not
entirely controlled by thermal maturity. Location with
respect to regional shale ‘gas diffusion baffles’ and

proximity to active freshwater aquifer systems may also
influence the gas content of coal seams (Dunlop et al. 1992).

2. The onset of significant ROP-normalised mudlog TG
readings at ~0.6% VRo.

3. Maximum ROP-normalised mudlog TG readings at ~1.1%
VRo.

4. At thermalmaturities higher than ~1.5%VRo, there is a trend
of decreasing ROP-normalised mudlog TG readings.
Reduced well density may be responsible, since not many
wells have been drilled past this point. Other possible
explanations are a) decreasing adsorbed gas content owing
to increasing temperature, b) decreasing matrix meso- and
macro-porosity owing to cementation and increasing

Fig. 12. Total target coal seam thickness per well for the Patchawarra Formation over the South Australian sector of the Cooper Basin (CBDCG Reservoir
Database). The largest thickness of potential CBDCG reservoirs per well is present in the Patchawarra Trough structural province and the Moomba portion of
the Nappamerri Trough structural province.
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Fig. 13. Target coal seam thermal maturity (VRo) plotted versus depth – Moomba structural province (CBDCG Reservoir Database).

Fig. 14. Target coal seam thermal maturity (VRo) plotted versus depth – Patchawarra Trough structural province (CBDCG Reservoir Database).
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reservoir confining stress and c) decreasingmatrixmeso- and
macro-porosity owing to graphitisation caused by advanced
thermal maturation. A resistivity versus depth or thermal
maturity graphmayconfirmwhether graphitisation isplaying
a role.

5. Note the possibility of a bi-modal distribution, potentially
reflecting the late-stage gas generation phase proposed by
Mahlstedt et al. (2015).

Fig. 16 shows a ‘shape comparison’ between the CBDCG
Reservoir Database ROP-normalised mudlog TG readings
versus thermal maturity (VRo) distribution (Fig. 15) and the
SRA C1+ hydrocarbon yield curve (also versus VRo) published
by Mahlstedt et al. (2015).

The comparison in Fig. 16 shows:

1. Good conformity with the onset of discernible thermogenic
gas generation at ~0.6% VRo.

2. An offset between peak ROP-normalised mudlog TG
readings on the CBDCG Reservoir Database distribution
at 1.1% VRo and peak gas generation on the Mahlstedt et al.
(2015) SRA C1+ curve at 1.5% VRo. This offset cannot be
explained at this stage.

3. An offset between the CBDCG Reservoir Database
ROP-normalised mudlog TG reading distribution and the

Mahlstedt et al. (2015) SRA C1+ curve above 1.6% VRo.
The Mahlstedt et al. (2015) SRA C1+ curve suggests that
gas generation is active at higher maturities than does the
CBDCG Reservoir Database distribution. It is postulated
that although gas may be generated, the gas storage capacity
of the CBDCG reservoirs is decreasing. A larger proportion
of the generated gas is therefore being expelled. This effect
may play a role in overpressuring adjacent tight gas-saturated
sandstones in BCG settings at which such high thermal
maturity exists.

Comparison of the CBDCG Reservoir Database and the
Mahlstedt et al. (2015) data suggests:

1. The maximum total gas content of CBDCG reservoirs
occurs at a lower thermal maturity than the maximum
source generative capacity indicated by source rock
laboratory studies.

2. The thermalmaturity window formaximum total gas content
in CBDCG reservoirs is smaller than indicated by the
laboratory source rock studies.

3. That ROP-normalised mudlog TG readings may be a better
indicator of relative CBDCG reservoir total gas content than
total gas content modelled from source rock laboratory
studies.

Fig. 15. Target coal seam ROP-normalised mudlog total gas (TG) readings plotted versus thermal maturity (VRo) (CBDCG Reservoir Database).
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4. The relationship between ROP-normalised mudlog TG
readings and actual reservoir total gas content may be
used on a go-forward basis as a semi-quantitative means
of estimating the gas content of CBDCG reservoirs
while drilling, to make operational decisions such as
whether or not to acquire core or initiate a horizontal
wellbore section.

Target coal seam gas liquids composition versus thermal
maturity (VRo)

The relationship between target coal seam gas liquids
composition and thermal maturity (VRo) is shown in Fig. 17.

Fig. 17 shows:

1. Target coal seams contain gas liquids at thermal maturities
between 0.6% VRo and 1.6% VRo. This is consistent with
the conclusions of Mahlstedt et al. (2015).

2. Target coal seams have low gas liquids yield at thermal
maturities higher than 1.6% VRo. The depth at which this
occurs is highlyvariable, ranging from~8000 to10 500+ feet
(2750 to 3200 m), depending on the geothermal gradient of
the structural province concerned (Figs 13–14).

3. Low thermal maturity gas does not have a significant
residual biogenic component. This is confirmed by stable
gas isotope analysis fromForge 1, the shallowest knownwell
in the Cooper Basin intersecting Permian coal seams (Strike
Energy Limited 2010).

Comparison of the CBDCG Reservoir Database and
Mahlstedt et al. (2015) supports mudlog gas chromatograph
readings being indicative of relative gas liquids yield.

Summary

Preliminary analysis of theCBDCGReservoirDatabase indicates
that, in combination with regional thermal maturity and depth
structure maps, abundant routine mudlog and electric log data
may be used to provide greater spatial resolution for resource
estimates and to play a role in identifying commercial gas
production sweet spots. The comparison between laboratory
coal source rock testing results and ROP-normalised mudlog
TG readings suggests that the thermal maturity window for
maximum total gas storage in CBDCG reservoirs is
potentially more limited and offset from the thermal maturity
window for maximum gas generation. The reason for this is not

Fig. 16. Target coal seam ROP-normalised mudlog total gas (TG) readings plotted versus thermal maturity (VRo) (CBDCG Reservoir Database) compared
to the SRA C1+ hydrocarbon yield curves of Mahlstedt et al. (2015).
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yet fully understood. Finally, the large areal and vertical variation
in CBDCG reservoir total gas content derived from mudlog TG
readings, which deviates from regional petroleum systems
modelling predictions, suggests that CBDCG reservoir total
gas content derived from mudlogs may be more representative
than when obtained from petroleum systems modelling.

Industry pathfinder trial overview
Progress to date

This section presents a high level overview of known
CBDCG-related activity, based on open file information.
Interpretation and insights are included, consistent with the
theme of the paper. The locations of all publicly reported
CBDCG pathfinder trials discussed herein are shown in Fig. 4.

Deep coal gas pathfinder trials in Australia have so far been
confined to the Cooper Basin, and mainly in South Australia.

Santos Limited initiated CBDCG pathfinder trials in 2007
by hydraulically fracture stimulating an existing, previously
uncompleted vertical gas well on the Moomba Field. Since
then, at least ~50 CBDCG reservoir stimulation treatments
have been performed. Most have flowed gas at low rate
(below ~0.5 MMCFD). All treated wells but one are located

inside conventional gas fields. One dedicated CBDCG well
(Washington 1) has been drilled outside structural closure and
in adeep,mildly overpressured, synclinalBCGsetting.Hydraulic
fracture stimulation of this vertical well also resulted in a low-rate
gas flow. At least 18 wells have been full-hole cored to date
(Table 1). Not all of these cores are deep enough to be included
within the CBDCG Play area sensu stricto but are nevertheless
instructive. Most of the reservoir stimulation and full-hole coring
activity has occurred in the Patchawarra Formation.

Interest in the commercial potential of Cooper Basin coal
seams existed for several decades before the CBDCG Play
concept was introduced in 2006. The success of gas extraction
from shallow coal seam reservoirs in North America from the
early 1970s (I.D. Palmer, pers. comm.) and then in Australia
from the mid 1970s (Jeffrey 2012) eventually led to desk top
investigations into the ‘CoalbedMethane potential’of theCooper
Basin during the 1980s. In 1998, a strategic ‘Coalbed Methane’
full-hole core was acquired by Santos Limited in the Patchawarra
Formation of Dorodillo 2 (Santos Limited 1998), at a depth of
8550 feet (2600 m). Thiswas thefirst project to directly quantify,
via canister gas desorption, the very high gas content of Cooper
Basin coal seams. Prior to that, there were only qualitative
indications provided by numerous high mudlog total gas

Fig. 17. Target coal seam mudlog chromatograph gas liquids composition as a percentage of mudlog total gas (TG) plotted versus thermal maturity (VRo)
(CBDCG Reservoir Database).
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readings. Unfortunately, owing to the absence of a pervasively
permeable cleat system, therewasno follow-up activity.Onlyone
other early ‘CoalbedMethane’pathfinder trial hasbeen identified.
This is the large cross-linked gel hydraulic fracture stimulation
treatment performed by Santos Limited in a single 126 foot
(38.5 m) coal seam in the Epsilon Formation of Dartmoor 1 in
2002 (Santos Limited 2002a). No measurable gas flow was
achieved (Santos Limited 2002c). The Dartmoor 1 coal seam
is interpreted not to qualify as a CBDCG reservoir sensu stricto,
despite being at a depthof 4750 feet (1450m),where cleat or other
coal fabric permeability is likely to be marginal. Based on the
discouraging outcomes of these two pathfinder trials, ‘Coalbed
Methane’ activity in the Cooper Basin was suspended.

In early 2006, renewed interest in Cooper Basin coal seams
emerged at Santos Limited with the advent of large-scale
commercial shale gas production in North America. Low
initial reservoir fabric permeability was no longer perceived as
a limitation. A technology now existed which could create a
permeable, high surface area for desorption reservoir by applying
massive hydraulic slick-water fracture stimulation. The Cooper
Basin Deep Coal Gas Play concept was conceived by Santos
Limited on this basis. Technical risk was reduced somewhat by
the fact that high gas content and some basic rock properties had
already been established by the Dorodillo 2 ‘Coalbed Methane’
core. The first logical CBDCG pathfinder trial for demonstrating
gasflowwas deemed to be a shale-like, low-proppant, slick-water
hydraulic fracture stimulation treatment; a simple knowledge
transfer from the shale gas industry in North America. This
was conducted by Santos Limited in 2007 at Moomba 77, a
previously uncompleted vertical gas well drilled in 1995 (Santos
Limited 1995). A proof-of-concept gas flow resulted (Santos
Limited 2008b). This was Australia’s first deliberate attempt at
producing gas from a deep coal gas reservoir below the absolute
permeability depth limit for conventional CSG reservoirs and
without using conventional CSG reservoir technology.

Between 2007 and 2011, progress along the CBDCG
Play learning curve was mostly in the form of full-hole core
acquisition and analysis programs, as well as experimental
add-on hydraulically fracture-stimulated CBDCG reservoirs
being included as incremental, relatively low-rate production
to routine vertical gas appraisal and development wells
(Santos Limited 2015a, 2015b). Seven dedicated CBDCG full-
hole cores were acquired by Santos Limited during this
period at Kirralee 2 (Santos Limited 2008a), Tirrawarra 76
(Santos Limited 2008c), Bobs Well 2 (Santos Limited 2009b),
Bindah 3 (Santos Limited 2009a), Nockatunga North 1 (Santos
Limited 2010), Tindilpie 11 (Santos Limited 2011a) and
Tindilpie 12 (Santos Limited 2011b). With the exception of
Nockatunga North 1, all the cores were acquired in South
Australia and in the Patchawarra Formation. Nockatunga
North 1 is located in Queensland (near the Jackson Field) and
the core was acquired in the Epsilon Formation. Fit-for-purpose,
relatively sophisticated analysis programs were designed
for each of these cores. Testing methodologies were based
mainly on established workflows for nanoDarcy-scale matrix
permeability shale reservoirs rather than conventional CSG
reservoirs. Other than Nockatunga North 1, all the cores were
gas-oversaturated, with high desorbed total gas contents, in some
cases approaching 1000 scf/short ton (31.2 cc/g) on a raw basis.

In contrast, the Nockatunga North 1 total gas content was very
low. The core was highly gas-undersaturated, with a desorbed
total gas content of only ~30 scf/short ton (0.9 cc/g) on a raw basis
(Santos Limited 2010).

The Nockatunga North 1 low gas content anomaly is
interpreted to be a good example demonstrating how
environmental factors may influence the total gas content of
coal seams, independent of thermal maturity, as is also
possible for other gas reservoirs such as sandstones (Dunlop
et al. 1992). The 123 foot (37.5 m) thick, thermally mature
(~0.8% VRo) Nockatunga North 1 Epsilon Formation coal
seam is located very close to the zero-edge of the overlying
Roseneath Shale (a regional ‘gas diffusion baffle’). This is the
only significant barrier separating it from the overlying active
freshwater aquifers of the Great Artesian Basin. All other
potential regional ‘gas diffusion baffles’ have been eroded by
themajorDaralingie andBasal Jurassic unconformities (Fig. 2). It
is interpreted that the Nockatunga North 1 coal seam has been
unable to retain its thermogenic (and original biogenic) gas
because this has been lost over geological time to the Great
Artesian Basin aquifers via a slow process of dissolution and
diffusion. Supporting this interpretation is the observation that at
nearbyDartmoor 1, located further inside (i.e.more basinward of)
the Roseneath Shale regional ‘gas diffusion baffle’ zero-edge and
at the same thermalmaturity of~0.8%VRo, highmudlog total gas
readings, approaching 1000 Units, were recorded over the same
Epsilon Formation coal seam, despite it being entirely full-hole
cored. The coring process normally suppresses mudlog total gas
readings. Based on its high mudlog total gas response
(comparable to prospective CBDCG reservoirs), the Dartmoor
1 coal seam is interpreted to have a significantly higher gas
content than the Nockatunga North 1 coal seam. The reason
for this cannot relate to depth, thermal maturity or inherent coal
properties because these parameters do not differ significantly in
the twowells.A reviewofotherwells nearNockatungaNorth1, in
a similar geological setting outside the regional ‘gas diffusion
baffle’ zero-edge, reveals that mudlog total gas readings over the
sameEpsilon Formation coal seam are also very low. These range
from ~20 to ~200 Units, consistent with what might have been
recorded over the highly gas-undersaturated NockatungaNorth 1
coal seam, had it been drilled in the normal manner, rather than
being entirely cored. In contrast, wells located in a similar setting
to Dartmoor 1, inside (i.e. basinward of) the Roseneath Shale
regional ‘gas diffusion baffle’ zero-edge have mudlog total gas
readings similar to or greater than Dartmoor 1. It seems clear that
total gas content is significantly higher in the Epsilon Formation
coal seam when it underlies a robust Roseneath Shale regional
‘gas diffusion baffle’, rather than being more directly exposed to
the Great Artesian Basin aquifers. A similar effect has been
observed in the Gunnedah Basin. Highly permeable
conventional CSG reservoirs have good total gas content when
overlain by a volcanic cap rock barrier but extremely low total gas
content when that barrier is absent (Salmachi et al. 2016).

It is concluded from the strong contrast in total gas content
between Dartmoor 1 and Nockatunga North 1 that, in general,
the total gas content of CBDCG reservoirs may be strongly
influenced by the presence or absence of regional ‘gas
diffusion baffles’ separating the Permian coal measures from
the overlying Great Artesian Basin ‘gas sink’. As demonstrated
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by this example, the gas depletion effect may become apparent
over relatively short distances; in this case 3 kilometres.
Blanketing shale intervals are interpreted to ‘insulate’ coal gas
reservoirs from diffusive gas loss by reducing or effectively
eliminating the high dissolved gas concentration gradient that
would otherwise exist at the coal seam’s surface if the coal was
more directly exposed to the Great Artesian Basin aquifers. It
follows that inherently ‘gassy’ coal seams around the entire
margin of the Cooper Basin (i.e. near or outside the zero-edges
of the Murteree Shale, Roseneath Shale and Nappamerri
Formation major regional ‘gas diffusion baffles’) are
vulnerable to diffusive gas loss but may nevertheless retain
material gas content if thick, laterally-continuous, intra-
formational, inter-coal shale layers are able to substitute in
providing the necessary ‘insulation’. The Nockatunga North 1
coal seam, has a total of ~50 feet (15 m) of overlying thin,
discontinuous shale layers separating it from the Lower-
Middle Jurassic Hutton Sandstone freshwater aquifer of
the Great Artesian Basin. It is therefore interpreted to lack the
necessary ‘insulation’ for gas retention. In contrast, the Dartmoor
1 coal seam, overlain by a more robust Roseneath Shale
interval 105 feet (32 m) thick, is interpreted to be sufficiently
compartmentalised for gas to be retained.

In 2010, a ‘Deep CSG’ drilling campaign commenced in the
Weena, Milpera and Battunga troughs, near the southern margin
of the Cooper Basin in South Australia. This area contains the
thickest known individual coal seams, up to 148 feet (45 m), and
the thickest gross Permian coal section, up to 360 feet (110 m),
in the Basin. These coal seams are also among the shallowest.
Close proximity to the Moomba to Adelaide gas pipeline created
an attractive commercial scenario for a ‘Deep CSG’ project.
This is currently the most active and focused standalone coal
gas project in the Cooper Basin. Some of the results to date
are unexpected. Although the results are not directly related to
CBDCG reservoirs, they provide new insight into the
fundamental behaviour of Cooper Basin coal seam reservoirs
in general. This may assist in validating some of the CBDCG
concepts currently being developed.

Eight wells were drilled between 2010 and 2016. These are, in
order, Forge 1 (Strike Energy Limited 2010), Marsden 1 (Beach
Energy Limited 2012b), Davenport 1 (Beach Energy Limited
2012a), Le Chiffre 1 (Strike Energy Limited 2014d) andKlebb 1,
2, 3 and 4 (Strike Energy Limited 2014a, 2014b, 2014c). The
Well Completion Report for Klebb 4, drilled in early 2016, has
not yet been released. Klebb 4 is a high-angle well with larger
casing diameter, designed to increase reservoir contact and
de-watering capacity. Extensive full-hole core acquisition and
analysis programmes were performed at Forge 1, Marsden 1,
Davenport 1 and Le Chiffre 1 (Table 1). The latter well
was continuously cored using a wireline-retrievable system
over the full Permian coal measure section. This included
several pressure core runs. Hydraulic fracture stimulation
treatments have been performed in all wells except Forge 1
and Marsden 1 (Table 1). The Patchawarra Formation primary
objective coal seams at the Klebb 1–4 and Le Chiffre 1 pilot
projects are currently being de-watered in an attempt to
initiate commercial gas production. The two sites are located
~8 km apart, either side of the Moomba to Adelaide gas pipeline,
~100 km south of the Moomba Gas Plant.

The coal seams so far intersected in the Weena and Milpera
troughs range in depth from ~4250 feet (1300m) at Forge 1, the
southernmost well in a shallow part of the Weena Trough, to
~6900 feet (2100m) atKlebb 1–4 in the deepest part of theWeena
Trough. These coal seams are not considered representative of
theCBDCGPlay concept sensu stricto, owing to the combination
of shallow depth range, unexpectedly permeable coal fabric
containing a large amount of formation water, relatively low
thermal maturity (0.4 to 0.8% VRo), gas-undersaturation, the
presence of highlymobile formationwater in adjacent sandstones
and the general lack of reservoir overpressure. The more
basinward setting of Marsden 1, located further north in the
Battunga Trough, may be an exception. Here the coal seams
are significantly deeper, extending to 8200 feet (2500m) and are
more thermally mature to ~1.0% VRo.

The relatively close proximity of southern Cooper Basin
margin ‘Deep CSG’ reservoirs to the active freshwater
aquifers of the overlying Great Artesian Basin renders them
potentially vulnerable to gas depletion by dissolution and
diffusion into these aquifers, via mechanisms described by
Youngs (1975) and Dunlop et al. (1992). This depletion is
interpreted to have occurred in the Nockatunga North 1/
Dartmoor 1 area, further to the east along the southern Cooper
Basin margin. Dissolved gas concentration gradients, leading to
diffusive gas depletion effects, exist in both the vertical and lateral
senses. In the vertical sense, the absence of robust shale layers
above the coal seams increases the rate at which dissolved gas can
diffuse upwards. In the lateral sense, permeable sandstone
conduits between the coal seams form a direct hydraulic
connection to the Great Artesian Basin ‘gas sink’ via the Basal
Jurassic unconformity erosional contact (‘sub-crop’) at the
Cooper Basin margin. This configuration has existed for the
duration of thermogenic hydrocarbon generation (~120 Ma),
thereby creating a permanent lateral gas concentration
gradient, along which a large amount of dissolved gas has
been able to diffuse. If the rate of gas generation by coal
seams is less than the rate at which gas is lost to the Great
Artesian Basin by one or both of these mechanisms, the total
gas content of the coal seams slowly decreases over geological
time. The Great Artesian Basin is a very large, open, flowing
aquifer system, having a complete circulation time over the most
direct flow paths of ~200 000 to 1 million years. Flow rate is
~1 to 5 m per year (Habermehl 1986). Under this condition,
gas concentration equilibrium cannot be attained, so diffusive gas
depletion is an ongoing process. Indeed, the dissolved gas
capacity of the Great Artesian Basin is interpreted to exceed
the gas generation capacity of the Permian coal measures, so
aquifer flow and recharge may not be required to maintain a
depletive gas concentration gradient anyway.

The southern margin of the Cooper Basin experienced
significant regional uplift and tilting during the Tertiary Period
(65–2 Ma). Exhumation is reported to have approached ~1300
feet (400m) in some areas (Rodgers et al. 1991; Mavromatidis
andHillis 2005). This includes theWeena andMilpera troughs. It
is postulated that the relatively recent structural inversion caused
the once deeper and potentially more gas-saturated southern
Cooper Basin margin coal seams to undergo a process of slow
degassing over geological time, in response to the ~500+ psi
(3.4MPa) reduction in regional hydrostatic pressure. If higher
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heat flow was associated with the pulse of structural activity, this
may have enhanced the degassing. By definition, the coal seams
would have become gas-oversaturated, if not already so. The
degassing would have been accompanied by desorption-induced
coal matrix shrinkage. Subject to the geomechanical competence
of the coal seams’ stratal reservoir boundary condition, shrinkage
may have caused the coal fabric to de-stress and the coal fabric
apertures to increase inwidth relative to their original state defined
by the pre-Tertiary maximum depth of burial. Overburden stress
would have also ultimately decreased, in response to surface
erosion. The concept of a ‘Tertiary uplift coal fabric porosity/
permeability sweet spot’ is postulated. If correct, this may have
positive implications for ‘DeepCSG’ reservoir quality around the
remainder of the Cooper Basin margin.

Subsequent to the postulated Tertiary degassing event,
the ongoing, inexorable effect of diffusive gas depletion is
interpreted to have slowly undersaturated the coal seams. Gas
undersaturation has now been confirmed by the ‘Deep CSG’
project. At shallower depth and hence lower temperature, the coal
seams may not have been able to generate thermogenic gas at a
rate sufficient tomaintain gas-saturation. Significantly, as free gas
within the shrinkage-dilated coal fabric apertures then entered
solution, formationwater from the surrounding rockswould have
replaced it. Post-Tertiary imbibition into the enhanced coal fabric
apertures is therefore interpreted to be responsible for the large
amount of formationwater currently reported to be presentwithin
the coal fabric of southern Cooper Basin margin coal seams.

The prognosis for permeability in shallow, exhumed coal
seams around the southern margin of the Cooper Basin may be
good but commercial development is interpreted to carry the
following risks:

1. Despite adequate thermal maturity for material gas
generation in some areas (up to 0.8% VRo), the total gas
content of southern Cooper Basin margin coal seams is
interpreted to be variably suppressed, to below full
saturation, as a consequence of diffusive gas loss to the
proximal active freshwater aquifers of the Great Artesian
Basin. The lowgas content anomaly in theNockatungaNorth
1/Dartmoor 1 area is a case in point.
– The risk of gas depletion may be minimised by targeting

areas where robust regional ‘gas diffusion baffles’,
such as shales (and even thick coal seams), provide
vertical and lateral ‘insulation’ against dissolved gas
concentration gradients created by the Great Artesian
Basin.

– Awell known phenomenon in the Patchawarra Trough of
the northern Cooper Basin may serve as an example
demonstrating how a thick, regionally continuous coal
seam may ‘insulate’ those below it from diffusive
gas depletion. In the Patchawarra Trough there is a
sudden increase in the gas saturation of coal seams
(and other strata) below the thick, regionally
continuous Patchawarra Formation VC50 coal seam. It
is postulated that, by rapidly generating large amounts of
gas in the peak gas generation window, a thick coal seam
such as the VC50 may function, not only as a ‘gas
diffusion baffle’ having relatively low diffusive mass
transport capacity compared to sandstones, but also

as a ‘sacrificial insulator’, capable of generating and
‘sacrificing’ large amounts of gas to the dissolved gas
concentration gradient above it, while maintaining high
gas saturation in the strata below.

2. The shallow southern Cooper Basin margin coal seams are
generally surrounded by highly permeable, water-saturated
conventional sandstones, which are capable of free-flowing
several thousand barrels of water per day into a conventional
(unstimulated) wellbore. This is demonstrated by
unsuccessful conventional gas exploration well drill-stem
tests in the area, over intervals containing water-saturated
sandstones. Proximity to such mobile formation water zones
is interpreted to increase the risk of cross-flow of formation
water into the coal seams during gas production, particularly
if hydraulic fracture stimulation treatments are applied.
– Hydraulic fracture stimulation treatments, particularly

those conducted on a large scale at high fluid injection
rate,may contact or even penetrate adjacent gas andwater
bearing sandstone reservoirs, aswell as fault planes (King
2010). Not all Cooper Basin coal seam gas and formation
water flows achieved to date may originate exclusively
from the targeted coal seam interval. Indeed, evenwithout
reservoir stimulation, producing coal gas reservoirs may
be in hydraulic communication with adjacent sandstone
reservoirs across the lithological boundary, particularly if
they are at shallow depth and have open, permeable
cleat or other coal fabric apertures. Evidence for this
may potentially be found on production logs acquired
in routine Cooper Basin sandstone gas wells having no
perforated coal intervals. Low temperature anomalies (i.e.
the Joule-Thomson adiabatic expansion effect) may be
present adjacent to cased-off coal seams. Production
support from degassing coal seams has historically
been suspected to be partly responsible for the long
production ‘tail’ of many Cooper Basin sandstone gas
reservoirs. Salmachi and Karacan (2017) describe
several geological scenarios, where cross-flow of
formation water into conventional CSG reservoirs
occurs during gas production. It is concluded that full
gas and/or formation water production contribution from
hydraulically fracture-stimulated Cooper Basin coal gas
reservoirs may be the exception rather than the rule.

– Around the southernmargin of the Cooper Basin, the risk
of cross-flow of formation water from the surrounding
high permeability sandstones into the coal seams during
gas production, with or without hydraulic fracture
stimulation, may be reduced by targeting areas where
the Permian coal measure section is shale-prone.

TheKlebb 1–4 and Le Chiffre 1 pilot projects have so far been
the focus of attempts to demonstrate commercial viability of the
southern Cooper Basin margin ‘Deep CSG’ Play. The following
operational summary is based on all publicly available project
announcements provided by the Operator, Strike Energy Limited
(http://www.strikeenergy.com.au/, accessed 2 May 2017).

To date, gradually increasing, low-rate gas flows have been
achieved from the very thick but slightly gas-undersaturated coal
seams. Le Chiffre 1 and Klebb 1 intersected a total of 344 feet
(105m) and 482 feet (147m) of net coal respectively, distributed
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over the Toolachee, Epsilon and Patchawarra formations.
Three Patchawarra Formation coal seams have been prioritised
for testing, based primarily on their superior thickness,
permeability and gas content. These are, in order of increasing
depth, the Vm3, the VuUpper and the Vu Lower coal seams. The
VuUpper is the thickest andmost permeable reservoir.Maximum
adsorbed gas saturation in these coal seams is estimated, from
recent well testing, to be in the vicinity of 80 to 90%.Over the full
Permian coal measure section, total gas content is observed on
the mudlogs to gradually increase with depth. Gas composition,
based on mudlog chromatograph readings, confirms the
dominance of thermogenic gas containing up to ~8% ethane
and ~2% propane (normalised to zero non-hydrocarbon gas
content). Carbon dioxide content is separately reported to be
~5 to 10%.Stable isotope analysis fromLeChiffre 1 indicates that
a component of residual biogenic gas is also present. The current
low gas flow rate achieved by reservoir de-watering is not a
reflection of low coal permeability. Rather, it is attributable to
the fact that the critical desorption pressure for meaningful
gas production has not yet been reached by the reservoir de-
watering operations. Indeed, coal seam permeability appears
to be anomalously high. Based on DFIT analysis, average
permeability in the Vu Upper coal seam at Klebb 1 and Le
Chiffre 1 is reported to be ~16 and 25 mD respectively, an
order of magnitude greater than what would normally be
expected at this depth. Adsorbed gas saturation (there is no
free gas) is reported, based on recent testing, to be ~255 to
355 scf/short ton (8 to 11 cc/g). The maximum total gas
content reading obtained from the original canister gas
desorption at Le Chiffre 1 was 167 scf/short ton (5.2 cc/g).
The relatively modest total gas content of these coal seams,
compared to CBDCG reservoirs, is consistent with the
regional trend. A total of seven hydraulic fracture stimulation
treatments have been performed to date, together with some
zones being perforated only. These jobs are distributed among
the Vu Lower, Vu Upper and Vm3 seams. Six of the hydraulic
fracture stimulation treatments were placed to design. The single
treatment at Klebb 4 experienced premature screen-out. Owing
to high permeability, some coal seams were initially only
perforated, so as to evaluate natural reservoir performance,
ahead of later hydraulic fracture stimulation. Large quantities
of produced formation water have been recovered during
reservoir de-watering operations, involving all five wells.
Reservoir de-watering has so far been confined to the
Patchawarra Formation coal seams. The coal seams of the
Epsilon and Toolachee formations may be included later.
Reservoir de-watering commenced at Klebb 1 and Le Chiffre
1 in mid-2014, in the form of long-term, unassisted flowback
tests. An initial, unassisted post-hydraulic fracture stimulation
flowback rate of ~5,000 barrels of water per day was recorded at
Le Chiffre 1. Assisted de-watering using downhole pumping
equipment commenced from Klebb 1 and Le Chiffre 1 in late-
2014. Klebb 2 and 3 were drilled shortly after, before end-2014.
So far, in excess of 600 000 barrels of formation water have
been recovered from all five wells combined. Reservoir pressure
is reported to have been reduced from the initial ~3000 psi
(20.7MPa) to ~2300 psi (15.9MPa) within a relatively
small radius around the wellbores. Based on well testing, the
reservoir de-watering task is reported to be ‘finite’. Pressure

communication has been demonstrated between Klebb 1 and
2, over a distance of 820 feet (250m) and between Klebb 1 and 3,
over a distance of 560 feet (170m). The current low overall pilot
gas production rate (averaging less than 50MCFD) is reported to
be building, in line with expectations, towards the minimum rate
required for commercial proof-of-concept (StrikeEnergyLimited
2017).

The apparent ‘coal fabric porosity/permeability sweet spot’
revealed by recent ‘Deep CSG’ drilling at the southern margin of
the Cooper Basin could potentially be attributed to the previously
described regional Tertiary uplift, degassing and resultant coal
fabric permeability rebound in response to desorption-induced
coal matrix shrinkage. It follows that coal fabric permeability in
other areas around theupliftedmarginof theCooperBasinmaybe
similarly enhanced.

The Permian section in the Klebb and Le Chiffre area is
unusually shale-prone compared to the Permian section further
north (for example at Marsden 1). TheWeena Trough appears to
be a ‘bypassed zone’, where the deposition of fluvial sediments
was significantly reduced.The shale-dominated inter-coal section
may provide (a) a higher than normal degree of ‘insulation’
against diffusive gas loss to the Great Artesian Basin and (b) a
lower risk hydraulic sealing mechanism to minimise, but not
necessarily eliminate, cross-flow of formation water into the coal
seams during gas production.

The authors note an unusual mudlog total gas response at the
Klebb pilot project, which may provide additional evidence for
the high permeability, and hence good pressure communication,
of southern Cooper Basin margin coal seams. Specifically, this
relates to the anomalously high mudlog total gas readings
recorded in the Vu Upper and Vu Lower coal seams at Klebb
2 and 3 compared to those at Klebb 1. This does not appear to be
an artefact attributable to the drilling process. The wells were
drilled in a consistently overbalanced state and parameters such
as rate-of-penetration and mud weight were comparable in all
wells. Before considering the anomaly in detail, it is important
to highlight the operational time line. Preliminary reservoir de-
watering atKlebb1commencedon1 July2014, ~4monthsbefore
the coal seams at Klebb 2 and 3were drilled, 820 feet (250m) and
560 feet (170m) from Klebb 1 respectively. The reservoir de-
watering was initially in the form of unassisted post-hydraulic
fracture stimulation flowback (peaking at ~3000 barrels per day).
Only the Vu Upper coal seamwas open to flow at that stage. This
was followed by coil tubing nitrogen lift, during which the Vu
Lower coal seam was opened to flow after milling the inter-stage
bridge plug. A total 2800 barrels of water had been recovered so
far. Formal reservoir de-watering of both the hydraulically
fracture-stimulated Vu Upper and Vu Lower zones at Klebb 1
using downhole pumps commenced on 31 October 2014. This
was ~3 days before the Vu Upper coal seam at Klebb 2 was
penetrated by the drill bit (on 3 November) and ~25 days before
the Vu Upper coal seam at Klebb 3 was penetrated by the drill bit
(on 25 November).

Commencing at the top of the Permian coalmeasures at Klebb
2 and 3, mudlog total gas readings over the coal seams appear
normal for this part of the Basin. They are quite low but gradually
increase with depth. The readings are consistent with nearby
Klebb 1 and other wells located around the southern margin
of the Cooper Basin. The low inferred total gas content is most
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likely a consequence of low thermal maturity (~0.4% VRo at
top Toolachee Formation) but gas dissolution and diffusion
into the overlying freshwater aquifers of the Great Artesian
Basin may also be a factor. The latter may explain why
original biogenic gas has not maintained a reasonable gas
saturation in these coal seams in the absence of significant
thermogenic gas generation. The uppermost coal seams of the
Toolachee Formation lie directly under the Basal Jurassic
unconformity, in close proximity to the high permeability
Lower-Middle Jurassic Hutton Sandstone aquifer. There are
no significant intervening regional shale intervals to provide
‘insulation’ against diffusive gas loss. Mudlog total gas
readings over the uppermost Toolachee Formation coal seams
are ~20 Units in both Klebb 2 and 3 (comparable to the low gas
content Epsilon Formation coal seam at Nockatunga North 1).
This indicates the uppermost Toolachee Formation coal seams to
be highly gas-undersaturated. Coal mudlog total gas readings
continue to be low but gradually increasing (from ~100 to 500
Units) through the remainder of theToolacheeFormation and into
the Epsilon Formation and Patchawarra Formation, extending as
far as the Vm3 coal seam. Here, the trend changes abruptly when
the Vu Upper coal seam is penetrated at the still relatively low
thermal maturity of ~0.65% VRo. Unexpectedly, there is a sharp
increase in the coal seammudlog total gas readings from 400 and
300 Units in the Vm3 coal seam in Klebb 2 and 3 respectively, to
over 2100 and 2900 Units in the Vu Upper coal seam of Klebb 2
and 3 respectively. Readings in the Vu Lower coal seam are
similarly very high. In contrast, at nearby Klebb 1, mudlog total
gas readings through the Vm3, Vu Upper and Vu Lower coal
seams are 150, 415 and 330 Units respectively.

The anomalously high mudlog total gas readings over the Vu
Upper andVuLower coal seams ofKlebb 2 and 3 are inconsistent
with their reported gas-undersaturation (confirmed by flowback
behaviour during reservoir de-watering). The readings are more
comparable to those of gas-oversaturated CBDCG reservoirs,
deeper in the Basin. Paradoxically, this implies coal matrix gas-
oversaturation and the presence of a free gas phase. In addition,
the sudden large offset in the mudlog total gas trend between the
Vm3 coal seam and the Vu Upper coal seam is inconsistent with
the generally observed gradual increase in coal mudlog total gas
readings with increasing depth and thermal maturity at other
wells. These twoobservations suggest a non-geological origin for
the highmudlog total gas readings inKlebb 2 and 3. The anomaly
is interpreted to be a consequence of the early reservoir de-
watering operations at nearby Klebb 1, located approximately
mid-way between Klebb 2 and 3. Reservoir pressure drawdown
from Klebb 1 is interpreted to have initiated gas desorption from
the Vu Upper and Vu Lower coal seams at the Klebb 2 and 3
pre-drill locations, thereby causing the coal fabric apertures tofill
with free gas. During the drilling of Klebb 2 and 3, this free gas
would have been captured on the respectivemudlogs, resulting in
a significantly elevated total gas response. Such an effect is
already known to occur in high permeability coal seams within
the Scotia CSG Field gas cap. Here the presence of pre-existing
gas-filled cleats and natural fractures generates over 1000 Units
of mudlog total gas.

As previously mentioned, good pressure communication
between Klebb 1 and Klebb 2 and 3 was later formally
demonstrated by production well testing.

Interestingly, the abnormally high mudlog total gas readings
in Klebb 2 and 3 persist through several thin, un-named coal
seams below the Vu Lower coal seam. The peak values are 990
and 1700 Units in Klebb 2 and 3 respectively. This suggests that
cross-flowmay be occurring through the bounding shale interval
below the Vu Lower coal seam. The bounding shale may be
naturally fractured or it may have been penetrated by the Klebb 1
hydraulic fracture stimulation, or both. Hence, pressure
drawdown from the Klebb 1 reservoir de-watering operations
appears to have initiated gas desorption in the ‘sub-Vu Lower’
thin coal seamsatKlebb2and3 too.Thevalidityof this postulated
scenario cannot be determined at this stage, until it becomes
known whether Klebb 1 included perforations over the ‘sub-Vu
Lower’ thin coal seams. Such perforations would largely
invalidate the shale cross-flow hypothesis being presented
here. Currently available open file data do not include the
perforation intervals. Nevertheless, a lack of ‘sub-Vu Lower’
perforations in Klebb 1 may be inferred. The fact that the
production casing shoes in Klebb 2 and 3 were set a short
distance below the base of the Vu Lower coal seam, so as to
exclude the lower thin coal seams from the cased intervals,
suggests that the ‘sub-Vu Lower’ thin coal seams were of no
interest in Klebb 1 (which was fully-cased over all coal seams)
andwere therefore not perforated. The presence of a 16 foot (5m)
water-saturated sandstone between the ‘sub-Vu Lower’ thin
coal seams may have been the reason. It may be concluded
that if cross-flow is occurring from the ‘sub-Vu Lower’ thin
coal seams into the Vu Lower coal seam during reservoir de-
watering operations, formation water contribution from this
sandstone cannot be discounted.

An alternative explanation for the anomalously high sub-Vm3
mudlog total gas readings in Klebb 2 and 3 is that the thick
bounding shale interval immediately overlying theVuUpper coal
seam is functioning as a ‘gas diffusion baffle’. Unfortunately, this
does not account for the comparatively low sub-Vm3 readings in
Klebb 1, under the same robust bounding shale interval present in
Klebb 2 and 3.

In 2011, a full-hole core was acquired in a Toolachee
Formation coal seam at Vintage Crop 1 in the northern
Battunga Trough (Senex Energy Limited 2011).

In 2013, several thick CBDCG reservoirs were hydraulically
fracture-stimulated by Senex Energy Limited in Paning 2. The
well is located on a large, gas-filled anticline in the northern
Patchawarra Trough. Two treatments were placed in each of the
Patchawarra and Epsilon formations. One treatment was placed
in the Toolachee Formation. A continuous, four day, formation
water-free gas flow of 0.09 MMCFD was achieved from the
Toolachee Formation zone at ~9500 feet (2900m) (SenexEnergy
Limited 2013a). This was reported to be the second well to flow
gas from CBDCG reservoirs since Moomba 77. No further
CBDCG activity has been reported on the Paning structure.
Full-hole core was acquired in the Toolachee Formation.

Also in 2013, a Patchawarra Formation CBDCG reservoir
in Roswell 1 was hydraulically fracture-stimulated by Santos
Limited. The well is located within a BCG setting near the
Moomba Field, A gas flow to surface of ~0.4 MMCFD
was reported (Beach Energy Limited 2014; Santos Limited
2015a, 2015b). A full-hole pressure core was acquired over
the stimulated zone. The normal full-hole core analysis
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program was supplemented by coal matrix shrinkage testing and
stress path analysis.

In 2014, CBDCG activity at Santos Limited accelerated
in response to encouragement provided by a perceived step
change increase in gas flow rate being achieved by a
modification to the hydraulic fracture stimulation design
involving higher proppant concentration and cross-linked gel.

In May 2015, it was announced by Santos Limited that the
first ‘standalone’ gas production from a CBDCG reservoir had
been achieved from the hydraulic fracture stimulation of a
thick coal seam in Tirrawarra South 1, located on a gas-filled
anticline in the central Patchawarra Trough (Santos Limited
2015a, 2015b, 2015c). The reported online gas flow rate of
~0.3 MMCFD is encouraging but the claim of standalone
CBDCG reservoir production is debatable. Inspection of the
lithology, gas saturation and reservoir quality of strata above
and below the target CBDCG reservoir suggests that coalmay not
be the only contributor to the gas flow. Conventional, gas-
saturated sandstone reservoirs, identified from electric log
analysis as ‘net gas pay’, are proximal to the roof and floor of
the CBDCG reservoir (Santos Limited 2002b). A reasonable
alternative interpretation is that a significant proportion of
the reported gas flow is emanating from one or both of those
conventional sandstones, as a most likely consequence of
being contacted or even penetrated by the hydraulic fracture
stimulation treatment. Nevertheless, the steadily increasing gas
flow rate reported from Tirrawarra South 1 over production
time (subsequent to clean up of fracture stimulation fluid)
is symptomatic of dynamic reservoir permeability. The
increasing gas flow rate capacity is considered likely to be a
consequence of desorption-induced coal matrix shrinkage
enhancement of CBDCG reservoir fracture network permeability.
The Tirrawarra South 1CBDCG reservoir is therefore interpreted to
be contributing to the gas flow.

Hydraulic fracture treatment heightgrowth, contactingor even
penetrating adjacent conventional reservoirs, may be an ongoing
issue for the reporting of CBDCG flow rates. For future CBDCG
trials, it will be important to consider the nature of bounding strata
(sand or shale, permeable or impermeable, water-saturated or
gas-saturated) and recognise the potential for foreign gas or water
co-production, as a consequence of cross-flow from the adjacent
lithologies.

In 2015, Washington 1, the first dedicated vertical
CBDCG well since play proof-of-concept, was spudded by
Santos Limited in the northern Patchawarra Trough. It was
drilled outside conventional anticlinal closure, within a deep,
mildly overpressured, synclinal BCG setting. Total depth of the
well is 12 008 feet (3660 m). A total coal seam thickness of
339 feet (103 m) was intersected. Full-hole core was acquired.
Hydraulic fracture stimulation was performed. This resulted in a
‘measurable flow rate’ with associated gas liquids (Drillsearch
Energy Limited 2015).

In April and May 2015, Santos Limited reported that the
company had executed a total of 24 CBDCG hydraulic fracture
stimulation treatments. Of these, 19 achieved a measurable
gas flow to surface. Since 2013, 10 routine add-on fracture
stimulation treatments had been flow tested, averaging
0.3 MMCFD with associated gas liquids. A tendency for
increasing gas flow rate over time has been reported (Santos

Limited 2015a, 2015b). The generation of small but potentially
incrementally economic gas flow rates from add-on CBDCG
reservoir fracture stimulation treatments is now standard practice
in routine vertical wells drilled inside conventional gas fields.
Whether or not the gas flows are entirely from the coal seam
interval is subject to debate. Nevertheless, the approach is
reported to be adding value and is likely to continue.

In March, 2017, Senex Energy Limited spudded Silver Star 1
in the northern Patchawarra Trough. Being located outside
structural closure in a synclinal BCG setting, the well
represents the second known definitive test of the standalone,
full-cycle CBDCG Play, as well as other unconventional
targets. Total depth is programmed to be 12 400 feet (3780m).
A potential lateral section of up to 4900 feet (1500m) may be
drilled after assessing the inital well results (Senex Energy
Limited 2017).

In summary,findings of the industry pathfinder trial overview,
combined with learnings from a detailed review of open file
data and cross-industry literature suggest that pathfinder trials
to date have not yet demonstrated the CBDCG Play’s full
potential. The authors postulate that a geology/technology
impasse is currently precluding full-cycle, standalone
commercial CBDCG production and that this will persist until
a geology driven paradigm shift in technology occurs.

Geology/technology impasse to full-cycle, standalone
commercial gas production

The root cause of the postulated geology/technology impasse
is interpreted to be the apparent inability of current reservoir
stimulation techniques, adopted from other unconventional
plays, to generate the massive fracture network surface area
essential for high gas flow and ultimate recovery. The term
‘high gas flow’ refers to flow rates comparable to those now
being achieved from shale gas reservoirs in North America.

Adetailed reviewofopenfile data and cross-industry literature
suggests that a CBDCG geology/technology impasse may exist
for five main reasons:

1. Application of conventional CSG reservoir philosophies.

There is a natural tendency to consider Cooper Basin
coal seams as just another coal seam reservoir to
which conventional CSG reservoir geotechnical and
engineering practices may be applied by default. This is
particularly the case for mathematical reservoir modelling
and simulation, where conventional CSG software and
geotechnical input assumptions are currently being applied,
or at best adapted, for use on CBDCG reservoirs.

Owing to the relatively ductile geomechanical properties,
coal fabric permeability decreases exponentially with
increasing depth and resultant reservoir confining stress. As
a consequence, the permeability of CBDCG reservoir fabric
apertures is far below the commercial permeability threshold
for conventional CSG reservoirs. In addition, the reservoir
conditions below ~9000 feet (2750 m) are vastly different to
those of conventional CSG reservoirs. This is interpreted
to preclude the application of most conventional CSG
reservoir practices.
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2. Application of shale reservoir philosophies.

Shale reservoir stimulation treatments were deemed
appropriate for the initial CBDCG pathfinder testing in 2007,
when successfully placing a fracture stimulation treatment and
demonstrating technical proof-of-concept gas flow were the
main objectives, rather than delivering a commercial well. At
the time, there was minimal understanding relating to how the
CBDCG reservoirs were likely to respond, although the coal
ductility risk was always appreciated. The shale-based approach
was justified by the success of shale gas practices in North
America at the time.

Shale reservoir stimulation practices, or variations thereof,
are interpreted to be limiting progression of the Play
towards full-cycle, standalone commerciality. Recent learnings
and play concept evolution suggest that, although the matrix
porosity/permeability system of CBDCG reservoirs more
closely resembles shale reservoirs than conventional CSG
reservoirs and that, similar to shale reservoirs, massive created
fracture network surface area is essential for commercial gas
production, coal geomechanical properties significantly reduce
the effectiveness of traditional shale reservoir stimulation
practices.

From a geomechanical perspective, coal does not fail
(fracture) in response to applied stress in such a way as
to generate a shale reservoir-like SRV (Mayerhofer et al.
2010) having high fracture surface area and complexity. This
is likely to significantly reduce the effectiveness of applying
current forms of shale reservoir stimulation to CBDCG
reservoirs.

For other unconventional reservoirs in general to qualify for
shale reservoir stimulation practices, they must be brittle. This
means they may be effectively ‘shattered’ by high injection rate,
slick-water hydraulic fracture stimulation to generate large,
complex, high surface area and high permeability fracture
networks. High induced fracture surface area is a prerequisite
for achieving a commercial gas flow. The gas flow rate of shale
reservoirs is generally proportional to the amount of conductive
fracture surface area created. This needs to be very large. Multi-
stage hydraulic fracture stimulation treatments in typical
horizontal shale wells are interpreted to generate 100 million ft2

(9 million m2) or more of fracture surface area (King
2010). Unfortunately, CBDCG reservoirs do not satisfy the
shale reservoir ‘brittleness test’. As a consequence, the current
application of best practice shale hydraulic fracture stimulation
technology, or variations thereof, is considered likely to generate
relatively simple, planar fracture geometries having low surface
area with respect to the volume of fluid injected.

3. Application of conventional reservoir hydraulic fracture
stimulation design.

Ironically, there is currently an evolutionary technology
transition occurring, back to conventional (i.e. ‘pre-shale era’)
reservoir stimulation treatments involving high proppant
concentration and cross-linked gel (Santos Limited 2015a,
2015b). While this may be adding value by generating small
but incrementally economic gas flows from add-on hydraulic
fracture stimulation treatments inside conventional gas fields,

the practice may not be appropriate for full-cycle, standalone
commercial projects, where achieving massive fracture network
surface area and complexity is essential for high gas flow rate and
ultimate recovery.

4. No horizontal wells have been drilled in the CBDCG Play.

Horizontal drilling in Cooper Basin coal seams is currently
considered problematic, owing to historical wellbore stability
concerns.

Formost shale reservoirs, the combination of horizontal drilling
and multi-stage slick-water fracture stimulation is a fundamental
requirement for achieving commercial production. It is generally
difficult to create sufficient induced fracture surface area in a
vertical wellbore.

As for shale reservoirs, horizontal drilling is considered
essential for full-cycle, standalone commercial CBDCG
production because it creates the very large initial reservoir
contact from which fit-for-purpose CBDCG reservoir
stimulation techniques may be initiated.

5. The unusual combination of reservoir rock properties,
geomechanical properties and the harsh basin setting of
Cooper Basin coal seams is not yet driving reservoir
stimulation technology design.

It is postulated that CBDCG field trials identified to date
have not applied reservoir compatible stimulation technologies.
This has resulted in a failure to create the essential massive fracture
surface area exposed to thewellbore via a conductive fractureflow
path. The low gas flow rates reported to date, relative to the large
upside potential, are consistent with this outcome.

It is concluded that only an approach which caters specifically
for the unusual character of CBDCG reservoirs is likely to be
successful.

Resolving the geology/technology impasse

CBDCG reservoirs appear to require a fit-for-purpose reservoir
stimulation technology, coupled with a mandatory horizontal
wellbore configuration, which is capable of generating a very
large, shale reservoir-like SRV, without the benefit of the
‘brittleness factor’.

If the combination of coal ductility and high initial reservoir
confining stress is interpreted to be responsible for the postulated
geology/technology impasse, whatmay be done to eliminate one,
or ideally both, of these limiting factors? Changing the inherent
geomechanical properties of the CBDCG reservoir (from ductile
to brittle) on a commercial drainage area scale, before attempting
to create an SRV, is considered unrealistic. Perhaps there is
more merit in attempting to reduce reservoir confining stress,
so as to simultaneously initiate a large-scale rebound in coal
fabric permeability? On this basis, it is postulated that full-
cycle, standalone commercial CBDCG production is unlikely
to occur until reservoir stimulation technologies have been
developed for artificially de-stressing and hence ‘shattering’
ductile CBDCG reservoirs under tension on a massive scale,
capable of replicating the very large SRV surface area of
commercial shale reservoirs. Achieving this would represent a
paradigm shift with respect to both conventional CSG reservoir
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and shale reservoir practices. The impact of success on the
ultimate gas flow potential of CBDCG reservoirs is self
evident. If high initial reservoir confining stress can be
significantly reduced (and maintained) within a production
time frame, ongoing desorption-induced coal matrix shrinkage
may generate an isolated, ‘self-fracturing CBDCG reservoir’,
which dilates and expands as gas is produced.

Potential mechanisms for large-scale CBDCG reservoir de-
stressing are currently being investigated. Included is the concept
of Pressure Arch (or Stress Arch) Theory, conceived by the
Underground Coal Mining Industry to characterise the large-
scale, dynamic de-stressing behaviour around subsurface voids
such as longwall coal mining ‘rooms’ (Potts 1951; Booth 1986;
Ayres Da Silva et al. 1995; Zhang et al. 2009; Singh et al. 2011;
He and Zhang 2015). Pressure Arch Theory is now widely
recognised across the greater Mining and Civil Engineering
Industries and may be used, for example, in the design of
inherently stable underground road or rail tunnels (Funkhouser
et al. 2010). More recently, it has been applied to the Oil and
Gas Industry to characterise production depletion-induced
dynamic de-stressing behaviour in the strata overlying oil and
gas fields (Wang et al. 2014; Rodriguez-Herrera et al. 2015;
Wang et al. 2015; Sarhosis et al. 2016). The theoreticalmaximum
size and stability of the dome-like ‘stress shield’ associated
with pressure arch formation increases with depth and the
geomechanical competence of the overlying strata. For this
reason, the concept is considered particularly applicable to the
task of de-stressing producing CBDCG reservoirs. Evolving
hydrocarbon production-induced pressure arch de-stressing
effects have been observed, on 4D seismic, as low velocity
anomalies extending more than 5000 feet (1500 m) above the
pressure-depleted reservoir void space which creates them
(Rodriguez-Herrera et al. 2015).

Current CBDCG reservoir stimulation techniques are
interpreted to be initially increasing the already high reservoir
confining stress and hence damaging the coal seam’s natural
fabric. Paradoxically, the well intentioned act of injecting large
amounts of proppant to generate high induced fracture
conductivity may not be the most effective way to create and
retain large-scale, complex deep coal fracture networks. Indeed,
the practice may be to the long-term detriment of the coal
seam’s ultimate gas flow potential and ultimate recovery.
Large proppant pack width may locally compress the relatively
compliant coal fabric surrounding the induced fracture. This
could potentially further decrease the width of any remnant
coal fabric apertures. Bulk coal seam fabric permeability
around the induced hydraulic fracture would deteriorate. As a
consequence, production time frame de-stressing mechanisms,
such as desorption-induced coal matrix shrinkage, must first
neutralise the additional reservoir confining stress before fabric
permeability can rebound from the original in situ state. If
the effect of hydraulic fracture stimulation-induced coal seam
compression is greater than the capacity of the chosenmechanism
for de-stressing, irreversible damage to the coal seam may occur
in the vicinity of the induced fracture. Short-term flush gas
production from a relatively simple, planar fracture geometry
maybe the outcome,with little chance of recovering or improving
the initial CBDCG reservoir fabric permeability.

Although coal seams fail the reservoir ‘brittleness test’ for
shale reservoir stimulation practices, it is concluded from recent
studies that pervasive, mostly cemented or closed coal fabric
planes of weakness may instead be reactivated on a large scale, to
create a shale reservoir-like SRV, by mechanisms which harness
the reservoir stress reduction capacity of desorption-induced
coal matrix shrinkage. The geology/technology impasse may
be resolved accordingly.

Future work

The postulated concept of isolated ‘self-fracturing’ CBDCG
reservoirs, which are protected against increasing production
drawdown-induced effective stress by pressure arch ‘stress
shielding’, may be tested in the future by several wellbore-
based techniques. These have the potential to reveal changes
in the size and permeability of artificially created CBDCG
fracture networks over production time:

1. Time-lapse wellbore hydraulic impedance analysis (Holzhausen
and Gooch 1985).

2. Time-lapsewellbore resonant frequency analysis (Stephenson
and Surjaatmadja 2006).

Hydraulic impedance analysis and resonant frequency
analysis are both well-established techniques for identifying
the location and magnitude of impedance contrasts, and
changes thereof, which define the acoustic character of
conduits. Both techniques are based on a) the generation of an
initial ‘excitation event’ in the form of a free or forced pressure
oscillation and b) observing how this input signal is modulated
by impedance contrasts relating to the conduit (for example a
wellbore) or the environment to which it is acoustically-coupled
(for example a fracture network domain). Fourier analysis-
based signal processing is an essential tool for interpreting the
typically complex output signal. Oscillatory features are more
easily identified within a frequency spectrum than from an
amplitude versus time record. By transforming the time-based
raw output signal (recorded by a pressure gauge or microphone)
into the frequency domain, it is possible to identify, within the
resulting Fourier spectrum, sub-resonances generated by various
impedance contrasts within the conduit. If the input signal
generation/output signal Fourier transform process is repeated
in a time-lapse manner, subtle changes to the conduit and the
environment to which it is acoustically-coupledmay be identified
over time.

One of the simplestways to generate a free pressure oscillation
(decaying over time) is via the familiar ‘water hammer’ effect.
A forced pressure oscillation, which does not decay over time,
may be generated using a continuous excitation event such as a
reciprocating pump, the stroke frequency of which matches the
fundamental resonant frequencyor someharmonic of the conduit.
A forced pressure oscillation causes a stable standing wave to
form within the conduit.

Applications for hydraulic impedance analysis and resonant
frequency analysis exist across a diverse variety of disciplines
(for example music and medicine). In the Oil and Gas Industry,
typical conduits of interest are wellbores and pipelines. As
for all other conduits, the acoustic character of a wellbore may
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vary in response to both inherent and environmental factors.
Properties of the wellbore may change in response to a
blockage, deformation or leak. Properties of the surrounding
rocks, to which the wellbore is acoustically-coupled, may
also change. For example, a hydraulically-induced fracture
network may change the acoustic impedance of the rock
volume within its domain of influence and this, in turn,
may locally change the acoustic impedance of the wellbore
wall (cased or otherwise).

Application of hydraulic impedance analysis was pioneered
in the Oil and Gas Industry during the mid 1980s by Holzhausen
and Gooch (1985), to quantify the size, geometry and absolute
permeability of hydraulically-induced fractures during job
execution.

Resonant frequency analysis has been applied to the real
time quantification of hydraulic fracture properties by
Stephenson and Surjaatmadja (2006). By periodically shutting-
down the fluid injection pumps to generate multiple water
hammer events during job execution and then displaying the
Fourier-transformed data in a time-lapse format (for example
a waterfall chart), it has been demonstrated that the resonant
frequency of a wellbore changes during hydraulic fracture
stimulation, provided there is sufficient hydraulic
communication between the wellbore and fracture. Fracture
extension decreases resonant frequency. Fracture screen-out
increases resonant frequency.

It is postulated that the ‘self-fracturing’ of producing
CBDCG reservoirs may also be monitored in a time-lapse
manner using these techniques by rapidly shutting-in a
wellbore during high-rate blow-down to atmosphere, so as to
generate a ‘gas hammer’ free pressure oscillation. The approach
is novel. Based on an extensive literature search, no case studies
have been identified involving the generation of wellbore free
pressure oscillations (a) during fluid flowback (rather than
injection) and (b) in a gas-filled (rather than fluid-filled)
wellbore. In addition, hydraulic impedance and resonant
frequency analysis, in any form, does not appear to have
been attempted in the Cooper Basin. A gas medium clearly
differs significantly from a liquid medium in terms of
compressibility and hence pressure wave velocity but the
principle remains the same. Expansion, contraction or no
change in the deep coal fracture network size can potentially
be identified by a corresponding time-lapse decrease, increase or
no change in resonant frequency character of the combined
wellbore/fracture network gas pressure oscillation.

3. 4D (time lapse) microseismic monitoring during production.

It is postulated that isolated CBDCG reservoirs, which
‘self-fracture’ under coal matrix shrinkage-induced tension
over production time, may generate occasional shear-related
acoustic events as the coal adjusts to its changing stress state.
Hence, microseismic monitoring may be able to image the
SRV during flowback, as well as during the initial reservoir
stimulation event. If performed in a time lapse manner,
changes in the size of the deep coal fracture network may
be detected. This may be particularly effective during wellbore
pressure build-up and blow-down operations, when stress
perturbation in the wellbore pressure transient region of the

CBDCG reservoir is likely to be higher than during ongoing
base-level tensile self-fracturing. Any shear event acoustic
signals are likely to be larger and more abundant.

Conclusions

1. The CBDCG Play is a nascent world-class unconventional
gas resource, existing mostly in synclinal settings outside
developed areas.

2. The most commercially prospective areas of the CBDCG
Play are interpreted to be in deep, BCG settings. The
main reasons for this are that gas content is high, reservoir
overpressure occurs, there is no significant mobile
formation water and the surrounding host rock framework
is pervasively gas-saturated andgeomechanically competent
enough to resist the tendency for compaction caused by
increasing production-induced effective stress.

3. A suitable world reservoir analogue has not yet been
identified to serve as a guide for understanding CBDCG
reservoirs.

4. Apart from gas being stored in a source rock reservoir
format, the CBDCG Play bears little similarity to other
unconventional plays.

5. A direct measurement approach is required to detect the
complex environmental overprints which influence
CBDCG resource concentration, gas flow capacity and
the presence of anomalies such as gas production sweet
spots. Such measurements already exist in the very large
historical Cooper Basin dataset.

6. An extensive ‘Tertiary uplift coal fabric porosity/
permeability sweet spot’ may exist in very thick coal
seams around the moderately inverted southern margin
of the Cooper Basin. It is postulated that a reduction in
coal seam reservoir pressure over this period of geological
time has resulted in the coal seams slowly degassing. Coal
fabric porosity and permeability is interpreted to have
rebounded in response to desorption-induced coal matrix
shrinkage dilation of the coal fabric aperture network.

7. CBDCG reservoirs are potentially vulnerable to diffusive
gas loss into the overlying active freshwater aquifers of the
Great Artesian Basin if they are not ‘insulated’ by a robust
regional ‘gas diffusion baffle’.

8. Owing to the combination of shale-like reservoir rock
properties, coal-like geomechanical rock properties and
the deep geological setting, CBDCG reservoir behaviour
during gas production is interpreted to exhibit a mixture
of characteristics relating to both shale reservoirs and
conventional CSG reservoirs. This presents a challenge
for reservoir stimulation.

9. Commercially prospective CBDCG reservoirs have no
significant natural flow capacity. An artificial reservoir
must be created by some form of reservoir stimulation
treatment. The CBDCG Play is a ‘technology play’.

10. There is no initial pervasively permeable vitrinite cleat or
inertinite master joint system characteristic of conventional
CSG reservoirs. Such coal fabric exists but is interpreted to
be mostly cemented with authigenic siderite and kaolinite
or closed by high initial reservoir confining stress.
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11. The CBDCG Play has not yet achieved full-cycle,
standalone commercial status and has reached a geology/
technology impasse. The root cause is interpreted to be
the apparent inability of current reservoir stimulation
techniques, adopted from other unconventional plays, to
generate themassive fracture network surface area essential
for high gas flow and ultimate recovery. The combination
of coal ductility and high initial reservoir confining stress
is most likely to be responsible. The impasse may be
overcome by developing a greater understanding of the
geological factors controlling CBDCG reservoir behaviour
and how they may be harnessed for the development of
fit-for-purpose reservoir stimulation technologies.

12. CBDCG reservoirs appear to require a fit-for-purpose
reservoir stimulation technology, coupled with a
mandatory horizontal wellbore configuration, which is
capable of generating a very large, shale reservoir-like
SRV, without the benefit of the ‘brittleness factor’.

13. Full-cycle, standalone commercial CBDCG production is
unlikely to occur until reservoir stimulation technologies
have been developed for artificially de-stressing and hence
‘shattering’ ductile CBDCG reservoirs under tension on a
massive scale, capable of replicating the very large SRV
surface area of commercial shale reservoirs.

14. A potential large-scale dynamic de-stressing mechanism
for producingCBDCG reservoirs is provided by combining
the established concepts of desorption-induced coal matrix
shrinkage and Pressure Arch Theory. Effectiveness is
interpreted to improve with depth.

15. Isolated ‘self-fracturing’ CBDCG reservoirs may function
as expanding gas-gathering systems for accessing
potential gas reserves in adjacent, non-coal reservoirs.
This is particularly applicable to deep BCG settings,
where technology-stranded gas reserves exist in tight
sandstones. These are highly stressed, dehydrated and
therefore sensitive to relative permeability formation
damage caused by the current application of water-based
hydraulic fracture stimulation fluids.

16. CBDCG reservoir stimulation treatments (past, present
and future) may serve only to establish an initial
CBDCG reservoir drainage framework. During gas
production, a dilating and expanding, fine-scale deep
coal fracture network SRV may gradually evolve under a
dynamic pressure arch ‘stress shield’.
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Introduction 
 
This Appendix shows all 114 natural surge cycles recorded during the 81/2-year flowback period 
of Moomba 77, from 28th October, 2007, to when the flowback was eventually suspended for 
an indefinite period, on 22nd April, 2016, owing to a major industry downturn, and the resulting 
lack of field operational resources. 
 
The pressure signature attributes, monitored in time-lapse mode, are displayed for each of the 
natural surge cycles. 
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Drilling data of deep coal seams of the Cooper Basin:
analysis and lessons learned
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Abstract. Deep (>4920 ft;>1500m) coal seams of the Cooper Basin accommodate large amounts of natural gas; however,
permeability of this unconventional resource is low and reservoir stimulation in prospective coal intervals is essential to
achieve commercial production. This paper aims to analyse drilling data of deep coal seams of the Cooper Basin in South
Australia. Drilling data obtained frommud logs are utilised to construct a drillability index (DI), in which rate of penetration
is normalised by drilling factors, making DI more sensitive to coal rock strength. Analysis of DI and gas show information
provides a preliminary screening tool for studying prospective deep coal seams, before performing in-depth reservoir
characterisation and production tests.

The decline in DI with depth is attributed to a compaction effect that makes deeper coal seams more difficult to drill
through compared with shallow seams. The existence of a fracture network can reduce coal rock strength and consequently
DI may increase. The increase in DI may be indirectly related to fluid flow characteristics of the coal seam helping in
identifying prospective coal intervals. The DI is also affected by other factors and, hence, should be used in combination
with reservoir information to yield conclusive indications. Gas show information and DI results were utilised to indicate
the effectiveness of dewatering operation and hydraulic fracture confinement in the wells drilled in the Klebb area located
in the Weena Trough.

Keywords: drillability index, gas show, mud logging, permeability, Weena Trough.
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Introduction

Reservoir characteristics of coal seam gas reservoirs can be
investigated directly by core samples or using indirect methods
such as well log interpretation, pressure transient analysis,
production data analysis and rate transient analysis (Clarkson et al.
2009, 2012; Clarkson 2013; Salmachi and Yarmohammadtooski
2015; Salmachi et al. 2016; Clarkson and Salmachi 2017;
Salmachi and Karacan 2017; Yarmohammadtooski et al. 2017).
Generally, core recovery is very poor in coal intervals owing to
geomechanical characteristics of coal seamsmaking core analysis
a difficult task. Formation evaluation using petrophysical logs
is also challenging when wellbore diameter is enlarged (bad
hole condition), especially for well logs with small depth of
investigation. In the absence of quality cores and reliable
petrophysical logs, analysis of production data, when properly
measured and recorded, can be the key to evaluate reservoir
properties of the coal. Yarmohammadtooski et al. (2017), in
the absence of reliable well logs and core samples, utilised
production data of a dewatering well in the Fairview Field,
eastern Australia, to extract reservoir characteristics of the

Bandanna Coal Formation. For a new type of resource such as
deep coals of the Cooper Basin, there are very limited data
available for reservoir characterisation. At the time of this
study, production data from deep coals were very limited and
formation evaluation using petrophysical logs, such as borehole
image logs, was difficult due to bad hole condition. In addition,
coring in deep coal seams is expensive compared with shallow
coal seam gas reservoirs. Hence, data acquisition of mud logs
could be a useful source to obtain at least preliminary information
about deep coal seams and their potential for gas production.

Mud logging includes the construction of a comprehensive
record of a wellbore by collecting and interpreting the
characteristics of drilling fluid and cuttings at the surface. The
mud logging unit was first introduced commercially to the oil
and gas industry in 1939 (Ablard et al. 2012). Since then, mud
logging functions and capabilities have significantly evolved to
perform functions such as core analysis, drilling data acquisition,
downhole measurement while drilling and directional drilling
measurement (Whittaker 1991). Mud logging provides real-time
wellsite information, which is fundamental to the improvement
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of drilling operations (Kyllingstad et al. 1993). The use of
sensors on drill rigs has modernised the capabilities of mud
logging units, enabling the crew to perform advanced analysis
on real-time data (Ablard et al.2012).Rock cuttings lithology and
hydrocarbon evaluation, as well as drilling information such as
rate of penetration (ROP), weight on bit (WOB) and rotary speed
(N) are recorded in mud logs.

Gas detection and analysis is an important capability of mud
logging services, which assists in identifying gas-bearing zones
and measuring gas components and composition.When analysing
gas shows on a mud log for the purpose of finding gas-bearing
formations, it should be considered that the extracted gas can
have different sources. Some gas may be related to the drilling
process and enter the wellbore while making a connection or
making a round trip, known as connection gas and trip gas
respectively. As summarised by Mercer (1974), origin of the
gas in the mud log is categorised into four groups: liberated,
produced, recycled and contamination. Table 1 summarises the
definition of these types of gases in the mud log.

In rotary drilling, the drill bit crushes the coal seam and the
cuttings and associated gas are transported to the surface using the
circulation system. The amount of gas liberated into the drilling
fluid depends on coal rock properties including porosity and
permeability, as well as drilling factors. The crushing action of
the drill bit also plays an important role in gas liberation. When
coal cuttings are perfectly crushed by the drill bit, gas escapes
from the cuttings more quickly. Generally, polycrystalline
diamond compact (PDC) bits produce very small sized and
crushed cuttings compared with long tooth tricone bits
(Bourgoyne et al. 1991). The other drilling-related factor is the
differential pressure at the interface between the bit and the coal
formation being drilled. In an underbalanced situation, cuttings
are cleared from bottom-hole more easily due to actions of gas
expansion and hydraulic impact force of the drilling fluid.
However, in the overbalanced situation, drilling cuttings are
held down and may be re-drilled by the drill bit when drilling
hydraulics is poorly designed. This results in further coal
crushing and liberation of more gas into the mud. Although
more gas is liberated due to further crushing, it should be
noted that ROP reduction makes less rock available for gas
liberation. This may offset the former phenomena (further
crushing). The formation of mud cake and mud filtrate invasion
into permeable formations further complicate the gas show
analysis using mud logs (Whittaker 1991). Excessive differential
pressure, high permeability, high mud loss rate and low ROP
not only deteriorate drilling operation but also affect efficient

formation evaluation. Drilling a borehole is a very dynamic
and complex procedure, consequently geological and drilling
factors should be carefully studied before formation evaluation
and the limitations and risks involved in such analysis should be
understood.

Gas chromatography provides detailed composition of the
extracted gas sample. Commonly detected components, measured
in ppm, are methane (C1), ethane (C2), propane (C3), butane (C4)
and pentane (C5). This provides the opportunity to obtain real-time
reservoir gas composition while drilling and identify gas-bearing
formations for future evaluation by well logging and production
tests (Whittaker 1991).

Drilling data acquisition of mud logs allows tracking real-
time ROP, which is a function of mechanical variables and
formation-related properties. The mechanical variables influencing
ROP including WOB, rotary speed, bit size and condition and
bit hydraulic impact force (Bourgoyne et al. 1991). The main
formation-related properties are rock strength and pore pressure.
When ROP is normalised with mechanical variables, results
are more sensitive to formation rock strength and formation
pore pressure. The concept of d-exponent and modified
d-exponent were introduced to detect overpressure formations
while drilling (Bourgoyne et al. 1991) to mitigate well-control
issues on drill rigs. Normalised ROP may be plotted on the mud
log as a porosity indicator; however, it should be interpreted
along with wireline porosity logs (sonic and neutron density) for
conclusive results (Whittaker 1991). The recent advances in mud
logging enable us to perform a wide range of analysis on
well sites including in-depth formation evaluation, drill string
vibration and kick detection and prevention (Payne and
Abbassian 1996; Loermans et al. 2005; McKinney et al.
2007). Dunlop et al. (2017) utilised mud logging information
to study deep and ultra-deep Permian coal gas reservoirs of the
Cooper Basin in South Australia.

This paper aims to study deep coal seams of the Cooper
Basin by analysing drilling data acquired by mud logs in 20
wells penetrated into deep coal seams. A drillability index (DI) is
defined by normalising drilling parameters such that it becomes
sensitive to coal rock strength. The DI and gas show information
provide a preliminary screening tool for assessing the reservoir
potential of deep coal seams.

Study area and well selection

ThePermianCooperBasinDeepCoalGas (CBDCG)Play covers
an area of at least 5million acres (20 000 km2), straddling north-
eastern South Australia and south-western Queensland. Coal
measures are present in the Patchawarra, Epsilon, Daralingie
and Toolachee formations. The Patchawarra Formation is the
primary target for commercialisation and contains the largest
number of individual coal seams and the greatest bulk volume
of coal. Most of the resource is located in South Australia,
mainly in the Patchawarra Trough and the western part of the
Nappamerri Trough.

Like most unconventional plays, the CBDCG Play is based
on the concept of a source rock reservoir petroleum system
(Levine 1993; Magoon and Dow 1994; Curtis 2002; Boyer
et al. 2006). Prospective CBDCG reservoirs are interpreted to
be within pervasively gas-saturated Basin Centred Gas (BCG)

Table 1. Origins of gas in the mud logs (Whittaker 1991)

Type Definition

Liberated gas Gas release to the mud due to rock crushing
action of the drill bit

Produced gas Gas flow from formation into the wellbore due to
pressure gradient

Recycled gas Gas that is not separated from the mud and has been
recirculated into the wellbore

Contamination Gas from all sources other than formations drilled
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settings, at depths greater than ~9000 feet (2750m). The BCG
concept was first described byMasters (1979) and its recognition
in the Cooper Basin is documented by Hillis et al. (2001).
Prospective deep coal seams tend to be dehydrated in both the
matrix and the cleat or other natural fracture-related coal fabric.
The presence of a free gas phase in the potentially significant
matrix meso- and macro-porosity, together with possible multi-
layer adsorption and capillary condensation within the matrix
micro-porosity, is interpreted to be responsible for the often very
high total gas contents recorded from the canister gas desorption
testing of deep coal full-hole cores, well in excess of conventional
coal seam gas (CSG).

CBDCG reservoirs are interpreted to have no significant
initial pervasively permeable vitrinite cleat or inertinite master
joint system characteristic of conventional CSG reservoirs. These
features do exist, together with other coal fabric apertures,
but they are interpreted to be mostly cemented with authigenic
siderite and kaolinite or closed by high initial reservoir confining
stress. This is consistent with the findings of Kuuskraa and
Wyman (1993), who clearly demonstrate, using field data from
several basins, that the absolute fabric permeability of coal seams
decreases exponentially with increasing depth and resultant
confining stress. At a depth of ~9000 feet (2750m), coal fabric
permeability is shown tobewell below0.1mD(the typical cut-off
for Cooper Basin tight sandstone gas reservoirs). This empirical
relationship is henceforth used as the basis for reasonably
interpreting most CBDCG reservoirs to have no pre-existing
commercially significant fabric permeability. Exceptions may
occur, in the form of sweet spots, for example where major
structural inversion has potentially resulted in the rebound of
coal fabric porosity and permeability (Dunlop et al. 2017). The
intention of this study is to identify such areas, based on the
analysis of drilling data. The CBDCG Play does not rely upon
a structural trapping mechanism, so the bulk of the resource lies
in deep, thermally mature synclinal areas between conventional
gas fields.

Approximately 1900 wells have penetrated the Permian coal
measures of the Cooper Basin since drilling commenced in the
1950s. Seams have been encountered at depths ranging from
4250 feet to over 11 000 feet (1300–3350m) (Dunlop et al.2017).
It is beyond the scope of this study to include all of these. Hence,
a small but diverse subset of 20 wells was chosen to capture
coal variability over a wide area and in a range of geological
settings. Some of the coal seams intersected by the study wells
are too shallow to qualify as CBDCG reservoirs sensu stricto.
Nevertheless, they provide insight into coal properties at the
‘Deep CSG’ end of the depth spectrum. Since the South
Australian portion of the Cooper Basin has the greatest deep
CSG potential, we analysed the wells located in this region. The
study area, the net thickness of coal seams in the Patchawarra
Formation and location of study wells are shown in Fig. 1.

Method

To consider a coal seam as a prospective gas reservoir, it should
contain a sufficient amount of gas and maintain a degree of
permeability to allow fluid to flow within the coal seam. In the
absence of core data and production tests, evaluation of reservoir
rock properties with emphasis on fluid flow capability of the

coal seam is important. A DI is calculated using drilling data
including ROP, WOB, rotary speed, mud weight, mud flowrate
and drill bit information. Once ROP is normalised with drilling
variables, it becomes more sensitive to coal rock strength and
pore pressure. For coal seams at similar depth and with equal
pore pressure, DI may reflect coal rock strength. Coal strength
is influenced by coal rank, ash content and intensity of the
fracture/cleat system (Palmer et al. 2005; Pan et al. 2013). The
existence of a fracture system, controlling fluid flow capacity of
the coal seam, may reduce coal rock strength and consequently
increase DI. The increase in DI can be interpreted as the existence
of a fracture network facilitating fluid flow. However, factors
including rank and ash content may contribute to a rise in DI and,
hence, other information and evidence are needed to support
this conclusion.

The construction of the DI starts with the selection of a ROP
equation.We use theBinghammodel to establish the relationship
between ROP and mechanical variables (WOB, bit size
and rotary speed). The Bingham model is described by the
following equation (Bingham 1965):

R ¼ K

�
WOB

db

�
N ð1Þ

where, R is the ROP in ft/h, WOB is in klbf, N is the rotary speed
in RPM, db is the bit diameter in inches and K is a constant
value reflecting rock strength. This model may be modified for
the effect of mud density by introducing the ratio of the density
equivalent to normal pore pressure to the mud density and takes
the following form:

R ¼ K

�
WOB

db

�
N � rn

rmud
ð2Þ

where, rmud is the mud density in pounds per gallon (ppg) and
rn is the density equivalent to normal pore pressure (ppg). This
equation may be further modified to include the impact of bit
hydraulic impact force (HIF) on ROP by introducing a new term,
similar to the ROP model proposed by Bourgoyne et al. (1991):

R ¼ K

�
WOB

db

�
N � rn

rmud
�
�

HIF

HIFref

�a

ð3Þ

where, HIF is at the nozzles of the drill bit and HIFref is the
reference hydraulic impact force.A typical value for the exponent
a can be in the range of 0.3–0.6 (Bourgoyne et al. 1991). Equation
3 is rearranged to extract K that is sensitive to coal rock strength
after normalising the ROP for other variables and it can take the
following form:

DI ¼ K ¼ R

WOB
db

� �
N
� rmud

rn
� HIFref

HIF

� �a

ð4Þ

In Eqn 4, DI may be used to evaluate coal rock strength in the
study wells relative to each other. The HIF at the bit nozzles
is calculated using drilling hydraulics equations available in
Appendix 1.

Gas show readings of deep coal seams acquired from mud
logs were utilised to study well connectivity and hydraulic
fracture confinement in the Klebb area at the Weena Trough,
Cooper Basin. They were also used to qualitatively compare
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Fig. 1. The isolith map of the Cooper Basin (South Australia section) showing the net thickness of coal seams in the Patchawarra Formation and location
of the study wells (modified from Stewart et al. (2013), Carr et al. (2016) and Hall et al. (2016)).
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gas storability of coal seams in study wells across the basin.
However, gas show information is strongly influenced by drilling
operation and related factors and, hence, should be analysed
carefully along with other characterisation tools to achieve
conclusive results.

Results and discussion

Drillability index

The DI of coal seams with a thickness greater than 10 ft (3m)
were calculated in the study wells and the results analysed and
interpreted. The DIs for coal seams penetrated in the study wells
are shown in Fig. 2.

Among the study wells, the highest DIs belonged to Klebb 2
in the Weena Trough (Fig. 1). Drilling data, gas shows
and calculated DIs for coal seams penetrated in Klebb 2 are

shown in Fig. 3. High DIs in Klebb 2 could indicate the existence
of a fracture network reducing coal strength and hence improving
drillability. The existence of an open fracture network results
in coal seams being permeable and, hence, DI and fluid
flow capacity of the coal seams may be indirectly related.
However, we need further evidence to support this conclusion.
The existence and openness of natural fractures or cleats in coal
seams can be studied using borehole image logs. Salmachi et al.
(2016) utilised borehole image log interpretation and drill stem
test (DST) data analysis to study fracture or cleat systems in the
Hoskissons coal interval in theGunnedah Basin in Australia. The
existence and openness of natural fractures were investigated by
analysis of borehole image logs and their hydraulic conductivity
was determined by analysis of DST results. Unlike the Gunnedah
Basin, the quality of borehole image logs is generally poor in
deep coals of the Cooper Basin, such that interpretations and
analysis are not reliable in the study wells (see Fig. 4).
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Fig. 2. Drillability indexes calculated for deep coal seams of the Cooper Basin in the study wells. The highest drillability indexes belong to Klebb 2.
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Fig. 4. Petrophysical and borehole image logs for Marsden 1 (left – acoustic-based image log) and Talaq 1 (right – resistivity-based image log) wells. Caliper
and borehole image logs clearly indicate bad hole conditions in the coal sections of both wells. Borehole diameter is enlarged at the coal interval, which affects
the well log quality for a detailed fracture and cleat analysis.

386 The APPEA Journal A. Salmachi et al.



Owing to the absence of borehole image log and DST
data in Klebb 2, we were unable to verify the presence of a
fracture network in the coal seams. Although detailed study of
the fracture network was not possible due to lack of sufficient
data, production history of the well may be used as evidence
for the existence of a fracture network. Two major coal seams
intersected in Klebb 2 were hydraulically fractured and
water is currently being produced to depressurise the seams
(dewatering operation). The gas and water production history
of Klebb 2 is shown in Fig. 5. Water production in excess
of 200 STB/day makes Klebb 2 different from the study wells
outside the Klebb area. Coal seams in the Klebb area, unlike
coal seams in the other wells, have sufficient permeability to
allow dewatering.

High DIs observed in Klebb 2 are accompanied by high gas
show readings in coal seams that are currently being dewatered
using Klebb 1, which is located ~250m fromKlebb 2. Coal seam
depressurisation by the nearby well (Klebb 1) results in gas
desorption and diffusion into the fracture network. Hence, free
gas in the coal seam increases and once it is penetrated by a new
well, high gas show readings are observed. The origin of
the high gas show readings in Klebb 2 is mainly in the
category of produced rather than liberated gas. Hence, gas
show readings in Klebb 2 do not reflect gas storability of deep
coals in the Klebb area.

In normally pressured formations, DI, which is inversely
proportional to coal rock strength, decreases with depth. This
means deeper coals are more difficult to drill through compared
with shallow ones. This is due to the compaction effect
reducing the drillability of a particular formation at a greater
depth. However, the trend may deviate due to factors such as
existence of a well-developed fracture system and abnormally
high pore pressure in coal seams. Fig. 6 shows the DIs for deep
coal seams in three wells decreasing with depth, which is
attributed to overburden effect.

All the study wells were drilled using PDC bits. The
drillability equation assumes that bit condition (wear) does
not change while drilling. When a bit is changed while drilling
a coal section, it can have a significant impact on DI. It is
important to identify bit change events in study wells to avoid
any misinterpretation of DI results. The increase in DI after
a bit change is most probably related to bit condition rather
than changes in coal rock properties. We identified bit changes
in four wells: Davenport 1 ST1, Roswell 1, Le Chiffre 1 and
Bobs Well 2. In these wells, the PDC drill bit was changed to

a core bit for coring purposes. Changing the drill bit to a core
bit increased the DI in all the wells. In Davenport ST1 and
Bobs Well 2, the change in DI was profound, but in Le
Chiffre 1 DI slightly improved due to the bit change. Fig. 7
compares the impact of bit change on DI in Bobs Well 2 and
Le Chiffre 1.

Note that it is outside the scope of this study to identify
permeable coal seams solely by analysis of drilling data.
Analysis of drilling data provides a preliminary and practical
approach to identify potential coal seams; however, robust
reservoir characterisation tests and production tests are required
later to confirm the productivity of deep coal seams. Further gas
production and reservoir characterisation tests will provide
greater insight into the permeability of deep coal seams that can
be later correlated with DI for a more comprehensive validation.

Gas show

Dunlop et al. (2017) conducted a comprehensive study on deep
coals of the Cooper Basin using gas show readings from mud
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logs. In this study, gas show information complements the DI
results for a better understanding of deep coals of the Cooper
Basin. Fig. 8 demonstrates the gas shows in all the study wells.
Among the studywells, Klebb 2 and 3 had the highest gas shows,
as well as Marsden 1; and Streaky 1 had the lowest gas shows.
Gas show readings generally increased with depth but data on
the plot were scattered because a large number of influencing
factors such as coal rank, temperature and local geology, as well
as drilling-related factorsmay affect the readings. For somewells,
such as Aquamarine 1 and Tindilpie 11, gas shows varied
significantly with depth indicating that deep coal seams at
various depths had significantly different gas show responses.
As previously discussed, gas show results are influenced by
factors other than coal rock properties such as drilling-related
parameters and coal seam depressurisation. Hence, gas content
should be measured using desorption canister tests for more
accurate measurements.

One influential factor on gas show readings of a mud log is
coal seam depressurisation due to wellbore communication.
One good example in the Cooper Basin is the Klebb wells
drilled in the Weena Trough. Klebb 1–4 are a part of recent
gas exploration in deep coal seams at the Weena Trough.
Klebb wells are drilled in proximity to each other (~200m)
and are exclusively shown in Fig. 1. These wells were
hydraulically fracture stimulated and are currently being
dewatered to test the commercial viability of gas production.
Klebb 1–3 were brought to production in a chronological
order after completion. Gas show trends of coal seams were
consistent among the three wells down to ~2000m and then
started separating from each other at coal intervals that were
hydraulically fractured (Fig. 9). The maximum gas show in
Klebb 1 did not exceed 400 units, which is typical for a gas
show at this depth in the Cooper Basin (Dunlop et al. 2017).
However, gas shows in Klebb 2 and 3 were significantly higher,
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Fig. 7. The impact of bit change on drillability index (DI) in Bobs Well 2 and Le Chiffre 1. Bit change had a profound impact on DI in Bobs Well 2 and
shifted the trend of the DI curve.
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with maximum gas shows of 2035 and 2798 units respectively.
This appeared as an abnormal event on the gas show trends. The
significantly higher gas shows in Klebb 2 and 3 are attributed
to well connectivity promoted by hydraulic fracturing and the
existence of a natural fracture network. The high DI calculated
for Klebb 2 supports the existence of a well-developed fracture
network. Furthermore, owing to the short distances between
the wells, hydraulic fracturing can strongly contribute to
wellbore communication. Coal seam dewatering using Klebb 1
depressurises the reservoir and facilitates gas desorption and
diffusion into the fracture network in the area of influence.
The mud log for Klebb 2 indicated a much higher gas
show compared with Klebb 1 because Klebb 1 has already
dewatered the coal seam in the area. Similar to Klebb 2,
Klebb 3 had a higher gas show on the mud log due to the
dewatering impact of its neighbouring wells, Klebb 1 and 2.
It is vital to identify the impact of dewatering on gas shows to
prevent erroneous resource evaluation based on mud logging

information. Core data and desorption canister tests are required
to reliablymeasure gas content and coal permeability for reservoir
characterisation.

A coal interval, separated by a shale formation from the
upper and lower target seams in Klebb wells, is shown in
Fig. 9. This coal interval may be used as a reference to
investigate confinement of the hydraulic fracture height within
target formations. The DI of this coal interval was high, similar
to the upper and lower target seams (see Fig. 3) indicating that
coal may be permeable. Although this coal seam is permeable,
it was not hydraulically fractured and is not a part of the well
completion. Any hydraulic connectivity, established naturally
(e.g. existing faults or fractures) or artificially created by
hydraulic fracturing between the reference coal interval and
the target coal seams may be identified by monitoring gas
show readings of the reference coal interval. The reference
coal interval acted like a ‘virtual gauge’, monitoring the pore
pressure that regulated gas desorption from the coal matrix into
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the cleat network. The gas show readings of the reference coal
interval remained approximately equal in Klebb 1–3 unlike the
gas show reading in the upper and lower coal sections completed
by hydraulic fracturing. Since gas show readings remained
constant in the reference seam, it can be concluded that most

probably there was no hydraulic connectivity (naturally or
artificially created) between fractured seams and the reference
seam. This reference coal interval provided an opportunity to
conduct a hydrology assessment in the Klebb area to ensure the
hydraulic fracture had not propagated into the upper formations.

1400

0 1000 2000 3000

Gas show (units)

1500

1600

1700

1800

D
ep

th
 (

m
)

1900

2000

2100

2200

Klebb 2 Klebb 1 Klebb 3

Reference coal interval

Target coal seams
(hydraulically fractured)

Fig. 9. Gas showplot forKlebb 1, 2 and3.Gas show readings are generally consistent for coal intervals down to 2000m.A significant difference between gas
show readings is observed in hydraulically fractured coal intervals.

390 The APPEA Journal A. Salmachi et al.



Gas show–DI diagram

The plot of gas show vs DI for the study wells may help
to identify prospective deep coal seams for further
characterisation and evaluation. This was achieved by
defining cut-offs for gas show and DI. A cut-off of 500
units was used for the gas show to distinguish between low
and high gas content coal seams. The cut-off for DI was set to
1 to distinguish fragile coal sections from dense and compact
coals. These cut-offs were nominated based on limited
field and experimental observations such as the production

performance of deep coal gas wells, desorption canister tests
and core information. Fig. 10 shows the plot of gas show vs
DI for the study wells with cut-offs marked on the graph. Gas
show readings of Klebb 2 and 3 that were strongly controlled
by dewatering effect were excluded from the graph to avoid
misinterpretation. Roswell 1, Bobs Well 2, Davenport 1 ST1
and Le Chiffre 1 were also excluded because drill bit change
affected the DI results.

Most of the Cooper Basin deep coal seams in this study
had both gas show readings and DIs lower than the proposed
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cut-offs. This suggests that exploitation of deep coals
requires special reservoir stimulation to achieve commercial
gas production. Horizontal drilling, a typical drilling strategy
in shale reservoirs, and hydraulic fracturing, a typical reservoir
stimulation method, are challenging in deep coal reservoirs
of the Cooper Basin. This is mainly related to geomechanical
properties of deep coal seams and the complex stress
regime. Horizontal drilling is challenging due to wellbore
stability issues. Hence, drilling and stimulation techniques
require modification in deep coal seams to unlock these
valuable resources. In addition, coal seams penetrated in an
individual well (e.g. Tindilpie 11 and Nephrite South 7) can
have variable gas shows and DIs. Hence, the selection of
an appropriate completion strategy is essential to achieve
optimum production from productive seams.

Conclusions

Drilling data for 20 wells in the Cooper Basin that penetrated
deep coal seams were utilised to construct a DI. This DI is
an indication of coal rock strength when normalised by
drilling parameters including ROP, WOB, RPM, mud
weight and bit hydraulic impact force. The DI indicates coal
compactionwith depth in several wells. Coal compaction reduces
permeability andhencegasproduction fromdeep coals by closing
existing cleats and fractures leading to permeability reduction.
TheDI is sensitive to bit wear and, hence, change of drill bit while
drilling in coal seams may shift the trend of DI. In addition, DI
may be indirectly related to fluid flow capacity of a coal interval,
helping in identifying prospective coal seams for further
characterisation and evaluation. The existence of a fracture
network reduces coal strength and, as a result, DI increases. A
substantial change in DI in a coal section could be a sign of a
fracture system; however, further supporting evidence and
analysis are needed to avoid misinterpretation of the results.
The DIs of deep coal seams in Klebb 2 were higher than other
seams in the study wells indicating the coal seams were
permeable. Relatively high water production rate observed
during dewatering of Klebb 2 supports that the coal seams
were permeable and different from other seams.

Owing to wellbore pressure communication, gas show
readings of mud logs in Klebb area were not reliable for
estimating gas content. However, readings could be used to
investigate hydraulic fracture confinement and cross-flow
between coal and the adjacent formations. Gas show readings
of the coal interval (with high DI) located on top of the
hydraulically fractured coal seams were consistent in Klebb
1–3 and did not change during the dewatering phase. This
indicates that there was most probably no hydraulic
communication between the target coal seams and overlying
formations in the Klebb area.
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Appendix 1

Total flowing area
The total flowing area is calculated by the size and number of nozzles. The nozzles create the jetting action at the bit face to clean the bottom-hole. The hydraulic
impact force generated by the nozzles at the bit face can be adjusted by changing the size of nozzles. Total flowing area is simply calculated using the following
equation:

At ¼ N � p

4
� d

32

� �2

where At is the total flowing area in square inches, N is the number of nozzles, and d is the nozzle diameter in inches.

Pressure drop across the bit
Pressure drop across the bit is controlled by mud flow rate, total flowing area across and mud density. The discharge coefficient can vary within 0.95–0.98 for
practical purposes. Pressure drop across the bit is calculated using the following equation (Bourgoyne et al. 1991):

DPb ¼ ð0:00008311� rmud � q2Þ
ðCd

2 � A2
t Þ

whereDPb is pressure drop across the bit in psi, q is mud flow rate in gallons per min,Cd is the discharge coefficient and At is the total flowing area of the nozzles.

Hydraulic impact force
The hydraulic impact force (HIF) in this study is calculated by the following equation:

HIF ¼ 0:01823� Cd � q�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r � DPb

p
where HIF is in lbf, Cd is the discharge coefficient, r is the mud weight (ppg) and DPb is the pressure drop across the bit in psia.
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Investigation of permeability
change in ultradeep coal seams
using time-lapse pressure
transient analysis: A pilot
project in the Cooper Basin,
Australia
Alireza Salmachi, Erik Dunlop, Mojtaba Rajabi,
Zahra Yarmohammadtooski, and Steve Begg

ABSTRACT

Very limited literature is available relating to gas production from
ultradeep (>9000 ft [>2700 m]) coal seams. This paper in-
vestigates permeability enhancement in ultradeep coal seams of
the late Carboniferous and early Permian to Late Triassic Cooper
Basin in central Australia, using a time-lapse pressure transient
analysis (PTA) approach for a pilot well. The gas production
history and three extended shut-in periods are used to construct
the time-lapse PTA for the study well. A new approach is in-
troduced to construct a permeability ratio function. This function
allows the calculation of permeability change resulting from
competition between the compaction and coal-matrix shrinkage
effects.

Pressure transient analysis indicates that gas flow is dominated
by a bilinear flow regime in all extended pressure buildup tests.
Hence, reservoir depletion is restricted to the stimulated area near
the hydraulic fracture. This implies thatwell-completion practices
that create a large contact area with reservoirs, such as multistage
hydraulically fractured horizontal wells, may be required for
achieving economic success in these extremely low-permeability
reservoirs. The permeability ratio is constructed using the slope of
the straight lines in bilinear flow analysis. Because of uncertainty
in average reservoir pressure, probabilistic analysis is used and
aMonteCarlo simulation is performed to generate a set of possible
permeability ratio values. The permeability ratio values indicate
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that coal permeability has increased during the production life of
the wellbore because of the coal-matrix shrinkage effect. Per-
meability enhancement in this ultradeep coal reservoir has offset
the effect of permeability reduction caused by compaction, which
is beneficial to gas production.

INTRODUCTION

The production performance of coal-seam gas reservoirs is
a function of their gas storage and fluid-flow characteristics
(McLennan, 1995).Gas storage in coal seams ismostly in the form
of adsorption to coal matrix and permeability is caused by a set of
orthogonal natural fractures, known as cleats. Thematrix and cleat
systems result in the use of dual-porosity models for fluid-flow
modeling and simulation (Ranjbar et al., 2013). Shallow coal
seams are single-porosity reservoirs to water and dual-porosity
reservoirs to gas. Although these coal seams are dual-porosity
reservoirs to gas, the dual-porosity behavior is generally not ob-
served on pressure transient tests (Seidle, 2011).

Coal permeability is stress and desorption dependent and can
change during gas production as a result of pore-pressure re-
duction and coal-matrix shrinkage (Palmer and Mansoori, 1998).
Coal permeability generally declines exponentially with increas-
ing depth (Moore, 2012) and deeper coal seams may require
hydraulic fracturing, multilateral wells, or microholes to achieve
commercial gas production (Palmer, 2010). Deep coal seams
(>3300 ft [>1000 m]) are attractive unconventional resources
because their higher rank results in higher gas-storage capacity
than shallow coal seams (Cui and Bustin, 2005). In deep areas of
the Cooper Basin, free gas storage becomes an important factor
affecting both resource volume and production performance.
The bulk of the free gas is interpreted to exist within the
phyteral mesoporosity and macroporosity of the coal maceral
inertinite, which dominates the matrix (Dunlop et al., 2017).
Although the in situ gas content of deep coal seams is generally
greater than shallow seams, coal permeability is commonly
very low, thereby affecting economic success. Gas production
is undertaken from theUpperCretaceous “Cameo” deep coal seams
of the Mesaverde Formation in the Piceance Basin of Colorado,
particularly in the White River Dome area, where the depth of
producing seams is in excess of 7000 ft (2100m) (Murray, 2003).
Gas is currently produced from deep and ultradeep coal seams
of the Cooper Basin, where the depth of coal seams is in the range
of 4700–12,000 ft (1400–3700m) (Dunlop et al., 2017).Detailed
geological studies relating to theCooperBasin resources, including
gas resources in deep and ultradeep coal seams can be found in
recent publications by Geoscience Australia (Hall et al., 2015,
2016a, c). Ultradeep (>9000 ft [>2700 m]) coal seams in the
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Cooper Basin generally contain no significant mobile
formation water and have very low permeability.
Hence, reservoir stimulation is considered essential
for efficient reservoir depletion and achieving com-
mercial gas production. Stimulation of prospective
ultradeep coal seams of the Cooper Basin using hy-
draulic fracturing in the wells that are drilled to
produce from other reservoirs has become a common
practice to marginally increase the overall production
rate. At the time of this study, drilling a well for
standalone production from ultradeep coal seams is
not viable because of the subeconomical gas pro-
duction rate.

In addition to reservoir stimulation, permeabil-
ity enhancement caused by coal-matrix shrinkage,
if this occurs, can facilitate gas flow in these low-
permeability coal seams, thereby enhancing gas
production. Coal permeability rebounds when the
coal-matrix shrinkage effect dominates the compac-
tion effect during the production life of a well (Seidle,
2011) because of coal-matrix shrinkage enlarging
cleat and fracture apertures (Gray, 1987). Perme-
ability enhancement resulting from gas desorption
has been extensively investigated and modeled in
the literature for shallow coal-seam gas reservoirs
(Levine, 1996; Palmer and Mansoori, 1998; Cui and
Bustin, 2005; Shi andDurucan, 2005; Clarkson et al.,
2007b, 2011b; Moore et al., 2011). Field tests and
production history matching studies in the Upper
Cretaceous Fruitland Formation coal seams of the
San Juan Basin of Colorado and New Mexico have
demonstrated significant permeability enhancement
in coal seams during the production period (Palmer
andMansoori, 1998; Clarkson et al., 2011b). The late
Permian Bandanna Formation coal seams of the
Fairview field in the Bowen Basin of Queensland,
Australia, exhibit permeability enhancement during
gas production and permeability increase has been
recognized using production history matching methods
(Belushko et al., 2014; Clarkson and Salmachi, 2017;
Yarmohammadtooski et al., 2017). The simulation
study performed by Cui and Bustin (2005) suggests
that for a deep coal seam, permeability increase
caused by coal-matrix shrinkage may be compro-
mised by permeability reduction because of the
compaction effect and, hence, gas production be-
comes inefficient.

Coal permeability can be obtained directly by
well-test measurement techniques such as pressure

drawdown and buildup tests, drill-stem tests, and
injection fall-off tests. It can also be determined in-
directly using production history matching tech-
niques (Karacan, 2013); however, permeability from
history matching methods may not be comparable
with direct methods because of coal relative per-
meability and cross flow complications (Palmer,
2010; Salmachi and Karacan, 2017). Well tests such
as pressure drawdown and pressure buildup tests
(the most common pressure transient tests) are
popular for extracting essential reservoir proper-
ties (permeability, skin factor, and average reservoir
pressure) at in situ conditions by applying pressure
transient analysis (PTA) techniques to pressure
data collected during the tests (Earlougher, 1977;
Chaudhry, 2003).

Time-lapse PTA can be used to track changes in
reservoir properties (skin factor and permeability)
and hydraulic fracture characteristics such as fracture
conductivity (Gierhart et al., 2007; Clarkson et al.,
2011a; Ugoala et al., 2013). The time-lapse PTA
approach may be used to track permeability change
during the production life of a well. However, in very
low-permeability gas reservoirs, such as tight gas and
shale gas reservoirs, PTA commonly does not provide
a unique estimate of permeability because the radial
flow regime may not be captured (Clarkson et al.,
2011a). For example, the diagnostic plot of a planned
2-week buildup test for a tight gas reservoir, which
turned into an extended 240-day buildup test re-
sulting from mechanical issues in gauge retrieval,
indicates that despite the excessive buildup time,
the radial flow regime is not present and, as a result,
permeability cannot be estimated (Clarkson et al.,
2011a). The application of time-lapse PTA in
ultradeep coal seams could also be challenging be-
cause of the low permeability of the reservoir.

This paper aims to investigate permeability change
caused by coal-matrix shrinkage, exclusively in
ultradeep coal seams of the Cooper Basin. This is
achieved by performing PTA for three successive
pressure buildup tests. Pressure buildup data were
recordedduring the production life of a pilotwell, with
sufficient production time allowed between succes-
sive tests to allowpermeability evolution.Apermeability
ratio function is constructed, using the bilinear flow
model, to study the change in coal permeability during
the production life of the well. Permeability enhance-
ment, if realized, could influence the futuredevelopment
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of ultradeep coal seams of the Cooper Basin and even
worldwide.

STUDY AREA AND WELLBORE
DESCRIPTION

The Cooper Basin is a major onshore oil and gas
province in Australia, accommodating a large num-
ber of oil and gas fields discovered since the 1960s.
It covers an area of approximately 50,000 mi2

(~130,000 km2), extending from the northeastern
part of South Australia to the southwestern part
of Queensland (see Figure 1) (Gravestock et al.,
1998). Deep and ultradeep coal seams are distributed
throughout the Permian Patchawarra, Epsilon,
Daralingie, and Toolachee Formations. Figure 1 is an
isolith map of coal seams in the Patchawarra For-
mation, showing net coal thickness distribution. The
map also shows the study area and themain structural
elements of the Cooper Basin (Stewart et al., 2013;
Carr et al., 2016; Hall et al., 2016b). The gross thick-
ness of an individual Patchawarra Formation coal
seam may reach 150 ft (45 m) in the southern part
of the Cooper Basin, indicative of significant poten-
tial for gas storage capacity (Baker, 2017).

The geological and reservoir characteristics of
ultradeep Cooper Basin coal seams differ from shallow
coal-seam gas reservoirs. The most obvious indicator
is the dominance of inertinite macerals over the entire
coal-measure sequence (Hunt and Smyth, 1989). This
gives the coal seams their characteristic dull, massive
appearance. Shallow coal-seam reservoirs are typically
high in vitrinite, which readily forms extensive cleat
systems (Laubach et al., 1998). Inertinite is less prone
to cleating. Master joints (often referred to as “master
cleats”) are present instead of fine-scale cleats. Master
joints form on a larger scale, with wider spacing than
vitrinite cleats, and extend across multiple inertinite
and vitrinite bands, similar to those of Permian coal
seams in the Bowen Basin of Queensland, Australia,
described by Dawson and Esterle (2010). In con-
trast to microporous vitrinite, inertinite matrix
contains mesoporosity and macroporosity (pores
2–50 nm and >50 nm in diameter, respectively). This
results in the capacity to store the free gas phase in
addition to adsorbed gas. Despite the high inertinite
content of Cooper Basin coal seams, the balance of
the maceral composition has sufficient hydrocarbon-
generative capacity to have sourced the bulk of the

basin’s oil and gas. The terrestrial organic matter, as a
whole, is classified as being gas-prone type III kerogen
(Tissot et al., 1974).

The study well is the first in Australia to be
completed in the ultradeep coal seams of the Cooper
Basin (Patchawarra Formation). The objective was to
investigate the feasibility of gas production from
coal seams deeper than 9000 ft (2700 m). The well
achieved technical proof-of-concept for gas pro-
duction and has since provided important insights
into dynamic behavior of the reservoir.Ultradeep coal
seams intersected by the study well contain an in-
significant amount of mobile formation water and fit
into the category of dry coal reservoirs. This vertical
well was perforated at six shots per foot with 60°
phasing angle in the coal interval and mini-fracced
prior to the main hydraulic fracture stimulation
treatment. The mini-frac indicated the instantaneous
shut-in pressure to be 9110 psi. Friction-reduced
water was injected at 20 barrels per minute (bpm)
to place 20/40 mesh Brady sand as the proppant into
the fracture. After closure analysis indicates reservoir
pressure to be 6761 psi, which is equivalent to a pore-
pressure gradient of 0.7 psi/ft (15.8 kPa/m). Hence,
the coal seams are overpressured.

Table 1 lists the reservoir parameters used in
this study. These properties were determined from
desorption canister tests, adsorption isotherm
measurements, and diagnostic fracture injection tests
performed on deep coal seams in the Patchawarra
Formation. Details of these fundamental engineering
tests and methods in coalbed methane reservoirs are
well documented in the literature (e.g., Seidle, 2011;
Moore, 2012).

Table 1. Reservoir Parameters Used in This Study

Parameter Value

Langmuir pressure, psia 978
Langmuir volume, scf/ton; dry ash-free basis 414
Coal density, g/cc 1.4
Initial reservoir pressure,* psia 6761
Pore volume compressibility,† psia-1 1.718 · 10-4

Coal thickness, ft (m) 22 (6.7)
Reservoir temperature, °F (°C) 330 (166)

*Initial reservoir pressure was obtained by analysis of diagnostic fracture injection
test data.

†Pore volume compressibility was calculated by Palmer and Mansoori (1998)
model using Poisson’s ratio and Young’s modulus of elasticity.
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Because of the atypical well-completion con-
figuration (see Figure 2) and high sample rate tubing
and casing pressure measurements, the pressure
data from the study well can be used to investigate
coal-permeability change. The well configuration

includes 2.375-in. (9.525-mm) production tubing
suspended from a tubing hanger at surface. Two
pressure gauges measure casing (annulus) pressure
and tubing pressure, respectively, during production
and shut-in periods.

METHOD

Three extended pressure buildup tests were per-
formed during the production life of the well by
shutting in the wellbore at surface and measuring
the casing and tubing pressures. The static gradient
survey (pressure and temperature) that was run
during one of the shut-in periods indicates that
the wellbore is filled with gas from surface down
to the uppermost perforations in the production
casing. Hence, bottomhole pressure can be calcu-
lated using annulus pressure, temperature gradient,
and gas pressure gradient in the wellbore. Figure 3
shows the casing (annulus) pressure and calculated
bottomhole pressure versus time for the first shut-in
period.

Execution of multiple pressure buildup tests
during the production life of the study well provides
the opportunity to investigate how coal properties
change during production, particularly porosity and
permeability. The three pressure buildup tests are
analyzed to track coal-permeability change during the
gas production periods between successive tests.

In pressure buildup testing, bottomhole pressure
data are analyzed using specific interpretationmethods

Figure 3. Casing pressure
measured at surface during the
first shut-in period. Bottomhole
pressure (BHP) was calculated
using surface pressure, as well as
the static gas pressure and tem-
perature gradients of the
wellbore.

Figure 2. Wellbore schematic for the study well.
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to extract in situ reservoir properties (Earlougher,
1977). The pressure buildup analysis of a gas well
commences with the construction of a diagnostic
plot, which is the plot of pseudopressure difference
and its derivative versus elapsed shut-in time in the
logarithmic scale (Wattenbarger and Ramey, 1969;
Chaudhry, 2003). The diagnostic plot assists in iden-
tifying theflow regimes present in a test (Renard et al.,
2009). Once a flow regime is identified, pressure data
for that interval are analyzed by a suitable model to
estimate reservoir and fracture properties.

Depending on the duration of the test, early,
middle, and late reservoir behavior regions may ap-
pear on the diagnostic plot. The early region is
influenced by near-wellbore effects such as wellbore
storage and stimulation (acidizing and hydraulic
fracturing), whereas the middle and late regions are
affected by infinite-acting and boundary effects, re-
spectively. The transient behavior of a vertical well
having a finite conductivity hydraulic fracture may
include wellbore storage, linear fracture flow, bilinear
flow, formation linear flow, as well as elliptical and
pseudoradial flow (Cinco-Ley, 1981). Fracture flow
is characterized by a half-slope line on the diagnostic
plot and this flow period is observed at very early times
during the test (Chaudhry, 2003). Bilinear flow may
be observed after a transition from the fracture flow
regime. As illustrated in Figure 4, it consists of two
perpendicular linear flows occurring simultaneously
in the fracture and the formation. The pressure-
perturbed region associated with this flow period
includes the hydraulic fracture and the formation at
the vicinity of the fracture. This flow period was first
recognized by Cinco-Ley (1981) and bilinear flow
analysis was developed to interpret the associated
pressure data.

The signatureof thebilinearflowregime is aquarter-
slope straight line on the diagnostic plot (Chaudhry,
2003). In an undamaged, hydraulically fractured well,
both pseudopressure change and its derivative follow
the quarter-slope line. In the bilinearflow analysis, the
plot of pseudopressure difference ðDMpÞ versus Dt0:25
yields a straight line. The slope of this line is a function
of reservoir and fracture properties, as well as the sta-
bilized flow rate and reservoir temperature (Chaudhry,
2003) and is given by

Figure 4. Bilinear flow includes two simultaneous and per-
pendicular linear flows, one linear flow in the hydraulic fracture,
and one in the formation at the vicinity of fracture faces. This flow
period was first recognized by Cinco-Ley (1981) and bilinear flow
analysis was developed to interpret the associated pressure data.

Table 2. List of Symbols

Symbol Description

bf Fracture width, ft
Bg Gas formation volume factor, ft3/scf
ct Total compressibility, psia-1

cf Formation compressibility, psia-1

cg Gas compressibility, psia-1

cs Sorption compressibility, psia-1

h Reservoir thickness, ft
k Reservoir permeability, md
k1 Coal permeability at the time of first shut-in, md
k2 Coal permeability at the time of second shut-in, md
k3 Coal permeability at the time of third shut-in, md
kf Fracture permeability, md
Ma Apparent molecular weight
mbf Slope of the straight line in bilinear flow analysis� psia2

cP · hr0:25
�

mbfð1Þ Slope of the straight line in bilinear flow analysis, first
shut-in

mbfð2Þ Slope of the straight line in bilinear flow analysis,
second shut-in

qg Gas flow rate, mscf/day
p Pressure, psia
ppr Pseudo-reduced pressure
pl Langmuir pressure, psia
T Reservoir temperature, Rankine
Tpr Pseudo-reduced temperature
Tsc Temperature at standard conditions, Rankine
Vldaf Langmuir volume, dry ash free basis, scf/ton
Z Gas compressibility factor
Zsc Gas compressibility factor at standard conditions
rc Coal density, g/cc
rg Gas density, g/cc
˘ Cleat porosity, fraction
mg Gas viscosity, cP
Dt Shut-in time, hr
cðDPÞ Pseudopressure

�
psia2

cP

�
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mbf =
444:75qgT

hðkf bf Þ0:5ð˘mg ctkÞ0:25
(1)

For an explanation of all symbols used in the equa-
tions, refer to Table 2. Conversion between SI and
oilfield units for some frequently used quantities is
provided in Table 3.

The straight line intersects the origin when there
is no skin effect near the wellbore. When there is
a flow restriction near the wellbore, an extra pressure
drop is created, resulting in the straight line not
passing through the origin.

The pressure transient behavior of the study
well is analyzed by the diagnostic plot to identify the
flow regimes present in each buildup test. Figure 5
shows the diagnostic plot for the first shut-in period in
the study well. The signature of the wellbore storage
effect (unit-slope straight line) is apparent on early
time data at the beginning of the test but it diminishes
after approximately 100 hr. A long period ofwellbore
storage is expected in this wellbore because of the
large wellbore volume, extremely low permeability

of the ultradeep coal seams, and the high com-
pressibility of the production fluid (gas). Because
the wellbore was shut in for an extended period of
time, there is a sufficient pressure data set available
for studying the long term pressure transient be-
havior of the wellbore. Once the wellbore storage
effect on the pressure data diminishes, the fracture
linear flow regime (half-slope line) and a subsequent
transition period are observed on the diagnostic plot
(see Figure 5).

The late time period of the test is dominated by
the bilinear flow regimewhen a quarter-slope straight
line fits the pressure data. Hence, the bilinear flow
period is the only flow regime available that includes
both reservoir rock properties and hydraulic fracture
information. We have constructed a diagnostic plot
for each of the pressure buildup tests and these plots
are shown in Figure 6. The quarter-slope straight
line fits the late time-pressure data of all three pres-
sure buildup tests, indicating that flow is dominated
by the bilinear flow regime. Because the radial or
boundary dominated flow regimes that are required
for calculating reservoir properties (e.g., permeability
and average reservoir pressure) are not present, the
study of permeability change in the coal becomes
challenging. To overcome this challenge, the bilinear
flow model is used to construct a permeability ratio
function in the next section. This ratio function as-
sists in the investigation of how permeability changes
during gas production from the well. This analysis is
based on the bilinear flow regime data, so the results

Table 3. Quantities and Unit Conversion

Quantity SI Unit Oilfield Unit

Length 1 m 3.28 ft
Pressure 1 kPa 0.145 psi
Volume 1 m3 35.31 scf
Viscosity 1 Pa.s 1000 cP

Figure 5. The diagnostic plot,
which is the log–log plot of
pseudopressure difference
ðDMpÞ versus elapsed shut-in
time clearly indicates that early
data are dominated by a wellbore
storage effect (unit-slope line).
After a linear flow period and
a transition period, the signature
of a bilinear flow regime (quarter-
slope line) is observed during
the late time period of the test.
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represent change in reservoir rock properties close to
the hydraulic fracture.

DISCUSSION AND ANALYSIS

Figure 7 is the production timeline of the study well,
showing the three extended shut-in periods, their
durations and the gas production history prior to
each buildup test. The first shut-in occurred after
988 days of gas production and its duration was
157 days. The second and third shut-ins were longer,
lasting for 259 and 295 days, respectively. The gas
production history prior to each buildup test (see
Figure 7) indicates that gas flow rate is relatively
constant. The blue line on each plot shows the base
gas flow rate. The sharp increases in gas production
are caused by liquid loading in the wellbore. The gas
flow rate spikes decline relatively quickly, with gas
flow eventually returning to the base flow rate.

The time-lapse PTA indicates that late pressure
data are dominated by a bilinear flow regime. During
the shut-in periods, no sign of any formation linear
or radial flow regimes exists because of the extremely
lowpermeability of the coal. Hence, gas production is
restricted to the stimulated area near the hydraulic
fracture. Commercial gas production from such a res-
ervoir requires extensive reservoir stimulation to extend
the drainage area deep into the reservoir to facilitate
gas desorption andflow into thewellbore.Analogous to
shale gas reservoirs, horizontal drilling with multistage,
hydraulic fracture stimulation treatments may help to
develop ultradeep coal seams of the Cooper Basin.

The plot of pseudopressure difference ðDMpÞ
versus Dt0:25 for the first pressure buildup test, shown
in Figure 8, yields a straight line having a slope of
8.374 · 107 psia2

cP · hr0:25 that fits the data corresponding
to the time interval identified as the bilinear flow
period on the diagnostic plot. This slope includes coal
reservoir properties close to the fracture, as well as
fracture conductivity ðkf bf Þ.

Table 4 summarizes the slope of the straight
lines in bilinear flow analysis for the three pressure
buildup tests. It is evident that there is a decline in
the slope of the straight line for the successive shut-
ins. The well is producing gas at a relatively constant
rate, so the decline in the slopes must be caused by
change in either reservoir or fracture properties.
A permeability ratio function is constructed by the
ratio of the slopes of the straight lines of bilinear
flow analysis to investigate permeability change.
This starts by dividing the slopes of the straight lines
appearing in bilinear flow analysis as shown by

mbf ð1Þ
mbf ð2Þ

=

�
444:75qgT

hðkf bf Þ0:5ð˘mg ctkÞ0:25

�
1�

444:75qgT

hðkf bf Þ0:5ð˘mg ctkÞ0:25

�
2

(2)

Here, 1 and 2 denote the first and the second shut-in
periods. Because the well is producing gas at a rela-
tively constant rate (see Figure 7) and in an isothermal
condition, the ratio can be simplified and shown by

mbf ð1Þ
mbf ð2Þ

=

�
hðkf bf Þ0:5ð˘mg ctkÞ0:25

�
2�

hðkf bf Þ0:5ð˘mg ctkÞ0:25
�
1

(3)

Equation 3 indicates that the ratio is a function of res-
ervoir properties (porosity, permeability, gas viscosity,

Figure 6. Diagnostic plots for the three pressure buildup tests.
The log–log plots of pseudopressure difference ðDMpÞ versus
elapsed shut-in time reveal that the pressure buildup tests
are dominated by a bilinear flow regime during the late time
periods of all three tests.
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reservoir thickness, and total compressibility) and frac-
ture conductivity ðkf bf Þ at corresponding shut-in times.
The conductivity of a hydraulic fracture may decline
during the production period because of stress in-
crease on proppant, proppant crushing, embedment
into the formation, and proppant corrosion (Cooke,
1973; Weaver et al., 2005, 2008). In this study, it is
assumed that conductivity of the hydraulic fracture
remains constant in the time interval between succes-
sive buildup tests. Note that hydraulic conductivity
reduction, if it occurs, results in higher values for per-
meability enhancement.Hence, with the assumption of
constant fracture conductivity, our method generates
a conservative measure of permeability enhancement,
thereby eliminating the chance of overestimation.

When reservoir thickness is constant and fracture
conductivity ðkf bf Þ remains unchanged in the time
interval between shut-in periods, equation 3 takes the
following form.

mbf ð1Þ
mbf ð2Þ

=

��
˘mg ctk

�0:25�
2��

˘mg ctk
�0:25�

1

=
�
˘2

˘1

�0:25�k2
k1

�0:25�m2

m1

�0:25�ct2
ct1

�0:25

(4)

This ratio becomes a function of coal porosity and
permeability, gas viscosity, and total compressibil-
ity at in situ conditions. Total compressibility of
the system is the summation of formation, gas, and
sorption compressibility and is given by equation 5
(Clarkson et al., 2007a; Seidle, 2011)

ct = cf + cg + cs (5)

where sorption compressibility is defined as

cs =
BgrcVldaf Pl

32:036ðPl+PÞ2˘f

(6)

In ultradeep coal seams of the Cooper Basin,
sorption compressibility is approximately one
order of magnitude larger than gas compressibility
(see Appendix). Consequently, total compress-
ibility is only slightly larger than sorption com-
pressibility and may be replaced by the sorption
compressibility term. When total compressibility in
equation 4 is replaced by the sorption compressibility,
shown by equation 6, the ratio of slopes takes the
form

mbf ð1Þ
mbf ð2Þ

=
�
˘2

˘1

�0:25�k2
k1

�0:25�m2

m1

�0:25 Bg2

ðPl + P2Þ2˘2

Bg1

ðPl + P1Þ2˘1

!0:25
=

�
k2
k1

�0:25�m2

m1

�0:25�Bg2

Bg1

�0:25 ðPl + P1Þ2
ðPl + P2Þ2

!0:25
(7)

The ratio is transformed into a function of coal
permeability, gas viscosity, gas formation volume
factor ratios, and a pressure term that includes
reservoir and Langmuir pressures. This equation
implies that change in the slope of the straight lines

Table 4. Slope of the Straight Lines in Bilinear Flow Analysis for
the Three Successive Buildup Tests

Buildup Bilinear Flow Slope
�

psia2

cP · hr0:25 · 107
�

1 8.374
2 7.104
3 5.663

Figure 8. Bilinear flow analysis.
The bilinear flow plot yields
a straight line with a slope that is
a function of both fracture and
reservoir properties. Early data
are masked by the wellbore
storage effect. Here, ðDMpÞ is the
pseudopressure difference and
(Dt) is the elapsed shut-in time.
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of bilinear flow analysis is caused by the combined
effect of changing coal permeability, gas viscosity,
gas formation volume factor, and reservoir pres-
sure during the production period. Equation 7 is
rearranged to calculate the permeability ratio be-
tween the successive pressure buildup tests and is
given by

�
k2
k1

�
=

 mbf ð1Þ
mbf ð2Þ�

m2
m1

�0:25�Bg2

Bg1

�0:25�ðPl + P1Þ2
ðPl + P2Þ2

�0:25

!4

(8)

When gas viscosity, gas formation volume factor, and
reservoir pressure are known, the permeability ratio
can be calculated using equation 8. Gas viscosity and
gas formation volume factor calculations are described
in the Appendix.

The change in permeability ratio, if realized, can
be caused by the combined effect of pore-pressure
reduction and matrix deformation because of shrink-
age. A calculated permeability ratio of less than one
indicates that permeability has decreased in the pro-
duction time interval between shut-in periods because
of the compaction effect dominating coal-matrix
shrinkage. In contrast, a calculated permeability

Figure 9. Probabilistic analysis for permeability ratio calculation in the time interval between the first and second buildup tests. The
cumulative distribution of results indicates that permeability has increased.

Table 5. Parameters of Normal Distributions for Each Shut-In
Period

Parameters,
Shut-In Number Mean Value, m

Standard
Deviation, s

1 4977 333
2 4719 333
3 4316 333
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ratio of greater than one indicates that coal perme-
ability has been enhanced because of the coal-matrix
shrinkage effect.

To calculate the permeability ratio using equation
8, gas viscosity and compressibility factor are calculated
at the average reservoir pressure in the area of influ-
ence. Because of the extremely low permeability of
the coal, it is difficult to determine a reliable av-
erage reservoir pressure from the buildup history.
Hence, we use a probabilistic approach to address
the uncertainty in average reservoir pressure. Av-
erage reservoir pressure is defined by a probability
distribution function (normal distribution). For the
first shut-in period, the mean value of the normal
distribution is calculated based on the arithmetic
average of initial reservoir pressure (6761 psi) and
shut-in bottomhole pressure at the last recorded
time (shut-in bottomhole pressure after 157 days).
The standard deviation of the distribution defines
how far average reservoir pressure is expected to
spread out from its mean value. For the second and

third shut-in periods, the mean value is calculated
by the arithmetic average of shut-in bottomhole
pressure recorded after 157 days (this time is the
same for all three shut-in periods) and a reservoir
pressure. This reservoir pressure is obtained by sub-
tracting the pressure difference of shut-in bottomhole
pressures after 157 days between the successive
buildup periods from the initial reservoir pressure.
This will take the decline in average reservoir
pressure into account between buildup periods.
Similar to the first shut-in period, standard devi-
ations are defined as how average reservoir pres-
sure is expected to spread out from the mean values.
This incorporates a wide range of observations into
Monte Carlo simulation.

The parameters of normal distributions, includ-
ing mean value and standard deviation, are listed in
Table 5 for each shut-in period. Finally, a Monte
Carlo simulation generates a set of possible perme-
ability ratio values using equation 8 and results are
shown by a cumulative density function.

Figure 10. Probabilistic analysis for permeability ratio calculation in the time interval between the first and third buildup tests. The
cumulative distribution of results indicates that permeability has increased.
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Figure 9 shows the set of possible permeability
ratio values generated by the Monte Carlo simula-
tion between the first and second shut-in periods.
The cumulative distribution of results shows that
the permeability ratio values

�k2
k1

�
are almost always

greater than one, indicating that coal permeability has
increased during the production time between suc-
cessive buildup tests. We can determine that there is
a 10% probability that the permeability ratio is less
than 1.39 and a 90% probability that permeability
ratio is less than 2.2. Themedian permeability ratio
indicates that coal permeability in the time interval
between the first and second buildup tests has in-
creased by a factor of 1.74.

The possible permeability ratio values between
the first and third shut-in periods are also calculated
and shown in Figure 10. All permeability ratio values
are greater than 1.4, with the median value (P50)
being 3.67 and the 10% and 90% probabilities being
2.87 and 4.67, respectively. The time-lapse PTA
approach indicates that coal permeability has in-
creased by a factor of 3.67 during the life of the well,
which is beneficial for gas production from ultradeep
coal seams in the Cooper Basin. However, drainage
area is limited to the stimulated zone.Well-completion
practices such as multistage, hydraulically fractured
horizontal wells, which are proven to be the most
effective technology for shale gas reservoirs (Wang,

2014), may extend the drainage area in ultradeep coal
seams, thereby facilitating reservoir depletion. How-
ever, we should consider that horizontal drilling and
hydraulic fracturing are challenging in deep coal
formations, because of wellbore stability issues and
the ductile nature of the coal, respectively.

CONCLUSIONS

A time-lapse PTA approach is used to investigate
how permeability changes during gas production
fromultradeep coal seams. Three successive pressure
buildup tests in a pilot well located in the South
Australian sector of the Cooper Basin were analyzed
and interpreted. Analysis of the pressure buildup tests
indicates that late time pressure data are dominated by
a bilinear flow regime in all three tests. This implies
that, despite the extended production time frame, the
drainage area is still limited to the stimulated zone and
has not propagated deep into the reservoir.

The new approach, presented in this paper, uses
the slope of the straight lines in bilinear flow analysis
to construct a permeability ratio function. A Monte
Carlo simulation addresses the uncertainty in average
reservoir pressure and generates a set of possible
permeability ratio values between successive shut-in
periods using the permeability ratio function. It was

Figure 11. The plot of gas
sorption and total compressibility
factors for deep coal seams of the
Cooper Basin. Here, Vl is Lang-
muir volume, Pl is Langmuir
pressure, ˘f is fracture porosity,
a is the ash content, w is moisture
content, and rc is coal density.
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found that the permeability of the Patchawarra
Formation coal seams in the study well that was al-
lowed to flow to atmosphere for an extended period,
has increased during production. Permeability has
increased by a factor of 1.74, based on the P50 of the
cumulative distribution function, in the time interval
between the first and second buildup tests and has
increased by a factor of 3.67 between the first and
third tests. This is attributed to the coal-matrix
shrinkage effect dominating the compaction ef-
fect, thereby allowing coal permeability to increase.
Although the evolution of permeability in ultradeep
coal seams assists in gas production during the life of
the well, the extremely low permeability of the res-
ervoir, together with hydraulic fracturing effective-
ness, remain as significant challenges to be overcome
before standalone commercial production can be
achieved. Well-completion methods such as hori-
zontal wells with multistage hydraulic fracture
stimulation treatments or multilateral wells may
help to extend the drainage area and facilitate gas
production.

Appendix

Gas and sorption compressibility factors are calculated using
the reservoir properties of Cooper Basin deep coal seams and
plotted in Figure 11, as well as total compressibility factor.
The trend of sorption compressibility is similar to gas com-
pressibility, but it is almost one order of magnitude higher.
Therefore, the plot of total compressibility is only slightly
higher than sorption compressibility, allowing the replacement
of total compressibility factor with sorption compressibility in
this study, with negligible error.

The gas compressibility factor for natural gas is calculated
by the Dranchuk and Abou-Kassem (1975) equations
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�
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1 + A11r

2
pr

��
r2pr

.
T3
pr

�
EXP

�
- A11r

2
pr

�
(9)

where

rpr = 0:27
�
Ppr
	�

zTpr
�


(10)

and A1 = 0:3265, A2 = - 1:0700, A3 = - 0:5339, A4 =
0:01569, A5 = - 0:05165, A6 = 0:5475, A7 = - 0:7361,
A8 = 0:1844, A9 = 0:1056, A10 = 0:6134, and A11 = 0:7210.

Once the gas compressibility factor is calculated at in
situ reservoir conditions, gas formation volume factor is cal-
culated by

Bg =
ZTpsc
pZscTsc

(11)

Gas viscosity at reservoir conditions is calculated by the Lee
et al. (1966) equations as follows.

mg = AEXP
�
BrCg

��
10-4

�
(12)

where

A =
ð9:379 + 0:01607MaÞT1:5

209:2 + 19:26Ma + T
(13)

B = 3:448 +
986:4
T

+ 0:01009Ma (14)
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Salmachi, A., and C. Ö. Karacan, 2017, Cross-formational
flowofwater into coalbedmethane reservoirs: controls on
relative permeability curve shape and production profile:
Environmental Earth Sciences, v. 76, no. 5, p. 200, doi:
10.1007/s12665-017-6505-0.

Seidle, J., 2011, Fundamentals of coalbed methane reservoir
engineering: Tulsa, Oklahoma, PennWell Books, 402 p.

Shi, J., and S. Durucan, 2005, A model for changes in coalbed
permeability during primary and enhanced methane
recovery: SPE Reservoir Evaluation & Engineering, v. 8
no. 4, p. 291–299, doi:10.2118/87230-PA.

Stewart,A. J.,O. L.Raymond, J.M.Totterdell,W.Zhang, and
R. Gallagher, 2013, Australian geological provinces,
2013.01 edition, accessed June 22, 2018, http://pid
.geoscience.gov.au/dataset/ga/74371.

Tissot, B., B. Durand, J. Espitalie, and A. Combaz, 1974,
Influence of nature and diagenesis of organic matter in
formation of petroleum: AAPG Bulletin, v. 58, no. 3,
p. 499–506.

Ugoala, O., K. H. Gad, T. M. Whittle, M. Stone, M. Butter,
S. K. Galal, and H. S. Mahmoud, 2013, Time lapse
PTA to determine the impact of skin, reservoir

compaction, and water movement on well pro-
ductivity loss: A field example from WDDM: North
Africa Technical Conference and Exhibition, Cairo,
Egypt, April 15–17, 2013, SPE-164668-MS, 11 p., doi:
10.2118/164668-MS.

Wang, H.-T., 2014, Performance of multiple fractured
horizontal wells in shale gas reservoirs with consid-
eration of multiple mechanisms: Journal of Hydrology
(Amsterdam), v. 510, p. 299–312, doi:10.1016/j.jhydrol
.2013.12.019.

Wattenbarger, R. A., and H. J. Ramey Jr., 1969, Well test
interpretation of vertically fractured gas wells: Journal
of Petroleum Technology, v. 21 no. 5, p. 625–632, doi:
10.2118/2155-PA.

Weaver, J. D., P. D. Nguyen, M. A. Parker, and D. W. van
Batenburg, 2005, Sustaining fracture conductivity: So-
ciety of Petroleum Engineers European Formation
Damage Conference, Sheveningen, The Netherlands,
May 25–27, 2005, SPE-94666-MS, 10 p., doi:10.2118
/94666-MS.

Weaver, J. D., R. D. Rickman, and H. Luo, 2008, Fracture-
conductivity loss due to geochemical interactions be-
tween manmade proppants and formations: Society of
Petroleum Engineers Eastern Regional/AAPG Eastern
Section JointMeeting, Pittsburgh, Pennsylvania, October
11–15, 2008, SPE-118174-MS, 12 p., doi:10.2118
/118174-MS.

Yarmohammadtooski, Z., A. Salmachi, A. White, and
M. Rajabi, 2017, Fluid flow characteristics of Bandanna
Coal Formation: A case study from the Fairview Field,
eastern Australia: Australian Journal of Earth Sciences,
v. 64 no. 3, p. 319–333, doi:10.1080/08120099.2017
.1292316.

SALMACHI et al. 107

http://dx.doi.org/10.2118/52607-PA
http://dx.doi.org/10.1002/wrcr.20178
http://dx.doi.org/10.1007/s10040-008-0392-0
http://dx.doi.org/10.1007/s10040-008-0392-0
http://dx.doi.org/10.1007/s12665-017-6505-0
http://dx.doi.org/10.2118/87230-PA
http://pid.geoscience.gov.au/dataset/ga/74371
http://pid.geoscience.gov.au/dataset/ga/74371
http://dx.doi.org/10.2118/164668-MS
http://dx.doi.org/10.1016/j.jhydrol.2013.12.019
http://dx.doi.org/10.1016/j.jhydrol.2013.12.019
http://dx.doi.org/10.2118/2155-PA
http://dx.doi.org/10.2118/94666-MS
http://dx.doi.org/10.2118/94666-MS
http://dx.doi.org/10.2118/118174-MS
http://dx.doi.org/10.2118/118174-MS
http://dx.doi.org/10.1080/08120099.2017.1292316
http://dx.doi.org/10.1080/08120099.2017.1292316




 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix 6 
 

Investigation of Increasing Hydraulic 
Fracture Conductivity within Producing 

Ultra-deep Coal Seams using Time-lapse 
Rate Transient Analysis: A Long-term Pilot 
Experiment in the Cooper Basin, Australia 

 
 
 
 

Dunlop, E.C., Salmachi, A. and McCabe P.J., 2020. Investigation of increasing 
hydraulic fracture conductivity within producing ultra-deep coal seams using time-

lapse rate transient analysis: a long-term pilot experiment in the Cooper Basin, 
Australia. International Journal of Coal Geology, 220, p. 103363. 

https://doi.org/10.1016/j.coal.2019.103363 
 
 
 
 

A peer-reviewed paper published in the International Journal of Coal Geology, March, 2020 

 
 
 

https://doi.org/10.1016/j.coal.2019.103363








Contents lists available at ScienceDirect

International Journal of Coal Geology

journal homepage: www.elsevier.com/locate/coal

Investigation of increasing hydraulic fracture conductivity within producing
ultra-deep coal seams using time-lapse rate transient analysis: A long-term
pilot experiment in the Cooper Basin, Australia
Erik C. Dunlop⁎, Alireza Salmachi, Peter J. McCabe
Australian School of Petroleum and Energy Resources, The University of Adelaide, Adelaide 5005, South Australia, Australia
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A B S T R A C T

Ultra-low permeability, inertinite-rich, poorly cleated, dehydrated, overpressured coal seams deeper than
9000 ft (2740 m) in the Cooper Basin of central Australia represent a fundamentally different play type to
shallow and “deep” coal seam gas reservoirs. Proof-of-concept gas flow was achieved in 2007. Four Patchawarra
Formation coal seams were subjected to low-proppant concentration slick-water hydraulic fracture stimulation
within a dedicated vertical wellbore at a depth of 9500 ft (2900 m). Gas was produced for 81/2 years at a slowly
increasing base flow rate, averaging 0.1 MMscfd (2.8 Mscmd). Experimental data were gathered for char-
acterising dynamic reservoir behaviour. This included multiple extended pressure build-up tests. The authors
have previously investigated the three largest of these using time-lapse pressure transient analysis. The published
results reveal a dominant bilinear flow regime, associated with an isolated domain of increasing coal fabric
permeability surrounding the hydraulic fracture.

This paper builds upon the time-lapse pressure transient analysis study by specifically investigating con-
ductivity of the hydraulic fracture, which the authors postulate to have also increased. The hypothesis is tested
by applying time-lapse rate transient analysis to the two specially designed pressure drawdown tests to atmo-
spheric pressure that immediately follow the first two pressure build-up tests of the time-lapse pressure transient
analysis. Between the two pressure drawdown tests, spaced 586 days apart, the wellbore flowed gas continuously
for 327 days, at an average flowing bottom-hole pressure of 580 psig (4.0 MPag). Hence, there was ample
opportunity for hydraulic fracture conductivity to change between the tests.

Both pressure drawdown tests were monitored for 24 h using high-resolution surface pressure gauges. Each
was initiated from the same surface shut-in pressure of 2500 psig (17.2 MPag). The flow pressure data are
initially used to construct “diagnostic plots” that clearly identify the hydraulic fracture linear flow regime, early
in each test, immediately after the dissipation of wellbore storage. Hydraulic fracture properties are then ex-
tracted using “specialty plots” that display rate-normalised pseudo-pressure difference versus linear super-
position time.

Comparing the slopes of the two speciality plot trends indicates that the hydraulic fracture flow property
b kf f f increased during the 327-day gas flow period by a factor of 4. This is supported by a 60% increase in
the initial gas flow rate from “hydraulic fracture storage”, from 7.5 to 12.0 MMscfd (212.4 to 340.0 Mscmd).
Additionally, despite a significantly larger volume of “hydraulic fracture storage” gas being produced to surface
during the second test, the duration of the hydraulic fracture linear flow regime is less than for the first. These
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Abbreviations: BCG, Basin-centred gas; Bg (1/Bg), Gas expansion factor; BHP, Bottom-hole pressure; CBDCG, Cooper Basin deep coal gas; cc/g, Cubic centimetres (of
gas at standard conditions) per gram; cf., Cubic feet; cm, Cubic metres; CSG, Coal seam gas - synonymous with coal seam methane (CSM), coalbed methane (CBM),
coalbed gas (CBG) and coalmine methane (CMM); FBHP, Flowing bottom-hole pressure; ID, Internal diameter; IP, Initial production (rate); MMscf, Millions of
standard cubic feet; MMscfd, Millions of standard cubic feet per day; Mpag, Megapascals (gauge); Mscm, Thousands of standard cubic metres; Mscmd, Thousands of
standard cubic metres per day; OD, Outside diameter; psig, Pounds per square inch (gauge); PTA, Pressure transient analysis; rcf, Reservoir cubic feet; rcm, Reservoir
cubic metres; RNP, Rate-normalised pseudo-pressure; RTA, Rate transient analysis; scf, Standard cubic feet; scm, Standard cubic metres; SHmax, Maximum horizontal
stress; Shmin, Minimum horizontal stress; SIBHP, Shut-in bottom-hole pressure; SITHP, Shut-in tubing head pressure; SRV, Stimulated reservoir volume; Sv, Vertical
stress; VRo, Vitrinite reflectance (in oil)
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observations are consistent with an increasingly more conductive hydraulic fracture over flowback time that
allows compressed gas within it to discharge more rapidly.

1. Introduction

Ultra-low permeability, inertinite-rich, poorly cleated, dehydrated,
overpressured coal seams deeper than 9000 ft (2740 m) in the Cooper
Basin of central Australia represent a play type that is fundamentally
different to that of shallow and “deep” coal seam gas (CSG) reservoirs.
A detailed description of the play concept and reservoir parameters is
provided by Dunlop et al. (2017). Owing to the bipolar combination of
shale-like reservoir properties and coal-like geomechanical properties,
Cooper Basin deep coal seams exhibit “hybrid” characteristics. These
define what is effectively a “ductile” source rock reservoir play that,
despite more closely resembling a shale play than a coal play from a
reservoir engineering perspective, fails the “brittleness” test used to
screen for commercial shale reservoirs. Free and adsorbed gas content
may collectively exceed 1000 scf/short ton (31.2 cc/g). The authors'
interpretation of data presented within this paper should be considered
on the basis of this paradigm shift.

The term “deep coal” has been used loosely within the international
literature since the 1970s. In the majority of cases, it refers to “deep” CSG
reservoirs that approach or exceed the commercial permeability depth
limit for that particular play type. This creates a play classification and
nomenclature dilemma. Hence, to distinguish the more recently pro-
spective and far deeper coal seam reservoirs of the Cooper Basin from this
historical paradigm, the prefix “ultra-” has been applied in the title, ab-
stract and conclusion sections of this paper to emphasise the fact that there
is no conceptual overlap with shallow or “deep” CSG plays. Reservoir
characteristics and the controls on gas production for Cooper Basin coal
seams deeper than 9000 ft (2740 m) are fundamentally different to the
CSG play type. Shallow CSG reservoirs are typically pervasively permeable
over an extensive area, contain mobile formation water and gas-under-
saturated, whereas Cooper Basin deep coal seams are pervasively im-
permeable, dehydrated and gas-oversaturated, similar to shale reservoirs.
As a consequence, shallow and “deep” CSG reservoir principles and gas-
extraction technologies are almost invariably inapplicable to Cooper Basin
deep coal seams. Having highlighted the paradigm shift between the two
separate reservoir concepts, the authors revert to the use of the term “deep
coal” for the remainder of the paper for simplicity. Implicit in the use of
the term “ultra” is the intention of highlighting that, despite its rigour and
sophistication, the shallow/“deep” CSG literature is of limited assistance to
the task of understanding Cooper Basin deep coal gas reservoirs. In fact,
CSG-related teachings may be very misleading and “opportunity-limiting”,
particularly with respect to mathematical reservoir modelling and simu-
lation, upon which far-reaching commercial decisions may be based.
Shallow CSG reservoir base input assumptions cannot be assumed by de-
fault. Without a good understanding of actual Cooper Basin deep coal gas
reservoir behaviour, these activities carry an unacceptably high level of
uncertainty. Fundamental to the reliability of all coal seam mathematical
reservoir models and simulations is a valid set of geotechnical base input
assumptions, supported by empirical data (Pan and Connell, 2012). This is
particularly important when considering the reservoir boundary condition
that controls production behaviour.

Coal permeability relating to cleats and other coal fabric apertures
during gas production is dynamic and very sensitive to reservoir con-
fining stress. It is strongly controlled by the large-scale physical re-
sponse of the coal seam and the surrounding host rock framework to the
increasing effective stress generated by production pressure drawdown
(Gray, 1987). Whether permeability increases, decreases or does both
over production time, depends upon the complex, competitive inter-
action between ongoing desorption-induced coal matrix shrinkage and
the prevailing reservoir boundary condition. Hence, to characterise,

model and simulate the production behaviour of coal seam reservoirs, it
is essential that the correct reservoir boundary condition be identified.
Owing to the extreme depth of Cooper Basin deep coal seams, typical
reservoir boundary conditions applicable to shallow or “deep” CSG
reservoirs cannot be assumed by default. The limited literature relating
to Cooper Basin deep coal seams does not yet adequately address this
issue. It is not yet established how the aperture width of artificially
created fractures and the surrounding native coal fabric change as a
consequence of the dynamic, diametric competition between deso-
rption-induced coal matrix shrinkage and the tendency for reservoir
compaction caused by increasing effective stress. Decreasing reservoir
pressure during production promotes the closing of coal fabric aper-
tures, thereby compacting the coal seam and reducing permeability.
Desorption-induced coal matrix shrinkage counteracts the tendency for
reservoir compaction by promoting the dilation of the coal fabric
apertures, thereby increasing permeability.

When desorption-induced coal matrix shrinkage dominates effective
stress-induced reservoir compaction, coal permeability may increase con-
siderably relative to its initial state. For shallow CSG reservoirs, this typi-
cally occurs during late-time production when reservoir pressure is low.
The most well-known, and arguably the best example of this occurs within
the shallow Upper Cretaceous Fruitland Formation CSG reservoirs of the
San Juan Basin in Colorado and New Mexico, U.S.A., which range in depth
from 1000 to 3500 ft (300 to 1070 m). Here, the phenomenon has been
recognised for several decades. A time-lapse pressure transient analysis
study conducted by Gierhart et al. (2007) shows that coal permeability may
increase by as much as two orders of magnitude during reservoir pressure
depletion. The effect is more pronounced for low permeability coal seams
(Moore et al., 2011). More recently, shallow CSG reservoirs of the Fairview
Field in Queensland, Australia, are reported to be exhibiting similar per-
meability enhancement (Belushko et al., 2014; Yarmohammadtooski et al.,
2017; Salmachi and Barkla, 2019). In the Cooper Basin, a consensus has not
yet been reached relating to the extent to which the permeability of deep
coal gas reservoirs may similarly be enhanced by desorption-induced coal
matrix shrinkage (Dunlop et al., 2017).

An overview of progress to date relating to the commercialisation of
Cooper Basin deep coal gas reservoirs is provided by Dunlop et al.
(2017), Bowker et al. (2018), Camac et al. (2018), Cooper et al. (2018)
and Fraser and Johnson (2018). Currently, limited success has been
achieved in the form of small but incrementally economic gas flow rates
from “add-on” hydraulic fracture stimulation treatments performed
within routine vertical wellbores drilled inside the anticlinal closure of
conventional sandstone reservoir gas fields (Camac et al., 2018). The
gas flow rate contribution of the deep coal seams to the commingled
production stream is determined by production logging. There is a
trend away from low proppant concentration slick-water treatments
towards high proppant concentration “conductive” cross-linked gel
treatments. High-strength, light-weight ceramic proppant is being
trialled in an attempt to minimise perceived proppant crushing in re-
sponse to hydraulic fracture closure stress (Fraser and Johnson, 2018).
The main focus is on creating maximum hydraulic fracture permeability
for long-term productivity, rather than optimising surface area creation.
Results to date suggest that the use of cross-linked gel, combined with a
high concentration of ceramic proppant, yields gas flow rates higher
than those achieved by the previously trialled slick-water treatments
having low-concentration sand as the proppant. In October 2018, it was
reported within the literature that a total of 68 individual Cooper Basin
deep coal seams had been hydraulically fracture stimulated within 60
vertical wellbores, with highly variable initial gas production rates
ranging from 0.05 to 0.8 MMscfd (1.4 to 22.7 Mscmd) and averaging
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0.25 MMscfd (7.1 Mscmd) (Fraser and Johnson, 2018). Since 2007,
over 130 individual deep coal seams have been stimulated in this
manner (Camac, 2019).

As an initial attempt to characterise dynamic reservoir behaviour
within Cooper Basin deep coal seams, the authors have previously in-
vestigated the unusual production behaviour of hydraulically fracture
stimulated deep coal seams within a dedicated vertical wellbore at an
average depth of 9500 ft (2900 m). This is the same wellbore and re-
servoir interval that are the subject of this paper. The three largest
pressure build-up tests of the study wellbore were investigated using
time-lapse pressure transient analysis (PTA). The results reveal a
dominant bilinear flow regime associated with an isolated domain of
increasing coal fabric permeability, relatively close to the hydraulic
fracture (Salmachi et al., 2019). Hence, reservoir depletion is restricted
to the stimulated domain close to the hydraulic fracture. This results in
a significant reduction in gas content near the hydraulic fracture, which
accelerates desorption-induced coal matrix shrinkage near the well-
bore. The authors interpret this domain to be analogous to the relatively
narrow pressure transient region of a depleting shale stimulated re-
servoir volume (SRV), which has a sharp pore pressure gradient
boundary with the surrounding unperturbed native shale matrix. The
fact that the time-lapse PTA permeability increase of the study wellbore
lies beyond the hydraulic fracture suggests that some form of dilatory
mechanism is operating within the native coal fabric planes of weak-
ness, rather than some form of “clean-up” mechanism related to the
hydraulic fracture stimulation treatment. It should also be appreciated
that at no stage in the study wellbore's 81/2-year flowback history was

formation water recovered. The coal seams are dehydrated. Hence, de-
watering of the native coal fabric, resulting in an increase in relative
permeability to gas, cannot be invoked as a mechanism for the time-
lapse PTA permeability increase.

This paper builds upon the time-lapse PTA study by specifically
investigating conductivity of the hydraulic fracture. Given permeability
of the surrounding coal fabric appears to have increased, it is reason-
able to postulate that the conductivity of the hydraulic fracture may
also have increased. The extent to which this may have occurred is
determined by applying time-lapse rate transient analysis (RTA) to the
two specially designed pressure drawdown tests to atmospheric pres-
sure that immediately follow the first two consecutive extended pres-
sure build-up tests of the time-lapse PTA study.

The dilation of hydraulic fractures within coal seam reservoirs
during the production life of a wellbore is not unprecedented. A par-
ticularly good case study is provided by the shallow CSG reservoirs of
the San Juan Basin. It was observed by Okotie and Moore (2011) that
within some wellbores, where hydraulic fracture stimulation had in-
itially been applied, proppant was subsequently produced back into the
wellbore many years later. This was most apparent for those wellbores
exhibiting the greatest permeability enhancement in late-life produc-
tion when reservoir pressure is low, as a consequence of coal matrix
shrinkage. A reasonable interpretation made by Okotie and Moore
(2011) was that the aperture width of the hydraulic fractures had in-
creased, in a similar manner to the native coal fabric, to the extent that
proppant was no longer held in place.

Fig. 1. The study area and stratigraphic interval of interest within the South Australian sector of the Cooper Basin. Fig. 1a shows an isolith map of coal seams within
the Permian Patchawarra Formation, indicating net coal seam thickness, modified from Stewart et al. (2013), Carr et al. (2016) and Hall et al. (2016). Fig. 1b shows a
stratigraphic chart of the Cooper Basin, highlighting the Patchawarra Formation coal seams that are the subject of investigation within this paper, modified from Carr
et al. (2016) and Hall et al. (2016). The Patchawarra Formation contains the largest number of individual coal seams and by far the largest bulk coal volume.
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2. Geological background

The Cooper Basin in central Australia (Fig. 1a) is an elongate, south-
west to north-east trending, intracratonic down warp, located 5000 km
(3000 miles) from the nearest tectonic plate boundary - the Indo-Aus-
tralian Plate. It covers an area of approximately 130000 km2 (50000
mile2) in the north-eastern corner of South Australia and the south-
western part of Queensland. The Cooper Basin unconformably overlies
the predominantly Proterozoic and Cambro-Ordovician sediments and
metasediments of the Warburton Basin (Fig. 1b).

The study area for this paper (Fig. 1a) is located in the South Aus-
tralian sector of the Cooper Basin, within a deep, basin-centred geological
setting, where the deep coal seams subject to investigation are surrounded
by a pervasively gas-saturated, overpressured host rock framework.

Since exploration commenced in 1954, the Cooper Basin has be-
come Australia's largest onshore hydrocarbon producing province.
Commercial gas was first discovered in 1963, followed by oil in 1970.
With the inclusion of oil discovered in the overlying Eromanga Basin in
1978, there are now at least 180 gas fields and 130 oil fields within the
“Cooper-Eromanga” sequence (DSD, 2018). Most of the hydrocarbon
accumulations discovered are interpreted by the literature to have been
sourced from the abundant, inertinite-rich but nevertheless generative
Permian coal seams. These source rocks contain mainly gas-prone Type
III kerogen (Tissot et al., 1974) however, owing to the presence of a
small but significant percentage of oil-prone sporinite, cutinite and al-
ginite (<10%), and as a consequence of their very high organic con-
tent, Cooper Basin coal seams are interpreted to have still managed to
generate commercial quantities of oil (Taylor et al., 1988; Hunt et al.,
1989).

The contemporary stress regime of the Cooper Basin, driven pri-
marily by an increase in horizontal compressive stress during the
Tertiary Period, is highly deviatoric (anisotropic) and is best classified
as being on the boundary between the reverse and strike-slip stress
regimes. The maximum horizontal stress (SHmax) is oriented approxi-
mately east-west, averaging 101°T. SHmax is approximately twice the
magnitude of the minimum horizontal stress (Shmin), which is in turn
approximately equal to the vertical stress (Sv), i.e. SHmax ≫ Shmin
~= Sv (Hillis and Reynolds, 2000; Reynolds et al., 2005; Reynolds
et al., 2006). Interestingly, hydraulic fracture stimulation results
(Bowker et al., 2018) and geomechanical earth modelling (Cooper
et al., 2018) suggest that the high SHmax is confined to the rigid
sandstone, siltstone and shale intervals. On average, these non-coal
lithologies comprise around 90% the Cooper Basin stratigraphic sec-
tion. This host rock framework appears to function as a “buttress” that
shields the interbedded coal seams from the high horizontal stress. The
coal seams do not experience the deviatoric stress. Hence, they have an
independent, more isotropic horizontal stress state.

The Cooper Basin Deep Coal Gas (CBDCG) Play spans the Permian
Patchawarra, Epsilon, Daralingie and Toolachee formations (Fig. 1b). It
exists in both South Australia and Queensland but the majority of the
resource and reservoir potential lies in South Australia. The Patch-
awarra Formation is considered to be the primary commercial target for
gas production. It contains the largest number of individual coal seams
and by far the largest bulk coal volume. Prospective deep coal seams
outside structurally controlled trap configurations are interpreted by
the authors to be generally restricted to depths exceeding 9000 ft
(2740 m). Paradoxically, the most commercially prospective areas of
the CBDCG Play are interpreted by the authors to be within deep, basin-
centred gas (BCG) settings (Masters, 1979; Law, 2002). The main rea-
sons for this are:

1. Total gas content is high.
2. Reservoir overpressure occurs.
3. There is no significant mobile formation water.
4. The surrounding host rock strata are pervasively gas-saturated.
5. The surrounding host rock strata are of sufficient geomechanical

competence to resist the tendency for compaction caused by in-
creasing production-induced effective stress.

The Cooper Basin BCG concept was first formally described by Hillis
et al. (2001). Cooper Basin BCG settings generally commence at a depth
of approximately 9000 ft (2740 m), with some variation caused by the
differing geothermal gradients between structural provinces. Within
Cooper Basin BCG settings, formation temperature typically exceeds
300 °F (150 °C). Formation pressure exceeds 4000 psig (27.6 MPag) and
may reach 9000+ psig (62.0+ MPag) within highly overpressured
environments. Individual Cooper Basin coal seams rarely attain a
thickness greater than 100 ft (31 m). The maximum reported to date is
148 ft (45 m) within the Patchawarra Formation (Dunlop et al., 2017).
The average thickness of individual CBDCG reservoirs (allowing for the
nominal minimum reservoir thickness cut-off of 10 ft / 3 m) is ap-
proximately 20 ft (6 m). In some areas, total coal seam thickness per
wellbore may exceed 350 ft (107 m) over the full Permian section.

Dunlop et al. (2017) provide ranges for a number of key variables
relating to Cooper Basin coal seams as follows. Across the entire Cooper
Basin, coal seams range in depth from approximately 4000 ft (1220 m)
to 12000+ feet (3660+ metres). Temperature ranges from approxi-
mately 150 °F (65 °C) to 490 °F (250 °C). Pressure ranges from ap-
proximately 2000 psig (13.8 MPag) to 9000+ psig (62.0+ MPag). Coal
seams may be normally pressured with respect to the regional hydro-
dynamic gradient (0.433 psi/ft or 9.79 kPa/m) within shallow areas or
highly overpressured within deep, BCG settings to more than 0.7 psi/ft
(15.83 kPa/m). Thermal maturity ranges from approximately 0.4% VRo
to 8+ % VRo. Gas is stored within a triple porosity system, comprising
a) adsorbed gas within the coal matrix micro-porosity, b) free gas
within the coal matrix meso- and macro-porosity and c) free gas within
the limited remnant coal fabric porosity. Unlike shallow CSG reservoirs,
which often contain mainly biogenic methane, the gas is mainly ther-
mogenic in origin. Hydrocarbon gas composition ranges from “liquids-
rich” (containing ethane, propane, butane and pentane+), to “dry”
(containing mainly methane) with increasing thermal maturity. Carbon
dioxide is the only significant non-hydrocarbon gas present and may
reach concentrations as high as approximately 40% in some areas of the
basin (Dunlop et al., 2017). The total gas content of CBDCG reservoirs is
typically several times higher than most shallow CSG reservoirs and
may exceed 1000 scf/short ton (31.2 cc/g). The coal seams are dehy-
drated, with no significant mobile formation water being present in
either the coal matrix or the limited remnant fabric apertures.

Cooper Basin coal seams may be broadly described as having an
“inertinitic” maceral character, similar to some coal seams in the Bowen
Basin, Gunnedah Basin and Sydney Basin (Hunt and Smyth, 1989), as
well in China (Wang et al., 2013) and South Africa (Cadle et al., 1993).
Vitrinite, the low-strength, glassy coal maceral responsible for fine-
scale face and butt cleat formation within shallow CSG reservoirs forms
a relatively small part of the bulk coal volume of CBDCG reservoirs.
Millimetre-scale vitrinite cleat systems are confined to numerous thin,
pervasively distributed laminations and lenses parallel to bedding,
collectively accounting for approximately 10 to 30% of the total coal
matrix volume (Santos Limited, 2009). The coal maceral composition is
dominated by meso- and macro-porous inertinite (or more specifically,
the sub-macerals semifusinite and inertodetrinite) (Hunt and Smyth,
1989). Hence, cleat development is very poor. The dominance of in-
ertinite gives Cooper Basin coal seams their characteristic dull, massive
appearance.

2.1. Description of the study wellbore

The original reason for hydraulically fracture stimulating target
deep coal seams intersected by the study wellbore was not related to
achieving a commercial outcome. Instead, the project was designed
solely to unlock the large potential resource by demonstrating technical
proof-of-concept for gas production, at extreme depth, by departing
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from the understanding of existing shallow CSG plays, where effective
stress at greater depths acts to close cleats and reduce permeability.
Hence, the hydraulic fracture stimulation treatment, which was de-
signed to create a shale-like stimulated reservoir volume (SRV), was
relatively small. Despite only a low, non-commercial base gas flow rate
being achieved (as expected), the wellbore was allowed to flow back to
atmosphere for experimental purposes for 81/2 years. The resulting
legacy long-term flowback dataset now provides high-resolution, time-
lapse insight into the dynamic reservoir behaviour of Cooper Basin deep
coal fracture network systems during gas production.

The target coal seam interval for the study wellbore lies more than
6300 ft (1920 m) below the commercial permeability depth limit for
shallow/deep CSG reservoirs, which ranges from approximately 3000
to 6000 ft (920 to 1830 m).

Low proppant concentration slick-water hydraulic fracture stimu-
lation technology, comparable to that being used for shale gas re-
servoirs at the time, was applied to four Patchawarra Formation coal
seams. The trial was deemed a technical success, having resulted in a
low but sustainable gas flow to surface, at a rate of approximately 0.1
MMscfd (2.8 Mscmd). This was achieved from a total coal seam
thickness of 81 ft (24.7 m), distributed over a depth range of 309 ft
(94.2 m), extending from 9385 to 9694 ft (2860.5 to 2954.7 m). The gas
flow commenced immediately after the hydraulic fracture stimulation
treatment. No formation water was recovered at any stage of the
flowback operation. At the time, the trial represented the deepest
known gas production from a coal seam reservoir in Australia.

For all four fracture stimulation stages combined, a total of
300000 gal (7100 barrels) of friction-reduced water (slick-water) and
linear gel (at a concentration of 20 pounds per thousand gallons) was
injected, together with 46200 pounds (20960 kg) of proppant (20/40
mesh Brady sand). Hydraulic fracture stimulation after-closure analysis
indicated that initial pressure within the target coal seams ranged from
6761 to 6863 psig (46.6 to 47.3 MPag), representing a pressure gradient
of 0.70 to 0.71 psi/ft (15.83 to 16.06 kPa/m).

Approximately 1 month after the commencement of flowback, a
23/8-inch OD, open-ended, packerless production tubing string was
installed inside the 41/2-inch OD production casing, as shown by the
wellbore completion diagram in Fig. 2.

The production tubing string was suspended at a depth of 9335 ft
(2845.3 m). It terminated 55 ft (16.8 m) above the uppermost per-
forations of the shallowest target coal seam. Contrary to the standard
practice for routine Cooper Basin gas wellbores, no down-hole packer
was installed near the end of the production tubing. As a consequence,
the annular space between the small diameter production tubing and
the large diameter production casing was closed at the wellhead and
open down-hole (Fig. 2). During the long periods of low, stable gas flow
rate that dominated the flowback, the open-ended compartment of the
annulus filled with gas and this displaced any residual flowback fluid
within it downwards in response to the buoyancy effect. After the
production tubing had been installed, two standard wellbore pressure
parameters (wellhead annulus pressure and tubing head pressure) were
continuously recorded at a 10-minute sample interval for the remainder
of the 81/2-year flowback.

2.2. Long-term pilot experiment

An objective of the pilot experiment was to detect long-term change
in the flow capacity of the hydraulic fracture within the study wellbore.
This was achieved by designing two identical pressure drawdown “flow
rate decline tests”, spaced 586 days apart. These were initiated im-
mediately after corresponding pressure build-up periods, which are the
first two extended pressure build-up tests previously investigated by the
authors using time-lapse PTA (Salmachi et al., 2019) (Fig. 3). The two
extended pressure build-up tests were achieved by shutting in the study
wellbore for periods of 157 and 259 days respectively. Excluding the
pressure build-up period prior to the second pressure drawdown test,

the wellbore flowed gas to surface between the pressure drawdown
tests continuously for 327 days, at an average rate of 0.08 MMscfd (2.3
Mscmd) and produced 26 MMscf (736.2 Mscm) of gas. The average
flowing bottom-hole pressure (FBHP) was 580 psig (4.0 MPag). Hence,
there was ample opportunity for hydraulic fracture conductivity to
change between the pressure drawdown tests. Both pressure drawdown
tests were initiated from the same surface shut-in tubing head pressure
(SITHP) of 2500 psig (17.2 MPag), so as to enable a direct, pressure-
normalised, time-lapse comparison of the fracture network response.
Gas produced to surface during the pressure drawdown tests was flared
at a distance from the wellbore (Fig. 4). Significantly, the two gas flow
rate decline profiles, which both commenced at a high initial rate,
gradually subsided to eventually realign with the wellbore's low, stable
base gas flow rate after 20 days and 30 days respectively. This is a very
important observation that strongly suggests that the full duration of
each pressure drawdown test reflects, almost exclusively, the total free
gas storage volume and flow capacity of the entire stimulated reservoir
volume (SRV) domain void space within the target coal seams, isolated
within the effectively impermeable native coal seam fabric that sur-
rounds it.

The pressure drawdown tests were designed to capture high-re-
solution data of sufficient quality for enabling reliable time-lapse RTA
to be performed. It was necessary for the data acquisition process to

Fig. 2. Wellbore completion diagram of the study wellbore. Contrary to the
standard practice for routine Cooper Basin gas wellbores, no down-hole packer
was installed near the end of the production tubing. As a consequence, the
annular space between the small diameter production tubing and the large
diameter production casing was closed at the wellhead and open down-hole.
During the long periods of low, stable gas flow rate that dominated the flow-
back, the open-ended compartment of the annulus filled with gas and this
displaced any residual flowback fluid within it downwards in response to the
buoyancy effect.
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capture the relatively short time interval over which the hydraulic
fracture linear flow regime was likely to occur. This was achieved by
substituting the low-resolution surface pressure gauges, which recorded
the long-term flowback at a default 10-minute sample interval, with
high-resolution, hand-held, 24-hour memory gauges, set to record at a
30-second sample interval.

Fig. 3 shows the timeline of the time-lapse RTA experiment. The gas
flow rate decline profiles for the first 2 h of each pressure drawdown
test are displayed, together with the extended pressure build-up tests
that preceded them.

Reliable flowing bottom-hole pressure (FBHP) is an important re-
quirement for undertaking RTA. Achieving this was facilitated by a

Fig. 3. The timeline of the time-lapse rate transient analysis (RTA) experiment, showing the gas flow rate decline profiles for the first 2 h of each pressure drawdown
test, together with the extended pressure build-up tests that preceded them.

Fig. 4. The two pressure drawdown “flow rate decline tests” for the study wellbore that were analysed using time-lapse rate transient analysis (RTA). The field
operational procedures were identical for each test. The study wellbore was opened to flow at the same surface shut-in tubing head pressure (SITHP) of 2500 psig
(17.2 MPag). This enabled a direct, pressure-normalised, time-lapse comparison of the fracture network response.
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static wellbore pressure gradient survey, conducted within the study
wellbore during the pressure build-up test immediately prior to the
second pressure drawdown test. This indicated that the wellbore casing
did not contain a significant amount of flowback fluid at the time it was
opened to flow. The wellbore casing was filled with gas from surface
down to the uppermost target coal seam perforations in the production
casing, at which point a “sump” of residual flowback fluid was present.
Hence, FBHP for the pressure drawdown tests may be readily calcu-
lated, without wellbore liquid level complications, using the wellhead
annulus pressure and the static gas pressure and temperature gradients
of the wellbore.

2.3. Time-lapse rate transient analysis method

Hydraulic fracture conductivity, as measured by the linear flow
regime property kfbf is controlled primarily by the aperture width but
other variables may play a significant role. These include:

1. Relative permeability effects caused by two-phase (e.g. gas-water)
flow during the recovery of fracture stimulation fluid and formation
water (if present).

2. Skin damage caused by residual fracture stimulation fluid compo-
nents, such as cross-linked polymeric gel.

3. Proppant physical characteristics.
4. Proppant embedment.
5. Proppant crushing.
6. Coal fines generation.

A limitation of the time-lapse RTA technique used for this study is
that it is not possible to reliably identify which of these factors, or
combination of factors, is responsible for a change in hydraulic fracture
conductivity.

The first step in performing time-lapse RTA, as with time-lapse PTA,
is to identify the various flow regimes that may be present (Clarkson
et al., 2012; Clarkson, 2013; Clarkson and Salmachi, 2017; Salmachi
and Barkla, 2019; Salmachi et al., 2019). The data subset corresponding
to each flow regime is then analysed using a specific methodology that
extracts hydraulic fracture and reservoir flow properties. Within the
production pressure transient region of a hydraulically fractured well-
bore, six potential flow regimes (i.e. pressure transient geometries) may
be identified, as shown by the schematic illustration in Fig. 5:

1. Fracture linear flow
2. Bilinear flow
3. Formation linear flow
4. Elliptical flow
5. Pseudo-radial flow
6. Boundary-dominated flow

These develop sequentially over production time, as the production
pressure transient region gradually invades the formation. The rate at
which this occurs is controlled primarily by the combination of re-
servoir permeability and the amount of production pressure drawdown.
For reservoirs having very low permeability, such as shales and deep
coal seams, this progression is very slow. The various flow regimes may
be recognised from the data by constructing a log-log plot of rate-nor-
malised pseudo-pressure difference (RNP) and its derivative versus
time. This is known as a “diagnostic plot”. The success of this technique
is contingent upon the distance the production pressure transient has
propagated into the reservoir. Having identified the flow regimes pre-
sent, the data subsets corresponding to each flow regime are then
analysed by constructing “specialty plots”. These enable the corre-
sponding hydraulic fracture and reservoir flow properties to be ex-
tracted (Clarkson et al., 2008; Clarkson, 2013; Clarkson and Salmachi,
2017; Yarmohammadtooski et al., 2017).

Table 1 lists a) the potential flow regimes for a hydraulically

fracture stimulated wellbore that are shown schematically in Fig. 5, b)
the diagnostic plot characteristics that identify each of the different
flow regimes, c) the corresponding specialty plots and d) the flow
properties that may be extracted.

High sample rate data are essential for performing reliable time-
lapse RTA. Hence, during the pressure drawdown tests of this study,
wellhead annulus pressure and gas flow rate data were recorded at a
high-resolution for 24 h, after which the sampling reverted to the de-
fault low-resolution mode.

3. Results and analysis

During the hydraulic fracture linear flow regime period of a well-
bore, gas flow into the wellbore is dominated by the expansion and
discharge of compressed gas from within the hydraulic fracture void
space (“hydraulic fracture storage”). This early-time region of the
overall pressure drawdown decline profile appears as a half-slope line
on the corresponding diagnostic plot (Table 1). For the study wellbore,
duration of the hydraulic fracture linear flow regime is short because
void space within the hydraulic fracture proppant pack (and any other
“cavities” that may exist on the hydraulic fracture face) is relatively
small. Compressed gas within this limited domain dissipates rapidly.
This means that, for the time-lapse RTA study herein, a high-resolution
pressure dataset, with a small sample interval, was required for the
hydraulic fracture linear flow regime to be identified and analysed ef-
fectively.

Fig. 6 shows the diagnostic plot analysis for the two consecutive
pressure drawdown tests conducted within the study wellbore. Rate-
normalised pseudo-pressure difference (RNP) and its derivative are
plotted versus time. The two half-slope straight lines on each plot, these
being for RNP and its derivative, clearly identify a short period of hy-
draulic fracture linear flow regime. This dissipates more rapidly for the
second pressure drawdown test (less than 20 min) than for the first
(approximately 1 h). The speciality plot required for analysing the data
corresponding to this short time interval is constructed by plotting rate-
normalised pseudo-pressure difference (RNP) versus linear super-
position time. The slope of the specialty plot straight line is given by Eq.
(1).

Fig. 5. The different flow regimes that may exist within the production pressure
transient region of a hydraulically fracture stimulated wellbore.
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Table 1
The different flow regimes that may exist within the production pressure transient region of a hydraulically fracture stimulated wellbore, how they may be recognised
from production data, and the flow properties that may be extracted. Modified from Clarkson (2013).

Flow regime Diagnostic plot characteristic Speciality plot Extracted flow property

Fracture linear Radial derivative: 1/2 slope
vs

m pi m pwf
qg

( ) ( )

= =t t t( )LS i
n qi qi

qn
n i( ) 1

( 1)
1

1
2

= ×b kf f f
T

mlh µgicti
0.275

Bilinear Radial derivative: 1/4 slope
Bilinear derivative: zero slope vs

m pi m pwf
qg

( ) ( )
ta

1
4

= =or t t t( )a BLS i
n qi qi

qn
an ai( , ) 1

( 1)
1

1
4

=b k k( )f f
T

mBLh µgicti
1/2 1/4 443.2

( )1/4

Formation linear Radial derivative: 1/2 slope
Linear derivative: zero slope vs t

m pi m pwf
qg

a
( ) ( ) 1

2

= =or t t t( )a LS i
n qi qi

qn
an ai( , ) 1

( 1)
1

1
2

=k xf
T

mLh µgicti

40.93
( )1/2

Pseudo-radial Radial derivative: zero slope
vs

m pi m pwf
qg

( ) ( )
log(ta)

= =or t log t t( )a RS i
n qi qi

qn
an ai( , ) 1

( 1)
1

=k T
mRh

1637

= +s 1.1513 log 3.23
bR
mR

k
µgictirw2

Boundary-dominated Radial derivative: unit slope vs
qg

m pi m pwf( ) ( )
Gi

m pi m pR
m pi m pwf

( ) ( )
( ) ( )

Gi

Fig. 6. The diagnostic plot analysis for the two consecutive pressure drawdown tests conducted within the study wellbore. Rate-normalised pseudo-pressure dif-
ference (RNP) and its derivative are plotted versus time. The two half-slope straight lines on each plot, these being for RNP and its derivative, clearly identify a short
period of hydraulic fracture linear flow regime. This dissipates more rapidly for the second pressure drawdown test (less than 20 min) than for the first (approxi-
mately 1 h).
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= ×m T
b h k µ c

0.275
l

f f f gi ti (1)

Fig. 7 shows the specialty plot analysis for the two consecutive
pressure drawdown tests conducted within the study wellbore. Rate-
normalised pseudo-pressure difference (RNP) is plotted versus linear
superposition time. The straight line section on each specialty plot re-
presents the hydraulic fracture linear flow regime identified by the
corresponding diagnostic plot in Fig. 6. The differing slopes of the
specialty plot straight lines, which are 5.46×105 and 1.34×105 re-
spectively, provide insight into dynamic behaviour of the hydraulic
fracture.

A ratio ( )m
m

l
l
1
2

is constructed using the slopes of the specialty plot
straight lines in Fig. 7. Since both pressure drawdown tests are initiated
from the same surface shut-in tubing head pressure (SITHP) of 2500
psig (17.2 MPag), this ratio may be simplified as shown by Eq. (2):

= = =

×

×

m
m

b k
b k

( )
( )

4l

l

T
b h k µ c

T
b h k µ c

f f f

f f f

1

2

0.275

1

0.275

2

2

1

f f f gi ti

f f f gi ti (2)

It may be inferred from the ratio ( )m
m

l
l
1
2

that hydraulic fracture
conductivity increased during the 327-day gas flow period between the
two consecutive pressure drawdown tests by a factor of 4. Note that
fracture width (bf) and fracture permeability (kf) are strongly related. A
decrease or increase in fracture width may result in a corresponding
decrease or increase in fracture conductivity.

The apparent increase in hydraulic fracture conductivity between
the two consecutive pressure drawdown tests, as revealed by the time-
lapse RTA, is also supported by a direct comparison between the two
early-time gas flow rate decline profiles shown in Fig. 8. The gas flow
rate to surface for the second pressure drawdown test is consistently
higher than for the first. For clarity, only the first 2 h of each test flow
period is displayed.

The initial, very high, rapidly declining gas flow rates for each of the
two consecutive pressure drawdown tests in Fig. 8 are caused by the
expansion and discharge of compressed gas from within the wellbore
conduit void space. This wellbore storage dissipates after approximately
10 min. The gas flow rate decline profile then rapidly transitions into a
hydraulic fracture linear flow regime, lasting approximately 2 h. This
represents the expansion and discharge of compressed gas from within
the hydraulic fracture void space (“hydraulic fracture storage”). The
rapid transition from high-rate wellbore storage-dominated gas flow to
lower rate hydraulic fracture storage-dominated gas flow is clearly

identified on the gas flow rate decline profile, without the use of a de-
rivative plot, by a prominent high-rate to lower rate inflection point,
approximately 10 min after the wellbore was opened to flow. After the
hydraulic fracture linear flow regime dissipates, the remainder of the gas
flow rate decline profile reflects the expansion and discharge of com-
pressed gas from within the isolated domain of increasing coal fabric
permeability surrounding the hydraulic fracture that was identified by
the time-lapse PTA study of Salmachi et al. (2019). The initial gas pro-
duction rates (IP) of the non-steady state hydraulic fracture linear flow
regime, for the first and second pressure drawdown tests respectively, are
7.5 and 12.0 MMscfd (212.4 and 340.0 Mscmd). It is clear that the gas
flow rate decline profile of the second pressure drawdown test is con-
sistently higher than that of the first. Significantly, the two gas flow rate
decline profiles gradually subside to eventually realign with the well-
bore's low, stable base gas flow rate of approximately 0.1 MMscfd (2.8
Mscmd) over a period of 20 days and 30 days respectively.

The authors reiterate that the eventual realignment of the two
consecutive pressure drawdown gas flow rate decline profiles with the
wellbore's low, stable, base gas flow rate strongly suggests that the full
duration of each pressure drawdown test reflects, almost exclusively,
the total free gas storage volume and flow capacity of the entire sti-
mulated reservoir volume (SRV) domain within the target coal seams,
which is isolated within the effectively impermeable native coal seam
fabric that surrounds it. Most of the gas discharged to surface, in excess
of the amount of gas collectively attributable to a) wellbore storage and
b) the base gas flow, represents compressed gas that has expanded and
discharged from within the combined isolated void space of:

1. The hydraulic fracture.
2. The domain of perturbed coal fabric within the production pressure

transient region that surrounds the hydraulic fracture.

The unperturbed native coal seam beyond the wellbore's production
pressure transient region does not contribute significantly to the ele-
vated, non-steady state pressure drawdown gas flow rate decline pro-
file. Hence, characteristics of the pressure drawdown tests reflect only
the size and conductivity of the isolated hydraulic fracture and the
limited domain of enhanced coal fabric permeability that surrounds it.

Since both of the pressure drawdown tests were initiated from the
same surface shut-in tubing head pressure (SITHP) of 2500 psig (17.2
MPag), the consistently higher gas flow rate of the second pressure
drawdown test may be attributed to an increase in hydraulic fracture
conductivity. The diagnostic plots and the speciality plots both support
this observation and interpretation by showing that the hydraulic
fracture linear flow regime dissipates more rapidly for the second

Fig. 7. The specialty plot analysis for the two consecutive pressure drawdown tests conducted within the study wellbore. Rate-normalised pseudo-pressure difference
(RNP) is plotted versus linear superposition time. The straight line section on each plot represents the hydraulic fracture linear flow regime identified by the
corresponding diagnostic plot in Fig. 6. The differing slopes of the specialty plot straight lines, which are 5.46×105 and 1.34×105 respectively, provide insight into
dynamic behaviour of the hydraulic fracture.
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pressure drawdown test than for the first (Fig. 7).

4. Discussion

The apparent increase in hydraulic fracture conductivity between
the two pressure drawdown tests of the study wellbore, as measured by
the linear flow regime property b kf f f , may be a consequence of one
or more mechanisms that include:

1. Dilation of the hydraulic fracture caused by highly localised deso-
rption-induced coal matrix shrinkage.

2. Dilation of the hydraulic fracture caused by a hysteresis effect re-
lating to the wellbore pressure build-up and pressure drawdown
process.

3. Cavitation/erosion of the hydraulic fracture face caused by “spal-
ling” in response to proppant embedment.

4. High-pressure drawdown-assisted removal of coal fines from within
the hydraulic fracture proppant pack.

5. High-pressure drawdown-assisted reduction of the phase blocking
caused by residual hydraulic fracture stimulation treatment fluid
within the hydraulic fracture.

6. High-pressure drawdown-assisted reduction of skin damage caused
by residual hydraulic fracture stimulation treatment fluid within the
hydraulic fracture.

7. Reduced occlusion of the hydraulic fracture caused by the flow of
proppant back into the wellbore.

Until further evidence is obtained, the authors concede that all of
these mechanisms may have contributed, to varying extents, to the
apparent increase in conductivity of the hydraulic fracture during the
production life of the study wellbore.

5. Conclusions

An 81/2-year post-hydraulic fracture stimulation flowback experi-
ment within a pilot vertical wellbore has detected increasing hydraulic
fracture conductivity within producing ultra-deep coal seams of the
Cooper Basin in central Australia by applying a time-lapse rate transient

analysis (RTA) methodology. The RTA study built upon a previous time-
lapse pressure transient analysis (PTA) study of the same wellbore. The
PTA results reveal a dominant bilinear flow regime associated with an
isolated domain of increasing coal fabric permeability surrounding the
hydraulic fracture.

The time-lapse RTA was performed on two consecutive high pressure
drawdown tests, for which the gas flow rates and surface flow pressures
were recorded at high-resolution. The availability of these high-resolu-
tion data, early in the flow period, has allowed the identification and
analysis of short-duration hydraulic fracture linear flow regimes that
dissipate quickly. Speciality plots, designed for detecting hydraulic
fracture linear flow regimes, indicate that hydraulic fracture conductivity
increased between the consecutive pressure drawdown tests. The ap-
parent increase in hydraulic fracture conductivity over flowback time is
supported by the consistently higher gas flow rate decline profile of the
second pressure drawdown test, compared to the first. Additionally, the
diagnostic plots show that the duration of the hydraulic fracture linear
flow regime period for the second pressure drawdown test is shorter than
for the first. This is interpreted by the authors to be a consequence of
increased hydraulic fracture conductivity allowing compressed gas
within the hydraulic fracture void space to discharge at a higher rate. The
limited pressure transient region surrounding the hydraulic fracture (si-
milar to that of a shale SRV), combined with the low flowing bottom-hole
pressure (FBHP) of the wellbore, resulted in a high rate of gas desorption
near the hydraulic fracture. This optimised the rate of coal matrix
shrinkage. Hence the authors suggest that the increase in hydraulic
fracture conductivity demonstrated by the time-lapse RTA study is
dominated by, but not necessarily restricted to, desorption-induced coal
matrix shrinkage and resultant tensile dilation of the hydraulic fracture
aperture. Other mechanisms that may have contributed to the increase in
hydraulic fracture conductivity to varying extents include a) dilation of
the hydraulic fracture caused by a hysteresis effect relating to the well-
bore pressure build-up and pressure drawdown process, b) cavitation of
the hydraulic fracture face caused by “spalling” in response to proppant
embedment, c) flowback-assisted removal of coal fines from within the
hydraulic fracture proppant pack, d) flowback-assisted reduction of
phase blocking within the hydraulic fracture, e) flowback-assisted re-
duction of skin damage within the hydraulic fracture and f) reduced

Fig. 8. A comparison of the early-time gas flow rate decline profiles for the two consecutive pressure drawdown tests conducted within the study wellbore that are
investigated using time-lapse rate transient analysis (RTA). Gas flow rate is initially dominated by the dissipation of “wellbore storage” for approximately 10 min. The
gas flow rate decline profile then rapidly transitions into a hydraulic fracture linear flow regime. This represents the expansion and discharge of compressed gas from
within the hydraulic fracture void space (“hydraulic fracture storage”). The transition from high-rate wellbore storage-dominated gas flow to lower rate hydraulic
fracture storage-dominated gas flow is clearly identified by a prominent inflection point.
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occlusion of the hydraulic fracture caused by the flow of proppant back
into the wellbore. Further evidence is required to identify the actual
cause, or combination of causes.

The authors consider the outcome of this time-lapse RTA study to be
significant because it reveals previously unrecognised reservoir beha-
viour within Cooper Basin ultra-deep coal seams that is inconsistent
with that of shallow CSG reservoirs, thereby increasing the under-
standing of this nascent Australian source rock reservoir play, for which
a satisfactory world analogue has not yet been identified.

Nomenclature

bf Fracture width (inch)
ct Total compressibility (psia-1)
Gi Initial gas-in-place (MMscf)
h Fracture height (ft)
k Permeability (mD)
kf Fracture permeability (mD)
m Pseudo-pressure (psi2/cP)
ml Slope of the straight line on the speciality plot (fracture linear

flow)
mBL Slope of the straight line on the speciality plot (bilinear flow)
mL Slope of the straight line on the speciality plot (formation

linear flow)
mR Slope of the straight line on the speciality plot (radial flow)
pwf Bottom-hole flowing pressure (psi)
qg Gas flow rate (Mscfd)
RNP Rate normalised pseudo-pressure (psi day

cP Mscf
.

.

2
)

t Time (h)
t(LS) Linear superposition time (h)
t(aBLS) Bilinear superposition time (h)
t(aLS) Linear superposition time (h)
t(aRS) Radial superposition time (h)
t(RS) Pseudo-time (h)
T Temperature (°R)
xf Fracture half-length (foot)
∅f Proppant pack porosity (dimensionless)
μg Gas viscosity (cP)
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