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ABSTRACT 

 

Recent work has established that gas distribution in subsurface layers follows 

predictable patterns that have proven to be repeatable throughout many Australian 

basins. This pattern is a response to tectonic history, the coalification process, 

biogenesis, groundwater flow and magmatic activity. 

 

This paper identifies the drivers behind variability in gas character in the subsurface, 

and develops a generalised model that can be used to better understand, and predict 

gas layering for greenhouse gas (GHG) emission accounting purposes. 

 

The implications of this study are important to open cut mining operations because it 

provides a firm basis for estimating GHG emissions for National Greenhouse 

Emissions Report (NGER) accounting purposes.  The model can also be applied to 

economic studies of the incremental worth of coal extraction as gas content increases 

with depth.  The model also has implications for underground mining outburst risk 

analysis. 

 

INTRODUCTION 

 

The Australian government has developed a national greenhouse reporting scheme 

that attempts to account for greenhouse emissions across a range of industries.  This 

scheme is incorporated in law through the National Greenhouse and Energy Reporting 

Act 2007, and the National Greenhouse and Energy Reporting Determination 

(Measurement) 2008. The ultimate aim is for emission intensive industries to pay a 

financial penalty which is directly proportional to the amount of gas they release into 

the atmosphere.  

 

For most industrial and mining activities in Australia, emissions can be directly 

measured, and this is acknowledged to be essentially the case for underground coal 

mining (by measuring emissions in the ventilation system, and through the pipe range 

associated with gas drainage activities).  For open cut mining, measuring emissions 

appears to be much more problematic. 

 

Firstly, open cut miners have (historically) very little actual gas data from their 

operations and in the past, have had no incentive to gather such data.  Secondly, the 

measurement of actual emissions via empirical techniques (i.e. “sniffers”) is 

inherently inaccurate. Thirdly, the true story is a complex one exacerbated by gas 

character variability in the near subsurface which is a product of geological history, 
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and the near term effects of mining itself.  Fourthly, the accurate measurement of low 

gas content samples is problematic. 

 

The issue of accurately measuring, calculating (and reporting) emissions is currently 

resulting in a flurry of industry activity, and no fewer than four (4) current ACARP 

projects are grappling with various aspects of the uncertainty associated with open cut 

emission accounting at time of writing. A key aspect of these programs is aimed at 

understanding laboratory error associated with low gas content sampling, and the 

establishment of guidelines for future sampling. 

 

CURRENT WEAKNESSES IN SAMPLING FOR GREENHOUSE EMISSIONS 

 

The major concerns relating to the accurate measurement of greenhouse emissions 

from open cut operations pertains to the following uncertainties: 

 

 How accurate is the „gas content‟ result obtained from actual sampling? 

 Is the error bar signifantly greater for low gas content samples than high ones?  

If so, by how much? 

 How do we accurately measure gas content in non-coal units, in particular 

porous sandstones? 

 How do we deal with gas compositional data that in many cases is clearly 

contaminated by air? 

 How much sampling is enough? 

 How do we account for fluid and gas migration from lower seams, and from 

areas outside the boundary of the mine? 

 How much does the mine itself impact subsurface gas character? 

 

There are a range of nuances associated with low gas content sampling that are the 

subject of intense research, experimental work, and considered debate.  Resolution of 

many of these questions should be obtained by the successful completion of ACARP 

research work over the next 12-18 months. 

 

The purpose of this paper is not to attempt to prejudge the outcome of this research, 

but to provide a universal model that explains variability in the subsurface, and to also 

offer some suggestions as to how this model can be applied to provide a practical 

solution to greenhouse gas accounting. 

 

THE MODEL – WHY GAS CHARACTER VARIES IN THE SHALLOW 

SUBSURFACE 

 

The definition of „shallow subsurface‟ here reflects current expectations of the depth 

of open cut operations, around 300m from surface, however many of the observations 

contained herein are equally relevant to understanding gas variation in underground 

mining operations also. By extension, this general model also applies to Coal Seam 

Gas (CSG) plays, and is pertinent to exploration strategy in the CSG industry (see 

Thomson, 2008). 

 

The fact that gas character varies in the subsurface is well documented (for example, 

see Scott et al, 1994, Faiz et al, 2003, and Thomson et al, 2008).  In some cases, open 

cut operations may contain very little gas at all, and others clearly have a considerable 
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emission footprint.  So, what governs the variability?  First, it is important to describe 

what kind of variability there may be. 

 

Variation in gas content 

 

Gas content ostensibly increases with depth.  This “truism” is correct, and as a 

generalisation all coals should show some increase in gas content with depth, however 

this increase is unlikely to be uniform.  The increase in gas content with depth is a 

direct response to increased reservoir pressure, and an accompanying increase in gas 

holding capacity for any given coal (coals of the same rank).  Effectively, coals obey 

their isotherm, and as pressure (depth) increases, they store more gas. 

 

So, this simple theoretical relationship should provide the means to predict the gas 

holding capacity of any given coal. In reality, it rarely does, and this is a function of 

the extent of gas saturation any given coal may have.  If a coal is a 100% saturated, it 

follows the isotherm.  If a coal is undersaturated, the extent of undersaturation will 

govern the gas content.  Other complicating factors include maceral variability, and 

changes to ash and moisture – all of which will influence the gas holding capacity. 

 

Most near surface coals in the Sydney-Bowen Basin complex are undersaturated.  

They are undersaturated as a function of their geological history, or as a near term 

response to the march of a neighbouring open cut operation.  Extent of 

undersaturation significantly adds to the complexity of gas content prediction in the 

subsurface. 

 

Variation in gas composition 

 

The major coal seam gases found in the near subsurface are effectively CH4 

(methane) and CO2 (carbon dioxide).  Minor amounts of N2 (nitrogen) and H2S 

(Hydrogen Sulphide) may also be present, but are not generally significant.  N2 is a 

troublesome gas for accurate reporting of gas composition because it is present in 

substantial quantities in air. N2 values in gas compositional data above 6% by volume 

should generally be treated with suspicion.  Results >20% strongly suggest at least 

some air contamination.  

 

The story is further complicated by the fact that there are two types of methane, 

isotopically heavy theromogenic methane formed during the coalification process, and 

the lighter version, formed from biogenic action. 

 

Most of the CO2 in Australian coals is a by-product of ancient magmatism, and in 

some areas CO2 is very significant.  In others, there is no CO2 at all. 

 

The interplay between biogenic and theromogenic methane, and magmatic CO2 is 

central to understanding greenhouse emissions in the shallow subsurface. 

 

The model for gas variation in the subsurface 

 

Thomson et al (2008), using data from a Hunter Valley mining operation proposed a 

model for gas layering that occurred in the subsurface (Figure 1 and 2): 
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 Zone 1 - A surface zone extending to a depth of about 150m, which contains 

negligible gas. The gas that is present is often CO2. This gas may be present 

simply due to the „residual‟ effect. CO2, due to its molecular size and affinity 

with coal, can be very difficult to entirely remove. 

 

 Zone 2 – the “Biogenic Window” containing shallow methane and extending 

from a depth of approximately 150m to about 250-350m. The gas content of 

this zone is usually from 4-12m
3
/t and increases with depth. 

 

 Zone 3 – A “Mixed Gas Zone” below Zone 2 and extending to a depth of 

approximately 600-700m. The gases in this zone are both methane and CO2 

but mostly CO2. 

 

 Zone 4 – the “Thermogenic Zone” of high methane below Zone 3. 

 

 
 

Figure 1 – The gas layering present in the subsurface at one Hunter Valley operation (from 

Thomson et al, 2008).  Note relationship between methane and CO2 with depth, as presented 

in the upper diagram.  As depth increases the influence of CO2 waxes, then finally, wanes. 
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Figure 2 – A schematic representation of the gas layering present in the subsurface in a 

Hunter Valley example (from Thomson et al, 2008).  Note that layering is seam independent, 

and has occurred post-tilting, indicating that the drivers behind the layering postdate the 

tilting event.  

 

It is argued herein that the example presented in Thomson et al (2008) occurs 

consistently, but to varying extents throughout the Eastern Australian coalfields, and 

not just the Permian ones.  The interplay between biogenic and thermogenic methane, 

and magmatic CO2 governs subsurface variability, and equally applies to many other 

Australian basins.  Similarly, in the author‟s experience, the same pattern is evident in 

many overseas fields.  In the end, geological processes are universal. 

 

For more specific details from the Hunter Valley example refer to the original paper, 

Thomson et al, (2008). 

 

It is argued herein that variants of this same model are present in all the major 

Australian basins, and this is directly relevant to open cut emission accounting.  

Sometimes CO2 is not present at all, and sometimes theromogenic methane gas 

dominates.  For most open cut operations, biogenic methane is the major subsurface 

gas, and the major contributor to greenhouse emissions. 

 

An example of a variant of the model, with no CO2 present is presented in Figure 3.  

This schematic example is based on actual data from a mine site in the Sydney – 

Bowen Basin complex. 
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Figure 3 – An example of essentially the same, but slightly nuanced, model as Figure 

2 – from a widely disparate region, with the notable exception of a lack of CO2 in the 

subsurface. 

 

From the perspective of greenhouse emissions, it appears evident that in the simplest 

terms, the following general patterns apply to all coals of the Sydney – Bowen Basin 

complex to greater and lesser degrees: 

 

1. A gas depleted zone that extends from surface to around 100m depth (actual 

may vary).  Gas contents are almost entirely <0.5m3/t, and gas composition is 

usually dominated by CO2. 

2. A rapid gas increase zone that extends from approximately 100m to 250-

300m, dominated by biogenic methane.  Gas content increases rapidly 

generally (trying) to follow the isotherm. Tending towards greater saturation 

(a product of biogenic „top up‟) but rarely succeeding. 

3. A transition zone where both biogenic and theromogenic methane may occur 

(may be significantly undersaturated) 

4. A deep thermogenic zone dominated by methane (tending towards greater 

saturation with depth). 

5. In some areas, magmatic CO2 is juxtaposed on this pattern, and it may be the 

dominant subsurface gas in shallow coals. 

 

DRIVERS OF THE MODEL 
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Effectively, the Permian coals of the entire eastern seaboard of Australia have had a 

very similar tectonic history.  In simple terms, the major tectonic phases pertinent to 

the study of coal seam gas character in the subsurface are as follows: 

 

1. Deposition of vast nascent coal seams in the Permian. 

2. Compressive tectonics initiated during the late Permian and extending into the 

Mesozoic. 

3. Burial and coalification, with peak burial probably occurring in the mid 

Cretaceous. Maximum burial of most Permian coals is estimated to be 2.5 – 

4kms. 

4. Pull apart tectonics associated with the Tasman Rift, starting from the late 

Cretaceous. 

5. Uplift and erosion. 

6. Various stages of magmatism, with peak periods in the Jurassic, late 

Cretaceous, and Tertiary (see Carr and Facer, 1980). 

7. Compressive tectonics starting from about 8My BP to present. 

8. Various phases of methanogen bearing groundwater flow from subcrop and 

fracture systems through seam aquifers. 

 

The deep burial of the Permian coals which are the current target for open cut mining 

in the Sydney – Bowen Basin complex is responsible for the rank of these coals and 

their gas storage capacity.  In addition, this coalification phase would have provided 

the opportunity for the coals to become saturated with theromogenic gas.  The deep 

coals in the Permian Basin (at 500m+) are effectively fossil representatives of this 

stage of gas accumulation.  The coals have remained too deep to be affected by near 

surface biogenic activity, and in many cases too deep to be affected by CO2, which 

will not come out of solution at depths (and pressures) greater than ~800m (thus, if 

the coals were buried deeper than 800m at the time of the introduction of magmatic 

fluids, no adsorption of CO2 should be expected). 

 

The rifting phase provided the tensional tectonics which enabled gas migration to the 

surface and the progressive under saturation of near surface layers. Fracture 

connection to the surface and through the subcrop also allowed the introduction of 

methanogen and nutrient bearing water, and provided the opportunity for biogenic gas 

development. In some cases, the introduction of biogenic methane „tops up‟ the 

undersaturated coals, and may result in gas contents that are reflective of near fully 

saturated coals. 

 

The evolutionary stages are presented in Figures 4 - 7. 
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Figure 4 – Deep burial in the mid Cretaceous enabled the coals to be charged with 

methane and some higher hydrocarbons (such as ethane). At this stage, coals were 

likely to be fully saturated. 

 
 

 

Figure 5 – Uplift and rifting provided the opportunity for some gas to escape the 

system (leading to undersaturation). 
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Figure 6 – Extensive Tertiary magmatism was the likely catalyst for the introduction 

of CO2 laden magmatic fluids, some of which was adsorbed in the coals. 

 

 
Figure 7 – The final phase enabled methanogen bearing groundwater to enter the 

coal aquifer system, and this has led to the creation of biogenic gas in the shallow 

subsurface. 
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IMPLICATIONS FOR GREENHOUSE GAS ACCOUNTING 

 

An understanding of what drives gas variability in the surface can be directly applied 

to the problem of estimating gas emissions from open cut mining.  Each site needs to 

do some basic exploration drilling and gas sampling to establish local subsurface 

conditions (the amount of boreholes needed to satisfy the indigenous variability will 

differ from site to site). However, fundamentally the task remains to: 

 

1. Establish the depth of “no gas” – at what point does the essentially 

meaningless “<0.5m3/t” gas ramp up? In many cases this will occur at around 

100m depth. 

2. Establish the lateral influence of the open cut – at what maximum distance 

from the highwall does “real time” desorption cease? 

3. Determine gas compositional variability in the near surface. 

4. Determine the rate of increase of gas content with depth (in many cases this 

will be of the order of 4-6 m3/t per 100m depth, starting from 100m+). 

5. Establish general depth v. gas content relationships that can be extrapolated 

across the site. 

6. Insert this data into a static model (such as the local mine planning software). 

7. Integrate with mine scheduling inputs to produce calculated CO2 emissions per 

annum. 

 

The essential inputs needed for such an approach include; gas desorption results, and 

some isotherms (to reveal the level of undersaturation). Some isotope tests would be 

beneficial to establish the extent of biogenic influence at each site. 

 

A detailed program of work to achieve these goals is necessary, the specifics of which 

should be left to another forum. 

 

CONCLUSIONS 

 

Gas character in the subsurface can be understood, and a predictive model has been 

developed to account for near surface variability.  This understanding can be applied 

to improve the confidence in greenhouse emission accounting, and reported to the 

Federal Government as part of the NGER protocol. 
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