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HIGH PRECISION U-PB ISOTOPIC AGES OF PERMIAN-TRIASSIC 
EVENTS IN THE SYDNEY BASIN: A CHRONOLOGICAL 

FRAMEWORK FOR ENERGY RESOURCES 
 

I. Metcalfe1,2, R.S. Nicoll3, 4, J. Crowley5, D. Mantle6, M. Huyskens4, M. Ives7, K. 
Ruming8, G. Wood9, John Laurie3, & C.B. Foster3, 10 
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3: Geoscience Australia, Canberra 
4: Research School of Earth Sciences, Australian National Univ., Canberra 

5: Department of Geosciences, Boise State Univ., U.S.A. 
6: Morgan-Goodall Palaeo Associates, 5 Maitland Terrace, Maitland, SA 5573 

7: Centennial Coal Company Ltd, Toronto, Australia 
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ABSTRACT 
High-resolution U-Pb zircon geochronology using Chemical Abrasion Isotope Dilution 
Thermal Ionisation Mass Spectrometry (CA-IDTIMS) with an age resolution at the 0.05% 
level provides international calibration of Permian-Middle Triassic Gondwanan sequences in 
the Sydney Basin. Previous attempts at such calibration have relied on tenuous 
biostratigraphic and lithostratigraphic correlations and on carbon-isotope records here deemed 
unsuitable for establishing a high-resolution chronostratigraphic framework for the basin. 
Existing SHRIMP U-Pb ages for some tuffs in the basin have been compromised by 
inaccuracy and low precision when compared to the CA-IDTIMS method. High-precision 
CA-IDTIMS ages also allow us to correlate individual tuff beds across the basin, to estimate 
sedimentation rates of packages of strata, and to estimate rates of climatic and biotic change 
between the two  major Permian mass extinctions in the late Guadalupian and late 
Changhsingian. We here report thirty-one new high-precision U-Pb CA-IDTIMS ages for 
tuffs in the Sydney Basin based on isotopic dating of 10 chemically abraded individual 
zircons per tuff. These dates provide vital international timescale tie points for the Permian-
Triassic of Australia and southern hemisphere Gondwana sequences. The youngest samples 
from the Garie Fm (c. 247.7 Ma, c. 248.0 Ma) give a late Early Triassic (late Spathian) age. 
The youngest Permian age is c. 252.6 Ma from the Mannering Park Tuff. Two samples from 
the prominent Awaba Tuff are tightly grouped at c.253 Ma. An age of c.253 Ma for the 
Nalleen Tuff confirms the previous stratigraphic and geochemical correlation with the Awaba 
Tuff. The prominent Nobbys Tuff in the Newcastle Coal Measures, is dated as c. 255 Ma 
which is latest Wuchiapingian. The oldest dates obtained are c. 263.4 Ma from the Broughton 
Fm, c. 262.4 Ma for the Watermark Fm and c. 271.4 Ma for the Rowan Fm, all three older 
than the Guadalupian–Lopingian boundary of c. 260 Ma. Implications of these ages for 
calibration of stratigraphy and biostratigraphy, intra and inter basin correlations, placement of 
mass extinction levels, sedimentation rates and dating of environmental and climate change 
(including glaciation) are presented. 
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ABSTRACT 
The chronostratigraphic framework now being established for the Sydney and Gunnedah 
Basins using high-resolution U-Pb zircon Chemical Abrasion Isotope Dilution Thermal 
Ionisation Mass Spectrometry (CA-IDTIMS) geochronology at the 0.05% level will greatly 
enhance the correlation of stratigraphic units and provide a better understanding of local and 
regional sedimentation patterns. The data set currently includes 31 dates ranging in age from 
271.45 Ma for the Rowan Formation at the top of the Greta Coal Measures (Middle Permian, 
late Roadian) to the Garie Formation at 247.71 Ma (Early Triassic, latest Olenekian).  
 
Two examples will demonstrate the future directions and potential of these studies. Firstly, 
depositional rates within coal sequences can be demonstrated by three studies. In the Ulan 
Coal both the C Ply and the F Ply tuffs have been dated, the C Ply at 256.05 Ma and the F Ply 
at 257.03 Ma. The 2 samples were from different wells, but ply determinations are 
unequivocal, and indicate that the tuff beds would have been depositionally separated by 
about 5 m. This suggests a depositional rate of about 5.1 m/my. This compares with an 
example from the Yebna 1 well in the Bowen Basin where the tuff beds from the top and 
bottom of a coal interval in the Kaloola Member of the Bandanna Formation were dated as 
252.49 Ma and 252.97 Ma respectively. The tuff beds were separated by 8.9 m of coal and 
tuff beds. The depositional rate for the coal interval in the Kaloola Member is 18.6 m/my. 
Compare this with the largely clastic Trinkey Formation (Gunnedah Basin) that has a 
maximum thickness of 258 m. Tuff beds near the top and bottom of the Trinkey Formation 
have ages of 253.27 Ma (Blackville 1) and 255.57 Ma (Brawboy 1) respectively. A 
depositional rate of around 255 m/my can thus be determined for the Trinkey Formation, a 
unit that includes two coal units, the Springfield Coal and the Clift Coal Members.  
 
Secondly, precise local and regional stratigraphic correlation can be demonstrated. It has 
previously been suggest by several authors that the Awaba Tuff and the Nalleen Tuff are 
correlative. This is confirmed with dates of 253.00 Ma (Stockrington DDH 1) and 253.11 Ma 
(Mandalong DDH 95) for the Awaba Tuff and a date of 253.01 Ma (Wybong 1) for the 
Nalleen Tuff. These dates are considered to be within error. Slight age differences may reflect 
different levels of samples within the Awaba Tuff, a unit that may be over 30 m thick. A 
second correlation that has been suggested is that of the Hoskinsons Formation of the 
Gunnedah Basin with the Ulan Coal of the Western Sydney Basin and the Woonona Coal 
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Member of the Wilton Formation of the Southern Sydney Basin. We have dates for the 
Hoskinsons Formation (255.86 Ma, Brawboy 1), the Ulan C Ply (256.05 Ma, DM Cobbora 
DDH 61) and the Wilton Formation (255.30 Ma, outcrop near Joadja, NSW). Again these 
dates are essentially within error and we do not yet have a date for the overlying Ulan A Ply. 
A suggested correlation that we can demonstrate as incorrect is that of the Watermark 
Formation with the Nowra Sandstone. We have a date of 262.40 Ma from near the top of the 
Watermark Formation (Brawboy 1) and a date of 263.37 from the Broughton Formation in a 
core from the Wollongong region. The Broughton Formation is significantly -younger than 
the Nowra Sandstone. 
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NOT WHAT IT “SEAMS” 
 

K. W. Bayly 
 

NSW Department of Trade & Investment, Regional Infrastructure & Services, Division of 
Resources and Energy, Coal Advice, 516 High Street Maitland 2320 

 
ABSTRACT 
The “F” Ply – a pervasive tuff marker unit – is the key to regional correlation of the basal coal 
seams of the Western Coalfield.  The “F” Ply has a distinctive gamma spike in down-hole 
geophysical logs, and is recognised in drill core from east of Ulan into the Hunter Valley and 
as far south as the Lithgow region. In the Western Coalfield, the basal Lithgow Coal is 
characterised by being largely free from tuff bands, and having a sandstone roof when not 
coalesced with the overlying Lidsdale Coal.   
 
Recent exploration conducted by Mineral Resources in the Rylstone area has reaffirmed the 
regional picture of the thinning and onlapping/non-development of the Lithgow Coal towards 
the basin margin. The clear trends in the development of the Lithgow Coal and the 
stratigraphic  position of the “F” Ply have implications for the existing correlation of seams 
currently mined immediately south of Rylstone at Charbon Colliery and Haystack Mountain, 
30 km to the south at Airly Mountain, and a further 25 km southeast at Ivanhoe North and 
Cullen Valley Mine. A revised regional coal seam correlation demonstrates that it is not the 
Lithgow Coal that is mined at Charbon, Haystack Mountain and Airly, but the Lidsdale 
Lower seam. 
 
INTRODUCTION 
Bryan et al (1967) introduced the term Illawarra Coal Measures to the Western Coalfield after 
drilling and geological mapping confirmed the continuity of coal bearing sequences between 
the south coast and the western margin of the Sydney Basin.  Bembrick (1983) established the 
stratigraphic subdivision of the Illawarra Coal Measures into four subgroups and sixteen 
formations by synthesising the early work of Carne (1908), Rayner (1954, 1956), Branagan 
(1960), Goldbery (1972) and Morris (1975), and after the examination of a significant number 
of borehole cores. This synthesis provides an excellent framework for the understanding and 
interpretation of the sedimentary units within the Illawarra Coal Measures. 
 
The application of this terminology to the stratigraphy in the northern part of the Western 
Coalfield in the Ulan-Moolarben-Wilpinjong-Mt Penny-Bylong area (Figure 1) was 
historically unclear, as various authors have used terminology derived from the Hunter and 
Gunnedah Coalfields. Due to a paucity of data, at the time, between the coal mines operating 
in the Lithgow area and the Bylong valley, local names were often ascribed to regionally 
extensive coal seams, for example the Coggan Coal of McElroy Bryan and Associates (1983, 
1985) in the Bylong area and the Mt Brace seam of Bayly et al (1988) in the Rylstone area. 
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Figure 1 Western Coalfield map, showing position of major geological structures and 
boreholes (Modified after Yoo, 2001) 
 
Mineral Resources has undertaken significant evaluation of the coal resources in the Western 
Coalfield, including regional coal exploration and mapping, which has led to the release of a 
number of tender areas and subsequent new mines.   This exploration coupled with ongoing 
industry assessment of coal resources, has enabled an enhanced understanding of seam 
development and extent within the coalfield.   
 
The main economic seams occur in the Cullen Bullen Subgroup of the lower Illawarra Coal 
Measures.  Instrumental to the understanding and correlation of these seams is the pervasive 
tuffaceous band, referred to informally as the “F” Ply.  Agnew & Bayly (1989a) introduced 
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the “F” Ply terminology to assist in tying in the alphabetically-based Ulan seam nomenclature 
established for the Ulan Mine to that of the typical Western Coalfield stratigraphy (Bembrick, 
1983). 
 
GEOLOGY  
The Cullen Bullen Subgroup hosts the majority of the seams (Figures 2 and 3) mined within 
the Western Coalfield, where mining began in 1868 in the Lithgow area. This subgroup 
comprises two well recognised and widespread fluvial units, the Marrangaroo and Blackmans 
Flat Formations. These fluvial units comprise lobes of fluvial and braided channel deposits 
derived from erosion of the proximal Lachlan Fold Belt.   
 
The Marrangaroo Formation occurs below the Lithgow Coal, and the Blackmans Flat 
Formation separates the Lithgow Coal and overlying Lidsdale Coal if developed (Figure 3). In 
areas where the Blackmans Flat Formation is not developed, the Lidsdale and Lithgow Coals 
converge.  This converged entity is recognised within the mining operations at Springvale, 
Angus Place, Invincible, Ivanhoe, Ivanhoe North and Cullen Valley, in the southern part of 
the coalfield (Figure 1).  
 
The Lithgow Coal in its type section (Austen & Butta Hartley Valley DDH 3) is characterised 
by predominantly dull coal with subordinate carbonaceous claystone and minor mudstone 
bands.  Within the Rylstone-Bylong area the typical coal lithotype profile of the Lithgow Coal 
is represented in DM Kelgoola DDH 4 (Yoo, 2001) (Figure 2).  In the working section of the 
Lithgow seam there are persistent carbonaceous claystone bands (i.e. the Bluestone band), but 
no ash fall tuffs are recognised. Regionally, the upward fining Blackmans Flat Formation 
typically has a sharp and often erosive contact with the underlying Lithgow Coal. This 
relationship is readily recognised in bores located within the marginal shelf area (Wollar 
Shelf) of the Western Coalfield (Figure 1).  Exploration between Bylong and Ulan clearly 
demonstrates the thinning and onlapping geometry toward the basin margin of the Lithgow 
Coal (Figure 4).   
 
In contrast, where the Lidsdale Coal is clearly separated from the Lithgow Coal by the 
Blackmans Flat Formation fluvial system, the Lidsdale Coal is characterised by dull and stony 
coal with claystone, carbonaceous claystone and tuff bands that are characteristically spaced 
throughout the seam. The Lidsdale Coal is divided into an upper and lower section by a 
tuffaceous claystone layer. This layer is recognised throughout the coalfield and correlates 
with the “F” Ply of the Ulan Coal (Agnew et al (1989a) and Yoo et al (2001) (Figure 3). 
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Figure 2 Coal lithotype profiles, Lidsdale and Lithgow Coals, DM Kelgoola DDH 4 
(Modified after Yoo, 2001) 
 
Preliminary age dating of the F Ply using high precision CA-IDTIMS U-Pb zircon dating 
(Nicoll, pers comm.) has provided an initial age of 257.03 My (DM Bylong DDH 5, Figure 1) 
suggesting correlation with the Fairford Formation of the Wittingham Coal Measures, some 
40 kilometres to the east, and indicating the vast regional extent of this horizon. 
 
The relationship between the Ulan, Lidsdale and Lithgow seams is best demonstrated using 4 
cores (Photos 1,2,3 and 4) along a broad west-east section from Wilpinjong to east of Bylong 
and south to Rylstone (Figure 1). Regional cross sections can be viewed on the Western 
Coalfield Regional Geology (Northern Part) Geological Series Sheet Yoo (1998). 

(1) 
(2) 

(3) 

F  PLY 

(4) 
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The core of DM Wilpinjong DDH 6 is informally used as the type section for the Ulan seam 
(repository, Gulgong Core Shed) (Figure 3).  DM Cumbo DDH 15, drilled by the Department 
for the Wilpinjong Tender Area, spudded in the eastern portion of the tender area (Figure 1). 
DM Bylong DDH 4, drilled 30km east of DM Cumbo DDH 15, illustrates in particular the 
consistency of the ELR-ULG section (Photo 3).  Note also the typical upward fining 
Blackmans Flat Formation and the erosional roof to the underlying Lithgow Coal. DM 
Rumker DDH 1 (Figure 1) is located 40km south west of DM Bylong DDH 4. Note the 
correlatability of the ELR-ULG composite section and the comparison with the section in DM 
Bylong DDH 4. This bore highlights the thickening trend of the Lidsdale Lower seam (ULG, 
2.75m) toward Rylstone. The Blackmans Flat Formation is typically upward fining, with a 
basal lag conglomerate and erosional roof to the significantly reduced Lithgow Coal section. 
 
A north-south cross section of graphic logs (Figure 5; see Figure 1 for borehole locations) 
clearly shows how the Lidsdale Lower seam, recognised in the Bylong area, can be correlated 
over 100km southwards to the Ivanhoe North Mine.  The implication of this section is that  
mines interpreted as mining the Lithgow seam were in fact mining the Lidsdale Lower seam, 
or, as in the case of the Ivanhoe North Mine and adjacent collieries, the merged Lidsdale and 
Lithgow Coals.  Figure 6 illustrates the thinning trend of the Lithgow Coal toward Charbon 
Colliery (C107), and its relatively unbanded character in comparison to the overlying 
Lidsdale Coal. 
 
The coalesced section comprising the ELR-ULG plies has proven to be instrumental in 
understanding the regional development of the Lidsdale Coal. This section provides a 
characteristic lithostratigraphic sequence which has been used in this study to differentiate 
between the typical Lidsdale Coal and Lithgow Coal profiles. 
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Figure 3 



NOT WHAT IT “SEAMS” 

7 
 

 
Photo 1 DM WILPINJONG DDH 6, 36.42 – 53.92m 
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Photo 2 DM CUMBO DDH 15, 37.87 – 46.72m 
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Photo 3 DM BYLONG DDH 4, 197.19 – 215.19m 
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Photo 4 DM RUMKER DDH 1, 127.17 – 144.76m 
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The uppermost portion of the ELR Ply (Photos 1 - 4) is characterised by two tuffaceous 
claystone bands (1 & 2), with the upper band (1) consistently the thicker of the two.  Within 
the Wilpinjong open cut this double band is referred to as E31. Mike Johnstone (pers. comm.) 
recognises this profile within the Mt. Penny area, 15 km to the east. This “double band” can 
also be readily identified in bores within the Wilpinjong (Peabody Energy, photos 1 & 2), Mt 
Penny (Cascade Coal), Bylong (Cockatoo Coal), Murrumbo (Photo 3), and the general 
Rylstone areas (Photo 4). The lower portion of the ELR Ply is stony coal, with inherent ash 
generally in excess of 40%. 
 
Underlying the ELR Ply is the F Ply (band 3, Photos 1-4), readily identifiable in down-hole 
geophysical logs by its very high gamma response. It is generally between 20 – 50cm thick, 
but thickens eastward; in DM Bylong DDH 5 it is 71 cm thick, and further to the east in DM 
Goulburn Valley DDH 2 it is 92 cm thick (Figure 1). As noted earlier, this tuffaceous ply has 
been correlated with the Fairford Formation, and is readily identified on geophysical logs 
coupled with the persistent attendant stone and coal plies. 
 
Immediately below the F Ply (3) is a dull coal, generally in excess of 20% inherent ash and 
consistently about 70 cm thick. This coal ply constitutes the upper portion of the Lidsdale 
Lower seam. Below this coal ply is a generally pervasive stone band (4, Photos 2-4) up to 10 
cm thick. Where the upper coal ply of the Lidsdale Lower seam is relatively thin i.e. DM 
Wilpinjong DDH 6 (Photo 1), this stone band is either not developed or very thin. This 
observation is interpreted to be the result of the onlapping nature of seam development 
westward toward the basin margin. In a southward direction from Bylong toward Rylstone the 
section below this stone band progressively thickens from a few centimetres to in excess of 2 
m.  This coal section is generally less than 20% inherent ash, and is characterised by a small 
number of thin (often less than 5 mm) but pervasive claystone bands. 
 
Whilst, as noted above, the underlying Lithgow Coal thickens eastward from Mt Penny to east 
of Bylong, regional industry and governmental exploration has shown that the Lithgow Coal 
progressively thins south of Bylong towards Rylstone (Figures 4 and 6). This was further 
illustrated in the recent drilling conducted by Mineral Resources in an area north of Rylstone 
(Photo 4). 
 
This recently enhanced understanding of both the characteristics of the Lidsdale Coal, 
particularly the Lidsdale Lower seam, and the underlying Lithgow Coal, and their respective 
development, prompted an investigation of the operating collieries located close to the recent 
drilling. Charbon Colliery, Haystack Mountain, and Airly Colliery are stated to be extracting 
resources within the Lithgow seam, which is inconsistent with the regional development of 
the Lithgow Coal in this portion of the coalfield (Figures 4 and 6). 
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Figure 4 Isopachs of the Lithgow Coal 
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The box cuts at Charbon and the adjacent Haystack Mountain were examined, as well as at 
Airly and, a further 25 km to the south, Ivanhoe North. The coal lithotype and ash profiles of 
the seam across this area are illustrated in Figure 5. 
 
In all box cuts examined, a prominent off white tuff (F Ply, band 3, this paper, age dating 
pending), locally referred to as LW1 or Blackmans Flat Formation, could readily be observed, 
underlain by an approximately 70 cm thick dull coal ply (locally referred to as LT3), and in 
turn underlain by a silty 6-10 cm stone band (LW2 locally, band 4, this paper). Overlying the 
white tuff, the 70-80 cm stony coal ply is in turn overlain by a persistent double band (bands 1 
& 2, this paper), at Ivanhoe North and Airly.  At Charbon and Haystack Mountain, and in JDP 
Ulan DDH 9 (Figure 5), this “double band” appears to coalesce, or the lower, thinner band is 
not very well-developed. 
 
At Ivanhoe North, where the Lidsdale and Lithgow Coals converge, the prominent white tuff 
has been correlated with the Blackmans Flat Formation by the mine operators. This 
accordingly implies that the total section mined was the Lithgow Coal. From the regional 
geology presented in this paper, the author infers the white tuff to be the correlative of the F 
Ply (3), and not the Blackmans Flat Formation. As a result of this reappraisal of the 
stratigraphy, the majority of the section mined at Ivanhoe North, by open cut methods, is 
interpreted to be the Lidsdale Lower seam, with the basal dull unbanded coal unit, which 
ranges in thickness from 0.4 to 1.7 m, potentially the Lithgow Coal equivalent. 
 
The seam profile examined in the box cut entry at Airly and in associated core (ARPO 4, 
Figure 5) has remarkable similarities to the coal lithotype profile presented for the Lidsdale 
Lower seam in this paper. Similarly, the section examined at Charbon and Haystack Mountain 
(Figure 5) is comparable to the coal lithotype profile of the Lidsdale Lower seam intersected 
in the recent drilling conducted by Mineral Resources in the Rylstone area, and not the typical 
unbanded coal lithotype profile of the Lithgow Coal (Figures 2 and 6). 
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Figure 5 North-south cross-section from Bylong to Ivanhoe North, Lidsdale Coal (for 
location of boreholes see Figure 1) 

(1) 
(2) 

(3) 

(4) 
24.2 

29.8 

27.7 22.2 24.7 20.9 22.0 
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Figure 6 North-south cross-section from Bylong to Ivanhoe North, Lidsdale Coal and 
Lithgow Coal (boreholes as for Figure 5) 
 
DISCUSSION 
The interval below the CMK Ply (Figure 3), particularly the coalesced section comprising the 
ELR-ULG plies, has proven to be instrumental in understanding the regional development of 
the Lidsdale Coal. The ELR-ULG plies provide an informal “DNA bar coding”, which has 
been used in this study to differentiate between the typical Lidsdale and Lithgow Coals. 
 
Throughout much of the sedimentary history of the marginal areas of the Western Coalfield, 
the Wollar Shelf and Blue Mountains Shelf were stable structures which subsided at 
significantly slower rates than the neighbouring troughs.  Yoo (1993, and Figure 1 in this 
paper), invoked three meridional north-south hingelines, Ulan, Wollar and Bylong, about 
which sedimentation rates were influenced.  Eastward from the Ulan Hingeline the Denman 
Formation and Watts Sandstone progressively thicken. Between the Ulan Hingeline and the 
Wollar Hingeline the upper (CMK Ply and above, refer Figure 3) and lower (UCL to G Ply) 
sections of the “Ulan seam” maintain a uniform thickness. East of the Wollar Hingeline, the 

Lithgow Coal 

(1) 
(2) 

(3) 

(4) 
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upper section (CMK Ply and above, refer Figure 3) split and the plies become widely 
separated eastward to form the Long Swamp Formation and Irondale Coal. Whilst the upper 
plies of the Ulan seam split and become difficult to correlate basinward, the package of plies 
below the CMK Ply remain coalesced. The more stable sedimentary environment interpreted 
for this lower section of the “Ulan seam”, the correlative of the Lidsdale Coal (Figure 3), 
facilitates confident regional seam correlation throughout the Western Coalfield. 
 
CONCLUSION 
The “F” Ply is the key to correlating the main economic seams in the Western Coalfield. The  
west-east and north-south cross sections provide compelling evidence that the seam currently 
mined at the Charbon, Haystack Mountain and Airly collieries is predominantly or entirely 
the Lidsdale Lower seam, and not, as currently interpreted, the Lithgow seam.   
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ABSTRACT 
RSDP Merriwa DDH1 was drilled as part of the Regional Stratigraphic Drilling Program 
carried out by the NSW Department of Industry, Investment, Regional Infrastructure and 
Services. As well as providing deep stratigraphic data, one of the purposes of the program is 
to increase the geological knowledge of sparsely explored areas, in order to assess the 
potential for carbon dioxide storage. RSDP Merriwa DDH1 is the third in a series of four 
holes drilled across the Sydney and Gunnedah Basins of NSW. The hole was drilled in an 
under-explored area approximately 14km north-west of Merriwa. The hole intersects the full 
sedimentary package down to the Werrie Basalt. The cored and geophysically logged hole 
and associated analyses should become a useful reference for this area.  
 
Determining the Permian stratigraphic intervals in the core was difficult. RSDP Merriwa 
DDH1 is located near the arbitrary boundaries of the Hunter, Western and Gunnedah 
Coalfields but within the Murrurundi Trough, the southernmost structural compartment of the 
Gunnedah Basin. Each area utilises a different stratigraphic nomenclature, with all three 
systems used for boreholes in the surrounding regions.  Which stratigraphy best fits this hole? 
The three different nomenclatures have been applied to the core to see how they compare. 
They all apply to varying degrees, with the greatest complication being correlation of the Late 
Permian coal measures, i.e. the Black Jack Group of the Gunnedah Basin, the Singleton 
Supergroup in the Hunter Coalfield and the Illawarra Coal Measures in the Western Coalfield.  
 
Boreholes nearby in the Western Coalfield (e.g. DM Poggy DDH4) have similarities, but have 
a more compact sediment package. The core from RSDP Merriwa DDH1 is similar to the 
Charbon and Cullen Bullen Subgroups of the lower part of the Illawarra Coal Measures. 
However, the Merriwa area had greater accommodation space, resulting in an expanded 
interval of sediments. The relationship with the Hunter Coalfield is more complex. The 
nearest borehole to RSDP Merriwa DDH1 in the south, Amoco East Dunlop #1, was 
interpreted by others (Amoco 1996) using the Hunter Coalfield stratigraphic nomenclature.  
 
INTRODUCTION 
The Regional Stratigraphic Drilling Program is investigating the geology of underexplored 
areas in the sedimentary basins of NSW. The initial four holes of the program were drilled in 
the Sydney and Gunnedah Basins. The first two holes, RSDP Munmorah DDH1 and RSDP 
Vales Point DDH 1, are located in the Newcastle Coalfield. RSDP Merriwa DDH1 is located 
close to the boundaries of the Western, Hunter and Gunnedah Coalfields, and RSDP Cattle 
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Creek DDH1 is located within the southern part of the Gunnedah Coalfield. Figure 1 shows 
the location of RSDP Merriwa DDH1, RSDP Cattle Creek DDH1, DM Poggy DDH4 and 
Amoco East Dunlop #1 within the coalfields, and also the arbitrary coalfield boundaries. 
 
Different Permian stratigraphic nomenclatures are used for each of the coalfields and the 
choice of which nomenclature to use in this area is difficult. The scope of this paper is to 
examine the stratigraphy of RSDP Merriwa DDH1 and how it fits into the regional geology. 
Applying the three different coalfield nomenclatures to RSDP Merriwa DDH1 highlights the 
differences and the similarities in the stratigraphy moving from one coalfield to another. 
Correlation of lithostratigraphic units across the three coalfields has been compiled and 
refined by numerous authors, most recently by (Hill et al 2008) as portrayed in Table 1. Using 
nearby boreholes and the application of the nomenclature systems, it was hoped that this table 
may be constrained even further. 
 
Increased understanding of the coalfields’ geology requires periodic review and changes to 
the stratigraphic nomenclature, for example, the removal of the name “Wollombi Coal 
Measures” and its replacement in the Hunter Coalfield by the “Newcastle Coal Measures” 
(Creech et al. 2004).  
 
Currently ratified nomenclature is: 

• Hunter Coalfield –  various, with the latest revision being Creech (2004) 
• Gunnedah Basin – Tadros (1999) 
• Western Coalfield – Yoo (2001) 

 
The greatest interest and best data is in the coal measures of economic importance. Due to 
their formation in dynamic terrestrial environments the coal-bearing sequences are more 
complex than the marine sediments. At economic mining depths correlations are facilitated by 
relatively closed spaced drilling, but data points are much more widely spaced in the deeper 
regions.  However, large scale (in the order of tens of kilometres) correlations of the major 
coal seams may be made across the basin. 
 
Location 
The location of the holes for this drilling program is the result of several studies undertaken 
on the geosequestration potential of NSW. Areas were highlighted for further investigation. 
RSDP Merriwa DDH1 was located within the Liverpool Ranges –Southern Study Area of Hill 
et al. (2008) in an area targeted by Blevin et al. (2007) as having limited data. 
 
RSDP Merriwa DDH1 was drilled within Coal title Authorisation 286, held by the 
Department1 and undertaken in agreement with the Petroleum title holder.  
 

                                                 
1  NSW Department of Trade and Investment, Regional Infrastructure and Services (DTIRIS) 
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Figure 1 Location of boreholes and arbitrary coalfield boundaries. The Hunter Mooki 
Fault System forms the eastern edge of the sedimentary basin and the Mt Coricudgy 
Anticline is the boundary between the Gunnedah Basin and the Sydney Basin (Bembrick 
et al 1973) 
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RSDP Merriwa DDH1 is located on the southern flank of the Liverpool Range at an elevation 
of 390 metres above sea level. 
 
Table 1 Stratigraphy of the Western and Hunter Coalfields and the Gunnedah Basin 
(Hill et al 2008) 

 
 
Drilling 
The hole was spudded on 24 November 2009, and coring commenced on 7 December at a 
depth of 204.83m. The total depth was 1452.4m, reached on 18 June 2010. The lengthy 
drilling time was due to a number of factors, but principally related to problems caused by 
swelling tuffaceous claystones in the Late Permian sequence. These problems resulted in a 
hole blockage around 800m depth, which necessitated reaming, grouting and the installation 
of casing. 
 
Other delays in drilling were due to a gas kick encountered at a depth of 1376m. This took 
some weeks to control using heavy mud circulation and venting through the flare line. Gas 
analysis results indicated it was composed predominantly of carbon dioxide (Milligan 2011).  
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METHODOLOGY 
The English logs and geophysical logs of RSDP Merriwa DDH1 were examined in 
conjunction with descriptions of the Gunnedah (Tadros 1993, Tadros 1999), Hunter (Sniffin 
& Beckett 1995, Beckett 1988) and Western Coalfield (Yoo 2001) geology. The relatively 
nearby boreholes DM Poggy DDH4, logged with the Western Coalfield nomenclature, and 
Amoco East Dunlop #1, logged with respect to the Hunter Coalfield stratigraphy, were also 
used for comparison, along with RSDP Cattle Creek DDH1, logged using the Gunnedah 
Basin stratigraphy. 
 
RESULTS AND DISCUSSION 
The results are primarily based on lithological correlations, which may not be time equivalent. 
Table 2 portrays the application of the three different nomenclatures to RSDP Merriwa 
DDH1. The Early Permian sediments are broadly similar across the coalfields. The Late 
Permian Coal Measures are the most problematic, so these will be discussed in detail. The 
Triassic – Permian unconformity occurs at a depth 732.61m. 
 
Werrie Basalt / Dalwood Group (Gyarran Volcanics) / Rylstone Volcanics 
RSDP Merriwa DDH1 terminates in the Werrie Basalt. This is described as grey to dark grey 
units of very fine to fine grained basic lavas. Some units contain amygdules that are carbonate 
filled, and there are some carbonate veins. The fresh lavas are punctuated by several red-
brown stained clayey horizons, suggesting periods of contemporaneous weathering. 
 
The Werrie Basalt is characterised in the geophysical logs by a steady low gamma response 
and relatively high density. The change to the overlying Bellata Group / Greta Coal Measures 
is indicated by a rapid increase in gamma response and decrease in density. 
 
In the Gunnedah Basin the Werrie Basalt comprises sheet flows varying from 1 to 32m thick, 
together with autoclastic breccias and minor clastics (Leitch 1993).  The Werrie Basalt, 
together with the more acid Boggabri Volcanics, forms the economic basement to the 
Gunnedah Basin sedimentary sequence. 
 
The Werrie Basalt is a stratigraphic equivalent of the Gyarran Volcanics, which are found in 
the northern part of the Hunter Coalfield in the Muswellbrook Area. Summerhayes (1982) has 
described them as amygdaloidal basalts. In the Western Coalfield the Rylstone Volcanics 
underlie the Permian sedimentary sequence, and can be regarded as equivalents to the 
Boggabri Volcanics, Werrie Basalt and Gyarran Volcanics. 
 
Bellata Group / Greta Coal Measures 
This unit is poorly developed in RSDP Merriwa DDH1, reaching a thickness of only 14.31m. 
In contrast, the Greta Coal Measures in the Hunter Coalfield have an average thickness of 
greater than 200m (Sniffin & Beckett 1995). In the Gunnedah Basin, thickness of the Bellata 
Group ranges from nil to in excess of 150 metres in the Mullaley Sub-basin and over 800 
metres in the Maules Creek Sub-basin.  No equivalent is developed in the Western Coalfield. 
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Table 2 Three coalfield systems of nomenclature applied to the RSDP Merriwa DDH1. The top 
of the interval is at a depth of 732.64m. (Only the Late Permian coal measure interval is shown) 
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The Leard/Skeletar Formation is represented by a 19cm thick interval of claystone 
exhibiting bedding and clay clasts (Milligan 2011). This unit is discontinuous across most of 
the Gunnedah Basin, with a maximum thickness of up to 17m, and may include poor quality 
coal seams (Tadros 1995). 
 
In the Hunter Coalfield the Skeletar Formation consists of pelletoidal claystone, rhyolite, 
chert and tuffaceous claystone (Beckett 1988). 
 
The lacustrine Goonbri Formation occurs in the deeper parts of the Gunnedah Basin but has 
no equivalent in the Hunter or Western Coalfields and is not present in RSDP Merriwa 
DDH1. 
 
In RSDP Merriwa DDH1 the Maules Creek/ Rowan Formation (14.12m thick) is 
predominantly sandy varying from fine to coarse-grained. It is lithic or lithic-quartzose in 
composition. There are two coal seams present, each approximately 1m thick. The density log 
indicates three low density zones. 
 
In the northern part of the Hunter Coalfield around Muswellbrook the Rowan Formation is the 
result of deposition in an upper delta plain environment comprising overbank/ flood plain, 
crevasse-splay, marsh, lacustrine or peat swamp deposits (Sniffin & Beckett 1995). 
 
Millie Group/Maitland Group/Shoalhaven Group 
This interval represents a marine incursion that extended across the complete Sydney-
Gunnedah Basin.  In RSDP Merriwa DDH1 this unit has a thickness of 246m. 
 
In the Gunnedah Basin the Millie Group ranges in thickness up to almost 400m (Ferrier 2 
396m).  It comprises a basal paraconglomerate, the Porcupine Formation, which is overlain 
by the silty Watermark Formation.  A similar sequence occurs in the Western Coalfield, 
with the basal conglomeratic Snapper Point Formation overlain by the Berry Siltstone. 
Yoo et al. (2001) indicate a maximum thickness of 90m for the Snapper Point Formation and 
upwards of 210m for the Berry Siltstone. 
 
The equivalent Maitland Group in the Hunter Coalfield has a thickness of approximately 
300m near Muswellbrook, thickening basinward to more than 1200m further to the south near 
Lochinvar (Sniffin & Beckett 1995).  The sequence is similar to the Millie Group, but with a 
sandy unit, the Muree Sandstone, intervening between the conglomeratic Branxton 
Formation and the finer Mulbring Siltstone.  The Muree Sandstone does not appear to be 
present in RSDP Merriwa DDH1, but a sandy facies with a low mud content occurs within the 
Porcupine / Branxton Formation. 
 
LATE PERMIAN COAL MEASURES 
Major coaly sequences were developed during the Late Permian in all three regions as 
follows: 

• Gunnedah Coalfield – Black Jack Group, Tadros (1999) 
• Hunter Coalfield – Singleton Supergroup, Standing Committee Coalfield Geology 

(1986) and Creech (2004)  
• Western Coalfield – Illawarra Coal Measures, Yoo (2001) 
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The following discussion attempts to fit the Late Permian sequence intersected in RSDP 
Merriwa DDH1 to the each of the stratigraphic nomenclatures in turn. Relevant depths are 
indicated in Table 2. 

 
Figure 2 Structural domains of the Sydney and Gunnedah Basins (modified after Tadros 
1993). The boundary between the Murrurundi Trough and the Wollar Shelf has been 
moved further to the west, based on the depth of top of the Hoskissons Coal in RSDP 
Merriwa DDH1 and RSDP Cattle Creek DDH1. The dashed line is the original 
boundary between the two structural domains 
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Gunnedah Basin - Black Jack Group 
Stratigraphic development of the Black Jack Group varies across the Gunnedah Basin, 
depending on the basin structures and proximity to the source areas in the west and east. 
RSDP Merriwa DDH1 is drilled in the Murrurundi Trough (see Figure 2). 
 
The lowermost unit of the Black Jack Group is the Pamboola Formation, composed of 
mostly fine to medium grained sandstones and siltstones/claystones. These represent 
deposition in a lower delta plain environment. The Melvilles Coal Member occurs within 
this formation. Tadros (1995) found that the Melvilles Coal occurs centrally within the 
Pamboola Formation; however, the only significant coal seam in RSDP Merriwa DDH1 
occurs at the top of the formation.  This coal is generally dull and does not correspond with 
the typically high to moderate vitrinite Melvilles Coal.  
 
This seam may be correlated with the Lithgow seam in the Western Coalfield. A comparison 
of the geophysical logs of DM Poggy DDH4 with RSDP Merriwa shows a similarity in the 
placement of the coal seams and the relationship with the overlying conglomeratic unit. In 
DM Poggy DDH4, the seam has a tuffaceous claystone near the top; however, there is no 
corresponding tuff evident in RSDP Merriwa DDH1. The seam has been intruded in a couple 
of places that may have destroyed any tuff, or the top of the seam may have been eroded.  
 
In the Western Coalfield the Lithgow seam is often overlain by the Blackmans Flat 
Formation. DM Poggy DDH4 has 2.33m of lithic-quartzose and quartz-lithic conglomerate 
above the seam, and RSDP Merriwa DDH1 has 1.38m of lithic conglomerate.  
 
In the Gunnedah Basin stratigraphy the Pamboola Formation is overlain by the Arkarula 
and/or the Brigalow Formations. The Arkarula is characterised by an abundance of sub-
vertical mud-lined worm burrows (Hamilton 1985, Pratt 1998, Tadros 1999), and the 
Brigalow is typically quartz-rich medium to coarse pebbly sandstone deposited by the 
“western bed-load fluvial system” of Hamilton (1985).  The sandy and conglomeratic units 
directly beneath the Hoskissons Coal may be an equivalent of the Brigalow Formation; 
however, they do not have the typically quartzose composition described by Tadros (1999). 
 
The Hoskissons Coal is part of a basin-wide peat that developed on recently exposed 
flatlands following regression of the marine conditions that produced the Kulnura Marine 
Tongue – Bulga Formation – Arkarula Formation. The Hoskissons is a correlative of the 
Lidsdale-Ulan coal interval in the Western Coalfield. These coals are persistent over long 
distances and have a dull massive character (Hunt et al 1984). 
 
At 10.15m thick, which includes five claystone bands, the Hoskissons Coal is the thickest 
seam intersected in the core, and exhibits a characteristic dull, uniform appearance. 
Unfortunately, it has been intruded in its upper section and is cindered in part. Much coal 
occurs as xenolithic fragments in the intrusive, and consequently marker horizons that could 
be used to correlate this seam with the Lidsdale seam or others in the Western and Hunter 
Coalfields may have been destroyed. If the Lithgow seam is correlated with the Melvilles 
seam in the west, then the Hoskissons Coal would be correlated with the overlying 
Lidsdale/Ulan seams.  
 
In the Gunnedah stratigraphy the Hoskissons Coal is overlain by the Benelabri Formation, 
characterised by coarsening upwards cycles of lagoonal and lacustrine sediments including 
coals.  However, in RSDP Merriwa DDH1, sandstones and siltstones directly overlie the 
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Hoskissons, and it is concluded that the Benelabri Formation is absent and the Hoskissons 
Coal is directly overlain by the Clare Sandstone.   In RSDP Merriwa DDH1 the Clare 
Sandstone comprises a series of lithic conglomerates and sandstones, and minor siltstones, 
predominantly lithic in composition. There are a couple of upward fining successions, and 
overall the formation fines upwards. The upper boundary of the Clare Sandstone is defined by 
the top of the Breeza Coal. 
 
The Clare Sandstone is described by Tadros (1999) as predominantly “quartz-rich” sandstone.  
However, based on the defining boundaries being the top of the Benelabri Formation (or in its 
absence the Hoskissons Coal) at the base and the top of the Breeza Coal at the top, much of 
this interval in the Gunnedah Basin comprises lithic sandstones and finer sediments. There is 
a quartz rich western sand component, which occurs as discrete quartz sandstone units, or as a 
component with a mixed quartz-lithic composition but within a predominantly lithic sequence 
sourced from the east (New England Fold Belt). 
 
The Clare Sandstone is overlain by the Wallala Formation, which in RSDP Merriwa DDH1 
comprises a sequence fining upwards from coarse lithic sandstone and granule conglomerate 
to finer sandstone interbedded with siltstone (863.56 to 891.88m). Tadros (1993) describes 
the palaeoenvironment for this formation as a series of alluvial fans emanating from the New 
England area. The Merriwa area would have been distal to the source area, which fits with the 
relatively thin and finer nature (granule and small pebble) of the conglomerate beds. The top 
of the formation is defined as the base of the Clift seam. 
 
The Trinkey Formation is a series of fluvial sandstones, siltstones and coal seams 
interspersed with abundant tuffs. The Clift and Springfield Coal Members are the only named 
seams in the Trinkey Formation, although there are a number of additional seams present. The 
coal seams typically have numerous tuff bands, which give rise to the colloquial term the 
“stony coals sequence”.  The relationship between the seams is not well understood. 
 
The top of the Trinkey Formation (at 732.61m) is the contact with the overlying Triassic 
sediments. 
 
Hunter Coalfield - Singleton Super Group 
The Hunter Coalfield sediments were deposited in a slightly different environment to that of 
the sediments of the Merriwa area. While the Hunter stratigraphy describes marine sediments 
and a shoreface part way into the Coal Measures (the Bulga Formation and Archerfield 
Sandstone), these are missing in the Merriwa area.  
 
The Singleton Supergroup comprises the Wittingham Coal Measures and the overlying 
Newcastle Coal Measures (Creech et al. 2004).  
 
The Saltwater Creek Formation (at the base of the Wittingham Coal Measures) is described 
as a delta front deposit (Sniffin & Beckett 1995) and is transitional from the underlying 
marine strata.  It is barren of coal and is sandstone dominated, but with subordinate siltstone 
and claystone.  In RSDP Merriwa DDH1 finely cross-bedded sandstone at 1131m is taken as 
the base of the Saltwater Creek Formation and hence of the Singleton Supergroup.   
 
The Vane Subgroup comprises the Foybrook Formation and the Bulga Formation. The 
Foybrook Formation is a coal-bearing interval, and is described as representing an upper and 
lower delta plain environment.  In RSDP Merriwa DDH1 this consists mostly of fine grained 
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sandstones, siltstones and tuffs, with minor coal seams.  There is no equivalent to the marine 
Bulga Formation present, which suggests that the marine incursion (Kulnura Marine Tongue 
– Bulga Fm - Arkarula Fm) did not extend westwards to the Merriwa location.  
 
The Archerfield Sandstone is usually a massive, well sorted shoreline sandstone, which 
terminates the marine incursion and is used as a marker horizon regionally (Beckett 1988). 
There is no obvious equivalent in RSDP Merriwa DDH1. 
 
The Jerrys Plains Subgroup comprises eight formations; five clastic units separated by three 
tuffaceous intervals that may act as marker units. The Subgroup can be up to 800m thick 
(Sniffin & Beckett 1995), but based on discussions during a core viewing at a meeting of the 
Coalfield Geology Council of NSW is interpreted in RSDP Merriwa DDH1 as a significantly 
thinner 173m (from 1093.2 to 943.65m).   
 
The Burnamwood Formation is the basal unit of the Jerrys Plains Subgroup, and includes at 
its base the Bayswater Coal Member. This predominantly dull massive coal is important 
both economically and as a basin-wide correlation unit.  In the Amoco East Dunlop #1hole 
the Bayswater seam is 6.36m thick and contains nine claystone/mudstone bands and one tuff 
band. The Bayswater seam in RSDP Merriwa DDH1 has four thin claystone bands. 
 
In RSDP Merriwa DDH1 the basal tuffaceous marker unit, the Fairford Formation, is 
picked as a 0.24m thick tuffaceous claystone. It has a prominent response on the gamma log. 
No Milbrodale Formation has been picked. The overlying sediments are fine to coarse 
sandstones and siltstones fining upwards. The Saxonvale Member has been picked near the 
top of this fining upwards cycle. The Saxonvale Claystone is 0.33m thick, and is overlain by 
the Blakefield seam. 
 
Following upwards is a suite of conglomerates, coarse sandstones, fine sandstones and 
claystones overlain by the Whynot seam, which characteristically has two claystone bands 
towards the top (Chris Knight pers. comm. 2011). 
 
The position of the Althorpe Formation is arguable, with several tuffs recognised within this 
interval. The tuff that has been picked is based on a high gamma response, and overlies a 
carbonaceous siltstone possibly equivalent to the Redbank seam.  
  
The Denman Formation represents another marine transgression. In RSDP Merriwa DDH1 
it has a thickness of 27.4m. The overlying Waratah Sandstone is 13.82m thick. It is uniform 
in appearance, fine grained, clayey and possibly tuffaceous. It could be contemporaneous with 
one of the many ash fall tuffs.  
 
The overlying Newcastle Coal Measures is even more difficult to correlate, consisting of 
numerous tuffs and coal seams. The most prominent tuff closest to the Waratah Sandstone is 
1.4m thick and occurs at a depth of 895.835m, and is tentatively correlated with the Nobbys 
Tuff. 
 
A tuff 1.47m thick, occurring at a depth of 788.48m, may represent the Awaba Tuff. It has a 
relatively high gamma-log response. 
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Western Coalfield – Illawarra Coal Measures 
The Illawarra Coal Measures in the north-western coalfield has a much thinner suite of 
sediments than those found in the Merriwa area.  The sequence includes a number of 
quartzose sandy units, sourced from the Lachlan Fold Belt; these are not present in the Hunter 
Coalfield sequence, but some have equivalents in the Gunnedah stratigraphy. 
 
The Nile Subgroup consists of a series of fine to medium grained sandstones and siltstones 
with minor coal. This is consistent with the description by Yoo et al. (1983). The subgroup is 
subdivided into three formations (Yoo et al. 2001); however, these are not distinguishable in 
the Merriwa area. 
 
The Marrangaroo Formation is described as a quartzose pebbly conglomerate. It overlies 
the Nile Subgroup on an erosive contact, which may correspond to the Kulnura-Bulga-
Arkarula marine transgressive episode.  There are no sediments similar to this in RSDP 
Merriwa DDH1. 
 
As noted above, the basin-wide peat following the marine transgressive episode is represented 
in the Western Coalfield by the Lithgow-Lidsdale-Ulan coal intervals.  These occur as 
separate seams, but may coalesce locally in the absence of the development of the Blackmans 
Flat Formation. In DM Poggy DDH4 there is a 36cm claystone band near the base of the 
seam. There are no tuffs in the Lithgow Coal in RSDP Merriwa DDH1, although the seam 
has been intruded near the top. 
 
The overlying Blackmans Flat Formation is a granular lithic conglomerate with coaly 
fragments. This may be represented in RSDP Merriwa DDH1 as a granular lithic 
conglomerate fining up to sandstone and siltstone (1087.15 to 1090.73m).  The Blackmans 
Flat Formation in the DM Poggy DDH4 hole is thicker, coarser and more quartzose in nature, 
reflecting its position more proximal to the western Lachlan Fold Belt source. 
 
The Lidsdale and Ulan Coals above the Blackmans Flat Formation are well defined in the 
Western Coalfield, due to the mapping of consistent marker horizons. The intrusion of the 
coal seams in RSDP Merriwa DDH1 and the lack of marker horizons make it difficult to 
correlate the seams within the Western Coalfield stratigraphy. 
 
The sediments of the Long Swamp Formation of the Western Coalfield are described by 
Yoo et al. (2001) as fine grained and bioturbated, with several coarsening upwards cycles. 
This is quite different to the Clare Formation in the Gunnedah Coalfield, but has similarities 
with the Benelabri Formation. In contrast, the sediments in RSDP Merriwa DDH1 are largely 
fining upwards overall and include a couple of fining upwards cycles. 
 
There is a coal seam (1042.0 – 1043.6m) within the Clare Sandstone equivalent to the 
Irondale Coal. There are no bands in the Irondale seam within DM Poggy DDH4, whereas in 
RSDP Merriwa DDH1 the seam contains two claystone bands. 
 
The overlying Newnes and Glen Davis Formations have a combined thickness of 
approximately 35m in DM Poggy DDH4. In contrast, the same interval in RSDP Merriwa 
DDH1 has a thickness of 98m, and the sediments are different in lithology to those described 
for these formations in the Western Coalfield. 
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Moving upwards, the Denman Formation (formerly the Baal Bone Formation) is 10m thick 
in DM Poggy DDH4, while in RSDP Merriwa DDH1 it has a thickness of 27m. The 
sediments are similar, bioturbated siltstones and fine grained sandstones. 
 
The Watts Sandstone (formerly Angus Place Sandstone) is similar in appearance in both 
DM Poggy DDH4 and RSDP Merriwa DDH1. The sandstone is uniform in appearance and 
generally fine grained. It may be more clayey in RSDP Merriwa DDH1, where it is described 
as tuffaceous. 
 
The overlying Moorlarben Coal Member is 2.3m thick in DM Poggy DDH4 and only 12cm 
in RSDP Merriwa DDH1. The State Mine Creek Formation in general is finer grained than 
the sediments of the Trinkey Formation in the Gunnedah Basin. 
 
No obvious Gap Sandstone was recognised in RSDP Merriwa DDH1. A sandy unit has been 
tentatively picked as having some similarities with the Gap Sandstone. Overlying this is a 
series of predominantly fine grained argillaceous and carbonaceous sediments which is 
consistent with the Farmers Creek Formation described by Yoo et al. (2001). 
 
Comparing the stratigraphic picks across Table 2 suggests a number of changes to the 
regional correlation indicated in Table 1. Due to the tentative nature of some of the 
stratigraphic picks, these differences may change and need to be tested in further bores. 
 
The greatest differences include the following. 
 

• The correlation of the Bayswater seam with the Lithgow (Moloney 1997) and Melvilles 
Coal (Bayly pers. comm. 2012). This has implications for the surrounding formations, 
indicating that the Marrangaroo may be equivalent to the Archerfield Sandstone. 
 

• The Hoskissons Coal may be equivalent to the Ulan/Lidsdale interval, which may 
represent a coalescing of the Broonie, Vaux, Piercefield and Mt Arthur seams. 
 

• The Irondale seam and Warkworth seams may correlate. 
 
CONCLUSIONS 
RSDP Merriwa DDH1 sits in the boundary area between the Western, Hunter and Gunnedah 
Coalfields, and this is reflected in the geology. 
 
In the Hunter Coalfield the Singleton Supergroup (Late Permian coal measures) is generally 
1500m thick (Menzies 1981), whereas the thickness of the equivalent Black Jack Group in 
RSDP Merriwa DDH1 is only 400m. In turn, the Black Jack Group is thicker than the typical 
sequence in the Illawarra Coal Measures of the Western Coalfield, which was deposited on 
the western shelf of the Sydney Basin. The thickness and geology of the sediments in the 
Merriwa area are closer in similarity to the descriptions of the Gunnedah Coalfield. However, 
there are a number of differences with the Gunnedah Basin stratigraphy, which are largely 
based on drill data from further north in the basin. 
 
When comparing the three nomenclatures (Table 2) the lack of detail in the Gunnedah Basin 
stratigraphy stands out, even when compared with the thinner Illawarra Coal Measures. This 
must be due to a large extent to the greater history of economic exploitation, and hence close-
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spaced drilling data, within the Hunter and Western Coalfields when compared to the 
Gunnedah Coalfield, particularly in its deeper areas. 
 
The correlations suggested here require further work. The disparity between the placement 
and composition of non-coal bands within the coal seams suggests that the coal seams, 
although correlateable, are not time equivalent. 
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ABSTRACT 
Field work undertaken by staff of the Geological Survey of New South Wales on the Moss 
Vale 1:100 000 map sheet area constitutes part of the Survey’s ongoing geological mapping 
program across New South Wales. The field work was largely concentrated on rocks of the 
southwestern Sydney Basin.  
 
The existing stratigraphy recognised in the Moss Vale map sheet area was generally 
confirmed. However, lithological and sedimentological differences in the rock units of the 
Shoalhaven Group within the Moss Vale sheet area have been identified, compared to their 
type sections which were typically defined by earlier workers in well exposed coastal areas to 
the east. These observed differences are interpreted to largely reflect the relative proximity of 
the Moss Vale map sheet area to the western depositional edge of the Sydney Basin.  
 
These newly recognised facies variations are particularly evident in the Snapper Point 
Formation and the Berry Siltstone. Sandstone of the Snapper Point Formation is typically less 
bioturbated, more quartzose and more massive in the Moss Vale map sheet area than in the 
coastal sections. The Berry Siltstone becomes progressively more sand rich to the west, where 
it can be difficult to distinguish from the overlying Nowra Sandstone.  
 
Another outcome of the mapping has been the recognition of a laterally continuous sequence 
of interbedded pebbly sandstone and siltstone at the top of the Snapper Point Formation 
across the central part of the Moss Vale map sheet area. Also, an isolated area of Sydney 
Basin rocks of marine origin has been mapped in the Red Hills Road area. These marine 
siltstones overlie the fluvial Tallong Conglomerate (basal unit of the Sydney Basin) and are 
tentatively correlated with the Snapper Point Formation, although similarities with the 
stratigraphically higher Berry Siltstone are also evident. This exposure is well to the west of 
the previously mapped marine sequences in the southwestern Sydney Basin.  
 
The uppermost formations of the Sydney Basin in the Moss Vale map sheet area are the 
poorly exposed shales of the Wianamatta Group, which form the undulating agricultural 
country on the plateau to the north of the Shoalhaven River. Borehole data, in particular 
water-bore data, was used to map out these units in far more detail than was previously 
possible. The borehole data has also significantly assisted in the identification of the 
subsurface upper and lower contacts of the Hawkesbury Sandstone in this area, as well as 
providing some information on the subsurface extent of other units, including basement 
lithologies. 
 
INTRODUCTION 
The Moss Vale 1:100 000 map sheet area is located in eastern New South Wales. It straddles 
the eastern edge of the exposed Lachlan Orogen and the western edge of the southern Sydney 
Basin (Figure 1). The township of Moss Vale, the largest urban centre in the sheet area, is 
situated in the northeast of the map sheet area and lies 124 km southwest of Sydney.  
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Figure 1 Location of the Moss Vale 1:100 000 sheet area, showing the extent of the 
southern Sydney Basin and localities mentioned in this paper 
 
A study by Och (2007) identified the Moss Vale map sheet area as one of the locations in the 
Greater Sydney Region most in need of up-to-date geological mapping, to assist the 
Geological Survey of New South Wales in its role of providing informed land use and other 
geological advice. The juxtaposition of the area to the recently mapped Goulburn 1:250 000 
map sheet area added further impetus to the decision to undertake the mapping. 
 
Given the scale of the project, and the difficulty of access to many areas of basement exposure 
due to the rugged terrain, it was decided to limit field-mapping to the Sydney Basin sequence. 
Therefore, the basement geology in the Moss Vale 1:100 000 Geological Map (in prep.) is a 
compilation of, and interpretation based on, previous mapping. The Sydney Basin sequence 
mapping was based primarily on field data, thence previous mapping and aerial photograph 
interpretation. 
 
Similarly, the Explanatory Notes (in prep.) for the geological map are both a compilation of 
earlier work, including a wide range of not readily available references, and the results of the 
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recent field work. This paper looks at aspects of the Sydney Basin geology in the area, and is 
largely derived from the Explanatory Notes to which the reader is referred for details of the 
local geology. A simplified geological map of the Moss Vale 1:100 000 sheet area is given in 
Figure 2. 
 
 

 
 
Figure 2 Geological map of the Moss Vale 1:100 000 sheet area, showing distribution of 
the more extensive Sydney Basin units. The outcrop extent of the Mittagong Formation 
and the Narrabeen Group in the map area is too small for these units to be shown 
 
SYDNEY BASIN STRATIGRAPHY IN THE MOSS VALE AREA 
The current Sydney Basin stratigraphy for the Moss Vale map sheet area is given in Table 1. 
This varies somewhat from that given in the Wollongong 1:250 000 geological map (Rose 
1966), the last published map that encompassed the entire Moss Vale sheet area. The present 
mapping has confirmed the generally recognised stratigraphy for the southwestern Sydney 
Basin, which had been modified over time as a result of various studies (Bowman 1970, 
Gostin & Herbert 1973, Tye et al.1996).  
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However, a number of changes have resulted from the present study:  
• Changing the name of Wandrawandian Siltstone to Wandrawandian Formation. 
• Including the ‘Yagers’ and ‘Burrawang’ conglomerates (Herbert 1972) in the Tallong 

Conglomerate.  
• Reassigning Badgerys Breccia to the Tallong Conglomerate as a member. 
 
 

Table 1 Stratigraphy of the Sydney Basin sequence in the Moss Vale 1:100 000 map 
sheet area 
 
Wianamatta Group 
  Bringelly Shale 
  Minchinbury Sandstone 
  Ashfield Shale 
 
  Mittagong Formation 
 
  Hawkesbury Sandstone 
 
Narrabeen Group 
 

Illawarra Coal Measures 
 

Shoalhaven Group 
  Broughton Formation 
  Berry Siltstone 
  Nowra Sandstone 
    Purnoo Conglomerate Member 
  Wandrawandian Formation 
  Snapper Formation 
  Yarrunga Coal Measures 
  Tallong Conglomerate 
    Badgerys Breccia Member 
 
 
The dominant lithologies over most of the exposure of the Wandrawandian Formation are 
silty sandstone and sandstone (McElroy & Rose 1962, Thomas et al. 2007). The ‘Ulladulla 
Mudstone’, which Gostin (1968) demonstrated to be a basal part of the Wandrawandian 
Formation, is a finer-grained variant of the unit. Given the variety in lithology and the sandy 
nature of the unit over much of its extent, the term Formation is considered preferable to 
‘Siltstone’.  
 
In defining the ‘Yagers’ and ‘Burrawang’ conglomerates, Herbert (1972) suggested they may 
be connected in the subsurface to the more extensive Tallong Conglomerate. Given this, and 
their lithological similarities, it would be simpler to include all these occurrences in the one 
unit. 
 
The ‘Badgerys Breccia’, at Badgerys Lookout (on the northern side of the Shoalhaven River 
south of Penrose), was recognised as a separate unit by Herbert (1972, 1980), although he 
noted its interfingering relationship with the Tallong Conglomerate. Similar exposures of 
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breccia, all underlying or interfingering with the Tallong Conglomerate, have been recorded 
elsewhere in the area (Rose 1960, Tye et al. 1996). It was suggested by Tye et al. (1996) that 
all of these breccias are a localised stream-flow facies of the Tallong Conglomerate, but it is 
unclear if they accepted Badgerys Breccia as a distinct unit. It is proposed that the unit be 
considered a member of the Tallong Conglomerate. 
 
SNAPPER POINT FORMATION AND BERRY SILTSTONE 
In the Moss Vale map sheet area, the Snapper Point Formation is mostly a cliff-forming 
sequence consisting of massive medium- to coarse-grained quartz-rich sandstone, with 
sporadic pebbly layers commonly at the base of medium to thick sandy beds. The cliffs and 
cuttings along the Tallowa Dam Road expose good examples of this sequence in the central 
part of the Moss Vale sheet area. The unit as exposed in these cliffs clearly contrasts with the 
bedded, occasionally silty sequence, locally distinctively bioturbated and with richly 
fossiliferous horizons, exposed in the type sections along the coast (Gostin & Herbert 1973).  
 
Sequences similar to the type section exposures along the coast were noted locally, both in the 
west of the map sheet area and along the Shoalhaven River in the east. In these locations the 
unit is thin- to medium-bedded, with horizons displaying strong bioturbation and also 
distinctive burrows. Fisher (1972) reported similar facies, as well as some localities rich in 
shelly fossils, in a number of sections he measured through difficult-to-access cliffs in the 
Shoalhaven Gorge and nearby tributaries in the west of the sheet area.  
 
At the top of the Snapper Point Formation, and overlying the more massive, cliff-forming 
sandstone along Tallowa Dam Road and elsewhere, there is a sequence (to a few 10s of 
metres thick) of thinly interbedded quartzose sandstone, pebble conglomerate and siltstone. 
Small vertical burrows in the finer-grained lithologies are common, and poorly preserved 
shelly fossils are found locally. During mapping, consideration was given to separating this 
sequence as a distinct unit, and it was debated if it was best included in the Snapper Point 
Formation or the overlying Wandrawandian Formation. Finally, given the facies variation in 
the Snapper Point Formation elsewhere in the Moss Vale map sheet area, it was decided to 
leave this sequence in the undifferentiated Snapper Point Formation. 
 
An isolated area of nearly 6 km2 of a distinctive grey-blue coloured sandy siltstone overlies 
the Tallong Conglomerate in the Red Hills Road area in the far west of the Moss Vale map 
sheet area (Figure 1). This sequence is tentatively included in the Snapper Point Formation, 
although it also has similarities with lithologies of the Berry Siltstone. The sandy siltstone is 
micaceous throughout and displays abundant bioturbation. Leiner (1986) noted that burrows, 
typically vertical and characterised by Rosselia, are common locally. Leiner (1986) also 
recorded rare cross-beds indicating flow to the north. This is in accordance with the northerly 
paleocurrent direction indicated by Gostin (1968) for the Snapper Point Formation along the 
coast. Tye et al. (1996), however, measured a dominantly southeasterly flow direction for the 
unit. 
 
The overall impression of the Snapper Point Formation in the Moss Vale map sheet area is of 
a sandier and more massive sequence than in the type sections along the coast, which is 
consistent with the more proximal position of the Moss Vale sheet area to the western 
depositional edge of the Sydney Basin. However, facies changes, both vertically and laterally, 
suggest a complex association of varying depositional environments in space and time for the 
Snapper Point Formation in the Moss Vale sheet area. 
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On the other hand, the Berry Siltstone more clearly reflects the proximity of the area covered 
by the Moss Vale map sheet to the paleoshoreline. In clear contrast to areas nearer to the 
present-day coastline to the east, the Berry Siltstone in the Moss Vale map sheet area is much 
sandier throughout, with significant conglomerate development locally. Bowman (1972, p. 9) 
described the Berry Siltstone in the Nowra area as a ‘dark-grey mudrock’. The Berry Siltstone 
is similarly fine-grained in the far east of the Moss Vale map sheet area, where it crops out as 
a massive, micaceous, dark blue-grey siltstone. However, over most of  the Moss Vale sheet 
area the Berry Siltstone is a blue-grey coloured sandy siltstone to silty sandstone, with pebbly 
layers common and basal conglomerate in the far west. Distinct silty sandstone horizons up to 
5m thick form laterally continuous terraces through much of the Berry Siltstone in the Moss 
Vale map sheet area (Photograph 1). These horizons are similar compositionally to the thinly-
bedded to massive siltier horizons intercalated throughout the Berry Siltstone, but differ in 
their coarser grainsize and the more common presence of pebbles and cobbles. In the Berry 
Siltstone in the Moss Vale sheet area there is a clear trend of increasing grainsize to the west, 
with sandstone becoming more abundant and siltstone having a higher sand content. This is 
attributed to deposition in shallower, higher energy marine conditions. The present-day 
western extent of the unit is probably close to the position of the paleoshoreline. Interestingly, 
this extent in the Moss Vale map sheet area is a fairly straight north–south line.  
 
The sequence of grey-blue coloured, micaceous sandy siltstone in the Red Hills Road area 
(described above) is assigned to the Snapper Point Formation, but it could be a lateral 
extension of the Berry Siltstone. If this were the case, it would represent a significant local 
onlap of the Berry Siltstone over the Tallong Conglomerate, well beyond the extent of the 
underlying marine units of the Shoalhaven Group. 
 
 

 
 
Photograph 1 A resistant terrace-forming horizon of pebbly silty fine-grained sandstone 
of Berry Siltstone (GR 263518 6121698). (Photographer Steven Trigg) 
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MAPPING THE WIANAMATTA GROUP 
The Wianamatta Group crops out very poorly on the Moss Vale map sheet area, and this 
represents a challenge to mapping, in particular in defining the extent of its constituent units. 
The unit is generally only exposed in road cuttings and excavations, and weathers rapidly to 
clay. Herbert (1979), using drill core from the Camden-Windsor area, subdivided the group 
into three formations (Table 1) and these into a number of constituent members. There are 
similarities between the Ashfield Shale and the Bringelly Shale, which are accentuated in 
weathered exposures. The intervening Minchinbury Sandstone is thus a fundamental marker 
horizon, but, although laterally extensive and persistent, it also crops out poorly and is 
generally difficult to distinguish from sandstone intercalated within the overlying and 
underlying units. Given these difficulties and the lack of available drill core, mapping the 
Wianamatta Group in the map sheet area is problematic. 
 
There has been extensive drilling associated with coal exploration in the Moss Vale map sheet 
area, but this typically provides limited information about the Wianamatta Group. Relatively 
few of these drill holes were collared into the Wianamatta Group, while detailed logging and 
eventual coring was commonly limited to the lower parts of the Hawkesbury Sandstone and 
the Illawarra Coal Measures. Perhaps surprisingly, a richer source of information for the 
Wianamatta Group was provided by logs of water-bores (maintained by the NSW Office of 
Water, accessible as of March 2012 at http://www.nratlas.nsw.gov.au). At the time of this 
study, there were over 1000 water-bore holes recorded from the Moss Vale map sheet area, 
270 of which were collared into the Wianamatta Group. The recorded location for these bores 
is not exact (their position is given as a lot number) and their logs are typically rudimentary. 
However, the presence of the Wianamatta Group and its contact with the underlying 
Hawkesbury Sandstone can be discerned in many of the logs by the passage from ‘shales’ or 
siltstones’ to ‘yellow sandstone’ or ‘grits’. Hence, useful geological information, including 
the presence of the Wianamatta Group and its thickness, was gathered from over 700 water-
bores. Combining this information garnered from the water-bore logs with field observations, 
the distribution and thickness of the Wianamatta Group was obtained.  
 
Herbert (1979) recorded that the Ashfield Shale varies in thickness from 45–62 m in the 
Camden-Windsor area. A thickness of approximately 45 m can be calculated for the Ashfield 
Shale at its southern extent on the Moss Vale map sheet area — from the height difference 
between the top of the unit (spectacularly exposed in Edwards Pit, Photograph 2) and a nearby 
exposure of the Hawkesbury Sandstone. Taking this 45 m thickness as typical of the Ashfield 
Shale in the map sheet area, and using the thickness of the preserved Wianamatta Group 
across the Moss Vale sheet area as derived from the 270 water-bores collared into it, a map of 
the distribution of the three formations that make up the Wianamatta Group on the Moss Vale 
map sheet area was produced. 
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Photograph 2 Shale and laminite (finely laminated thinly-bedded sandstone) of the 
Ashfield Shale overlain by the Minchinbury Sandstone in Edwards Pit (GR 256820 
6166900). (Photographer Lorraine Campbell) 
 
Further useful information was gleaned from the water-bore logs, including the approximate 
height above sea level of unit boundaries, the presence of the Illawarra Coal Measures, and 
information on basement geology. For example, near the small town of Penrose three separate 
water-bores intercepted ‘granite’. While it is possible that this granite may be a post Sydney 
Basin intrusive, it may also be a piece of local basement, thus giving significant information 
on the paleogeography.  
 
CONCLUSION 
The overall stratigraphy of the southern Sydney Basin was confirmed by this mapping project. 
However, significant facies variations were evident in some of the units of the Shoalhaven 
Group between their better known exposures along the coast and those observed on the Moss 
Vale map sheet area. This can in part be explained by the relative proximity to the western 
edge of the depositional basin, although, at least in the case of the Snapper Point Formation, 
there seems to be a more complex facies variation in space and time. Although mapping the 
Sydney Basin sequence can be difficult due to poor exposure and lack of access, significant 
information can be gleaned from varied data sources. 
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ABSTRACT 
Samples of coal from the Sydney and Bowen Basins have been imaged at high resolution 
using a large-field, 3D microfocus X-ray computed tomography (µCT) system, with special 
but not exclusive attention to evaluating the modes of occurrence of the mineral matter within 
the coal. The samples imaged were 110 mm, 25 mm, 19 mm, 10 mm, and 4 mm in size, 
yielding voxel dimensions of 54, 30, 12, 6, and 3 µm, respectively.  
 
Features imaged within the coals included thin pelletal claystone bands, siderite nodules, and 
mineral infillings of maceral components. The high-resolution images taken from the smaller-
diameter coal samples enabled individual plant particles to be distinguished, with cell cavities 
either open or infilled with mineral material.  Mineral-filled cleats and open fractures were 
also identified, and the sequence of cleat formation in some cases tentatively interpreted.  
Different types of cleat filling (clay, carbonate etc) could also be identified, including high 
and low-density crystals in fractures and pore spaces with polymineralic infills. The relations 
of individual cleat fractures to the mineral and maceral components could be identified in the 
images, including cleats restricted to the vitrinite bands and more penetrative cleat and 
fracture systems.   
 
Complementary analyses of the mineral matter in the samples were carried out using X-ray 
diffraction, as well as optical microscopy examination.  Images obtained from the µCT scans 
were also registered against SEM-EDX and QemSCAN images of polished sections prepared 
from the same samples after scanning, providing a more definitive basis for identifying the 
various minerals and for relating the images to those obtained from conventional microscopy. 
The results have applications in determining the depositional and post-depositional history of 
coal seams, in coal preparation and utilisation, and in coal seam gas studies. 
 
INTRODUCTION 
X-ray micro-computed tomography (µCT) is a technique used to produce high-resolution 
three-dimensional X-ray images of opaque solid objects, such as rock samples, that can be 
evaluated from different angles using interactive computer-based systems. It is similar to 
medical CT scanning, but carried out on a smaller scale and with greatly increased resolution. 
The X-ray opacity of the material in each individual segment (voxel) of the tomogram 
determines its brightness; pore spaces and open fractures are usually represented as black due 
to their low X-ray opacity; coal macerals are mid to dark grey, and minerals are represented 
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by varying shades of lighter grey to white, depending in part on the atomic number of the 
atoms involved. 
 
Previous researchers have used micro-CT techniques for characterisation of fractures in coal 
(e.g. Karacan and Okandan, 2000; Van Geet et al., 2001; Wolf et al., 2008), with particular 
application to studies of coal seam gas flow.  The present study is based on use of a high-
resolution, large-field µCT instrument at the Australian National University in Canberra to 
evaluate the three-dimensional constitution of coal at different scales, with special reference 
to the distribution of the mineral and maceral components.  This is the only facility in the 
world with a capacity to perform helical µCT imaging, for example of cylindrical core plug 
samples, with theoretically exact reconstruction methods at very high cone-angles (Varslot et 
al., 2011). The data obtained by the instrument were then processed with a reconstruction 
algorithm to generate a tomogram of the specimen in three dimensions that could be viewed 
along three orthogonal axes, or examined at any other (oblique) angle if required. 
 
SAMPLES STUDIED 
Samples of coal from four different locations in the Sydney and Bowen Basins (Table 1) were 
examined for the present study.  The samples were studied at several different scales, 
including a hand specimen approximately 110 mm in size and plugs 25, 19, 10 and 4 mm in 
diameter, and scanned using the number of voxels indicated in Table 1. Since the maximum 
number of voxels included in the images was the same in each case, the individual voxels 
imaged in the smaller samples were themselves smaller, providing a correspondingly higher 
resolution.   
 
Table 1 Coal samples and tomographic resolution used in the study 
 
Sample site Specimen 

size 
Number of 
voxels 

Voxel size 
(resolution) 

Sydney Basin    
  Ulan Colliery 110 mm 20483 53.7 µm 
   Ulan seam 19 mm 10243 21.0 µm 
 19 mm 20482 x 3800 14.6 µm 
 10 mm 20483 5.5 µm 
 4 mm 20482 x 3000 3.0 µm 
  Tahmoor Colliery 19 mm 20483 11.7 µm 
   Bulli seam 4 mm 20482 x 3300 3.0 µm 
Bowen Basin    
  South Walker Creek Mine 
   Main seam 

19 mm 20483 10.0 µm 
 

 
 
Polished sections of selected coal samples were also prepared and examined by optical and 
scanning electron microscopy, including the SEM-based QemSCAN technique (French et al., 
2008).  Polished-section images from the plugs were registered to the corresponding slice of 
the relevant three-dimensional tomogram using the technique summarised by Latham et al. 
(2008).  The more detailed information from the polished sections, including the associated 
capacity for more definitive maceral and mineral identification, was then used to provide a 
better basis for evaluating the three-dimensional tomographic images of the coal samples. 
Other samples of the coals were subjected to low-temperature oxygen-plasma ashing and 
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quantitative X-ray diffraction analysis (cf. Ward et al., 1999), to provide additional data on the 
minerals present.  Further information on the microtomography technique and a more 
extended discussion of the findings of the study are given in a separate paper by Golab et al. 
(2012). 
 
MODES OF MINERAL MATTER OCCURRENCE 
 
Ulan Coal Samples 
A selection of images obtained from a coal sample from the Ulan seam at Ulan Colliery, in the 
Western Coalfield of the Sydney Basin, is presented in Figure 1.  Figure 1A shows a vertical 
section (X-slice) from the tomogram of a hand specimen sample, scanned with a resolution 
(voxel size) of 53.7 µm.  The light grey to white areas represent mineral matter, the mid-grey 
areas are mainly maceral components, and the black linear features are fractures in the coal 
sample. The white circular (spherical) particles are mainly siderite nodules, with possibly 
minor pyrite and/or marcasite, and the more dispersed, slightly darker coloured mineral matter 
components are mainly kaolinite, illite/smectite and quartz.   
 
Figure 1B is a vertical section (Y-slice) from the tomogram of a 10 mm diameter plug taken 
from the upper part of the same sample, imaged with a resolution of 5.5 µm and showing 
more detail of the maceral and mineral components. Figure 1C is a three-dimensional image 
of the same 10 mm plug, processed to represent the siderite nodules in orange and the organic 
matter plus dispersed (silicate) mineral matter as the light grey surrounding material.  Figure 
1D shows a bedding plane section from the tomogram of a 4 mm diameter plug, scanned with 
a resolution of 3.0 µm.  This allows still more detail to be seen of the maceral structure, 
including a plant fragment with features resembling an equisitalean stem. 
 
Tahmoor Coal Samples 
Figure 2A shows a perspective reconstruction from the tomogram of a 19 mm plug of a 
sample from the Bulli seam at Tahmoor Colliery, in the Southern Coalfield of the Sydney 
Basin. Siderite nodules, with relatively high X-ray density, are shown in blue, less-dense 
minerals in green, and open fractures in red.  Relatively large siderite nodules are visible in 
the middle and upper parts of the sample, together with some lenticular mineral-rich bodies 
(green), which as discussed below represent clay petrifactions within the maceral 
components. 
 
Figure 2B shows a vertical slice through the lower part of the tomogram of the same sample, 
covering the area dominated by the green-coloured band near the bottom of Figure 2A.  This 
zone represents a vitrinite band containing small nodules of siderite (blue in Figure 2A), 
surrounded by vertically-oriented fractures filled with a mineral having a slightly lower X-ray 
density (green in Figure 2A).  A bedding plane section through this band (Figure 2C) shows 
that the fractures radiate out for approximately 0.5 mm from each siderite nodule, often with 
three-rayed symmetry but in some cases with four, five or even six-rayed symmetry.   
 
Polished section study by optical microscopy (Figure 2D) indicates that the siderite nodules 
with this mode of occurrence are surrounded by lenticular veins filled with other carbonate 
minerals, probably calcite or dolomite.  The radiating geometry of the fractures suggests that 
they were formed as a result of stress concentration around the (relatively rigid) siderite 
nodules, and associated tensile failure of the brittle vitrinite under the load imposed by the 
overburden pressure.  
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Figure 1 Tomographic images of Ulan coal samples: A) Vertical section of 115 mm hand 
specimen; B) Vertical section of 10 mm plug sample; C) Perspective view of 10 mm plug 
sample showing distribution of siderite nodules; D) Bedding plane view of 4 mm plug 
sample showing plant structure in macerals. See text for further explanation. (After 
Golab et al., 2012) 
 
Figures 3A and 3B show vertical and bedding plane sections from the tomogram of a 4 mm 
plug of the Tahmoor coal sample, scanned at a resolution of 3.0 µm.  Regularly distributed 
spheroidal bodies of white material are clearly visible infilling the lumens of plant structures 
in the inertinite macerals (fusinite and semifusinite), especially in the bedding-plane image.  
Closer study shows that two different types of infilling material are present in the bedding-
plane section; larger, relatively elongate bodies with a light grey colour and smaller, more 
equidimensional bodies with a brighter (white) colour. 
 
A polished section of the 4 mm plug, cut parallel to the bedding plane, was examined under 
QemSCAN, an integrated SEM/EDS and image analysis system (French et al., 2008), using a 
scanning technique in which the mineral phase at each individual point (pixel) in the area 
covered was identified from the EDS spectrum generated at that point.  Figure 3B is the 
bedding-plane section from the tomogram closest to the section subjected to QemSCAN 
study, and Figure 3C is an enlarged portion of the QemSCAN image obtained.  The infilling 
material is mainly identified in Figure 3C as kaolinite (green), but individual particles of a Ti-
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bearing mineral (rutile or anatase, purple) are also present.   
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Figure 2 Tomographic and optical images of the Tahmoor coal sample: A) Perspective 
reconstruction showing siderite (blue), other minerals (green) and open fractures (red); 
B) Vertical slice including green band in lower part of image A, showing vertical 
fractures filled with white mineral matter; C) Bedding plane slice from same part of 
plug, showing radiating pattern of mineral-filled fractures; D) Optical microscopy image 
(polished section; oil immersion) showing detail of carbonate-filled fractures around a 
small siderite nodule. (After Golab et al., 2012) 
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Figure 3 Tomographic and QEMSCAN images of Tahmoor 4 mm plug sample: A) 
Vertical slice through tomogram, showing mineral petrifactions (white) in inertinite 
maceral components; B) Horizontal (bedding-plane) slice through tomogram, closest to 
section in Fig. 3C, showing plant petrifaction structures; C) QEMSCAN image prepared 
from polished section through core (enlarged from area indicated in image B), showing 
distribution of mineral components; colour key on left. (After Golab et al., 2012) 
 
The nature and distribution of the cell infillings suggest that solutions containing Al, Si and Ti 
permeated into the plant tissue of the original peat material, and that these elements were 
subsequently precipitated as kaolinite and a TiO2 phase, probably anatase.  Aluminium and Ti 
are both relatively soluble under acid conditions (Loughnan, 1969); as pointed out by Spears 
(1987) and Ward et al. (1999), these elements may migrate in solution through the peat bed, 
interact in some cases with dissolved silica, and precipitate in places where higher pH 
conditions are developed and the proportions of other elements are low.  Such a mode of 
mineral occurrence could explain the relatively strong association between kaolinite and Ti 
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observed by Ward et al. (1999) in coals of the Gunnedah Basin, adjoining and coeval with the 
Sydney Basin sequence. 
 
 
South Walker Creek Coal Sample 
Figure 4 shows tomographic images of a coal sample from the Main seam at the South Walker 
Creek Coal Mine, in the Rangal Coal Measures of the northern Bowen Basin. This coal 
contains an unusual mineral assemblage, discussed in greater detail by Permana et al. (2010) 
and Permana (2011), due in part to permeation of the coal by hydrothermal solutions at an 
early stage of its development. 
 

A B

C D
 

 
Figure 4 Tomographic images from the South Walker Creek coal sample: A) Vertical 
section through the tomogram, showing thin tonstein lenses (top) and distribution of 
mineral-filled cleat fractures; B) Perspective reconstruction showing distribution of low-
density minerals (green, probably mainly kaolinite), higher-density minerals (red, 
probably mainly ankerite) and very high density minerals (yellow, probably apatite and 
anatase/rutile); C) Bedding plane section through the tomogram, showing geometric 
relations between fractures; D) Interpretation of fracture sets in Figure 3C, with 
arbitrary north at top of diagram, showing pattern of offsets and inferred sequence of 
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fracture formation. (After Golab et al., 2012) 
 
X-ray microtomography was carried out on a coal sample (19 mm plug) taken from a larger 
exploration drill core in the upper part of the seam. Figure 4A shows a vertical section 
through the tomogram of the sample studied. Lenticular bands of pelletal claystone (tonstein), 
consisting mainly of kaolinite, are visible near the top of the image, and different maceral 
components, vitrinite (black) and inertinite (dark grey), can be distinguished within the 
organic matter.  
 
At least two different types of infilled fractures can be seen in the sample.  One is a 
penetrative cleat or fracture pattern, infilled with relatively high-density material, which cuts 
through both the claystone laminae and the different bands of organic material.  SEM studies 
of other sections within the seam (Permana, 2011), together with XRD data, indicate that this 
material is mainly represented by carbonate minerals (mainly ankerite), together with minor 
rutile or anatase and, in places, apatite. The other cleat fractures are confined to the organic 
matter, and often only to the thicker vitrinite (telocollinite) bands within the coal sample.  
SEM study shows that these are filled mainly by kaolinite, but also contain well-defined 
euhedral crystals of anatase or rutile. 
 
A three-dimensional representation of the mineral distribution, processed to differentiate the 
principal mineral phases on the basis of their X-ray density, is shown in Figure 4B.  The 
organic matter is transparent in these images, the low-density mineral (kaolinite) in green, the 
higher-density mineral (ankerite) in red, and the very high density mineral (apatite and/or 
anatase/rutile) in yellow.  
 
A bedding plane section through the tomogram is given in Figure 4C. Analysis of the fracture 
and infill pattern based on this section (Figure 4D), with an arbitrary north azimuth at the top 
of the image to facilitate discussion, suggests that the fracture set oriented NE-SW in the 
image, infilled mainly with ankerite, was the first to form. The micro-cleat system oriented 
NW-SE in the image has offset these NE-SW fractures, and presumably was the last to form.  
A palaeostress pattern that may have given rise to such a movement pattern, oriented with 
respect to the same arbitrary azimuths, is also indicated in Figure 4D.   
 
CONCLUSIONS 
High-resolution X-ray micro-tomography can be used to provide three-dimensional images of 
coal samples at varying degrees of resolution, depending on the size of the sample studied.  
Contrasts in X-ray density between minerals, organic matter and open pores or fractures, and 
also between minerals and even macerals of different composition, can be mapped in two-
dimensional and three dimensional images, using processing if necessary to represent 
different phases by different colours within the images.  Together with the capacity to 
manipulate the images to provide different viewpoints, this allows a more complete 
understanding of the internal constitution of the coal, including the distribution and origin of 
the mineral components, the shape and porosity of the different macerals, and the nature and 
infilling of the cleat and fracture patterns. 
 
Imaging of large samples, even though at low resolution, may be of value in assessing 
crushing options for optimum liberation of organic and mineral components in coal 
preparation studies.  Higher-resolution images of smaller samples can help in understanding 
the relations between peat palaeobotany and mineral matter (e.g. mineral distribution in 
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petrifactions). They may also be used to evaluate the form, relationships and infill material of 
pore and fracture patterns, helping to evaluate the post-depositional geologic history of coal 
seams.   
 
X-ray tomographic images provide an opportunity to view an infinite number of sections 
through a coal sample, rather than limiting study to a single two-dimensional slice as with 
conventional polished-section preparation.  Data from optical and electron microscopy of 
polished sections, which may provide more definitive maceral and mineral identifications, can 
be integrated with the X-ray tomography data, extending the two-dimensional sections to 
provide a more comprehensive, three-dimensional understanding of the coal sample, with a 
range of applications to a variety of fundamental and industrial studies.   
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ABSTRACT 
Gas content is the key parameter for assessing emissions from coal seams during and after 
mining.  While the standard method of gas content testing is sufficiently accurate for 
assessment of gas outburst potential and gas drainage in gassy underground mines, the 
estimation of emissions for the purpose of greenhouse gas inventory would require new 
measurement methods. Moreover, errors inherent in measuring gas content need to be 
quantified so that the uncertainty in the emissions inventory can be evaluated. In this paper 
the standard method of gas content testing is discussed, and a new concept and design for gas 
content measurement in coals with low gas contents is proposed.  
 
Keywords: Coal seam gas, gas content measurement, coal mine, emissions  
 
INTRODUCTION 
Mining leads to large disturbances as fractures develop both in coal and rock strata. Gas 
trapped in the coal seam and enclosing strata escapes to mine openings, as well as to the 
atmosphere, via fractures and exposed coal surfaces. The intensity of emissions depends on 
the gas content and flow properties of the coal seam and associated strata at the time of 
mining. The method of mining affects the extent and density of induced fractures, which 
could increase the permeability by several orders of magnitude. This increase in permeability 
would in turn accelerate the discharge of ground water from mining, leading to a further 
increase in the relative permeability to gas. During coal mining, the rate of gas emissions 
depends primarily on the in-situ virgin gas content and on the induced fracture permeability.  
After mining, the magnitude of emissions depends on the residual gas content and on the gas 
diffusivity. 

It can be shown that, if coal mining proceeds at relatively a constant rate during the life of the 
mine, annual emissions from mining can be evaluated by using virgin gas content and 
production, in addition to the lithology of the strata and the geometry of mining (Saghafi, 
2010). Gas content is therefore a very important parameter for evaluation of fugitive 
emissions from mining. Moreover, in view of the large amounts of coal mined in Australia, 
even small errors in measuring the gas content could lead to large errors in the calculated 
estimates of gas emissions. In addition to the accuracy of gas content determination, the limit 
of measurability is also an issue for low-gas shallow coals, such as in open cut and ‘non 
gassy’ underground coal mine areas. Traditionally the requirement for gas content testing has 
been limited to ‘gassy’ mines, where safety is the major driving force for evaluation of 
outburst potential and high gas emission rates. Therefore gas content determination in coals 
with low gas content has not been a focus of research. At this time the lowest level of 
measurability for gas content is about 0.5 m3/t.  
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These factors make the development of more suitable and accurate methods of gas content 
testing for coals with low gas contents an important task for coal researchers and the coal 
mining industry. Another beneficiary of a more accurate method for evaluating coals with low 
gas contents is the CBM industry, which is also active in producing gas from low rank coal 
regions where coals with low gas contents are present. 

This paper aims to discuss the various definition of gas content and the current method of 
determination of gas content, followed by some thoughts on potential new methods for testing 
of coals with low gas contents. Errors associated with the determination of gas content are 
also discussed.  

GAS CONTENT OF COAL  
Gas content is generically defined as the volume of gas contained in a unit mass of coal, and 
is generally expressed in cubic metres, at standard pressure and temperature conditions, per 
tonne of coal (m3/t, STP). In Australia the standard conditions are a temperature of 20°C and 
an absolute pressure of 101.325 kPa (Standards Australia 1999).  

Gas in coal is stored mainly as an adsorbed phase, but may also occur as a free phase. The 
contribution of the latter to the total gas volume is small, particularly at shallow depths (<500 
m). However, at greater depths the volume of gas in the free phase can be large, due to the 
higher density of gas at such depths. From the viewpoint of gas storage in coal, gas content 
should include both the free and adsorbed volumes; however, the current method of 
determination does not allow for the measurement of free gas in coal. The current method 
mainly targets the ‘desorbable gas content’ and, to some extent, the ‘residual gas content’.  
 
Desorbable and residual gas content  
As soon as coal is brought to the surface it desorbs its gas. Desorption of gas from coal may 
continue for days or weeks until there is no ‘measurable’ gas. The total volume of gas 
released from coal, when the gas pressure outside the coal is at atmospheric pressure, is called 
the desorbable gas content (Qd). The gas remaining in the coal at this stage is the residual gas 
content (Qr). The total gas content (Qt) is the sum of the desorbable and residual gas contents 
(Figure 1).  

The rate of gas release from coal depends on the gas concentration gradient (between the 
inside and outside of the coal sample) and the gas diffusivity of the coal. The process of gas 
release from coal can be considered as a combination of instantaneous desorption of gas from 
the internal surfaces of the pores and diffusion of gas to the fractures. The release of gas from 
coal can be expressed mathematically assuming a diffusion mechanism: 
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where Qr(t)  is the gas remaining in coal (temporal gas content) at any time t (s) after the start 
of the desorption process and D is the gas diffusivity in coal (diffusion coefficient, m2/s). 
Assuming a ‘pseudo steady’ diffusion mechanism, the solution of Eq. (1) yields: 
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where Qr and Qd are the residual and desorbable gas contents (Figure 1). Parameter τ (tau) is a 
characteristic time parameter (s) related to the diffusivity of gas in coal; it is sometimes called 
the diffusion time constant or desorption time. It is expressed in terms of the diffusivity 
parameter (D) and a diffusion characteristic length (a): 

D
a2

=τ           (3) 

Gas 
Content 
(m3/t)

Time (day)

Qd

Qr

Slow desorption

 

Figure 1 Desorbable and residual gas content defined based on natural release of gas 
from coal at atmospheric pressure 

Evaluation of parameter τ  
Tau (τ) is a physical parameter related to the diffusivity and the characteristic length for a 
given gas and coal. If the diffusion coefficient and characteristic length values are not 
available, τ can be evaluated from the gas desorption testing curve.  Based on Eq (2), the 
volume of gas desorbed from a coal since the start of the desorption process is: 

)1()( /τt
dd eQtQ −−=         (4) 

where Qd(t) is the volume of gas released since the start of desorption (m3/t). In Eq (4), if the 
time t is replaced by τ, the volume of gas released from the coal after a period of τ would be:  
Qd(τ) = 0.63Qd. In other words τ is the time required for a coal to release 63% of its 
desorbable gas. Hence, τ can be estimated from the desorption curve (Figure 2) obtained 
during gas content testing. This method, however, is costly because the slow desorption 
measurement process could take weeks to complete. 
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Figure 2 Determination of diffusion characteristic time from the desorption curve 
 
STANDARD METHOD OF GAS CONTENT TESTING 
Gas content of coal is determined by direct measurement of the volume of gas desorbed from 
coal. In Australia two methods are routinely used, namely the ‘slow desorption’ and ‘fast 
desorption’ methods (Williams et al. 1992; Saghafi et al. 1998).  Variants of both methods 
have been also used in other coal mining countries. In France a variant of the fast desorption 
method has been used since the early 1960s (Bertard et al. 1970). In the USA variants of the 
slow desorption method have been used over the years (Kissell et al. 1973; Diamond & 
Levine, 1981; Diamond & Schatzel, 1998). The Australian slow desorption method was 
developed form of the USBM method after some enhancement (Standards Australia 1991).  
The Australian fast desorption method otherwise, known as quick crush method, was 
developed in the early 1990s (Williams et al. 1992; Saghafi et al. 1998), and is currently the 
method of choice for assessment of gas emissions and outburst risk in underground coal 
mines (Standards Australia 1999).  

Although both methods use similar steps to determine the gas content of coal, the time for the 
procedure is significantly longer in the slow desorption method. In the fast desorption method 
coal is crushed after a short period of natural desorption, so that all its gas is forced to release 
rapidly (in the space of minutes to an hour). An advantage of the fast desorption method, in 
addition to its rapidity, is a reduction in the risk of CO2 dissolution in the measuring water for 
mixed gas conditions (i.e. when both CH4 and CO2 are present in the seam gas).  

The slow desorption and fast desorption methods are both based on measurement or 
estimation of the volume of gas desorbed from coal in several stages. Both methods start with 
estimating the ‘lost’ gas, gas lost during drilling and retrieval of the coal sample to the 
surface. In the slow desorption method, the coal is allowed to desorb its gas ‘naturally’ until 
no further desorption is detected. In the fast desorption method, however, after a short time is 
allowed for gas to be released naturally during coal transport to the laboratory and in the 
laboratory, the coal is crushed. Note that in the slow desorption method a crushing stage may 
be also included to determine the ‘residual’ gas content of the coal (Qr).  
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The three components of the gas content, from the three stages of gas content testing in the 
fast desorption method, are commonly represented by the Q1, Q2 and Q3 parameters. The 
‘measured gas content’, Qm, is the sum of these three components (Standards Australia 1999)  

321 QQQQm ++=         (5) 

The Q1 or the lost gas component is identical for the two methods. The Q2 component, gas 
desorbed during transport and in the laboratory, is also called ‘desorbed gas’ in the slow 
desorption method and is the main component of the gas content determined by this method. 
In the slow desorption method this stage is allowed to continue until no further measurable 
gas desorption is observed. In the fast desorption method, however, the Q2 step is generally 
short, as the coal is crushed at any time after reaching the laboratory, depending on the 
availability of a measuring system and proper conditions. The last component of the gas 
content, Q3, which is the gas desorbed from the crushed coal in the fast desorption method, is 
also usually the largest volume of desorbed gas determined by this method. For the slow 
desorption method this stage is often of no importance, as the residual gas is expected to be 
small.   

Depending on coal and gas type, desorption can continue from crushed coal. The gas released 
from coal post-crushing is called Q3’ (Q3 prime), and total gas content (Qt) is considered to be 
the sum of four components of gas content, i.e.    

'3321 QQQQQm +++=         (6) 

Uncertainty of gas content determination using the standard method  
As discussed above, measurement of the volume of gas released (in all three stages) is done 
by using a measuring cylinder. The released gas is admitted into a water-filled inverted 
cylinder. The displacement of water provides a measure of the gas volume. This system has 
worked well over the years and is used routinely in Australia. There are, however, some 
problems with this way of measuring the volume of gas, including coal oxidation, gas partial 
pressure effect, and dissolution of desorbed gas, particularly CO2, in the measuring water. 
Some of these issues have been addressed over the years, and some improvements have been 
suggested and applied (Saghafi & Williams 1998; Saghafi et al. 1998; Danell et al. 2003).  

Measurement of mass (or weight) produces a relatively small error; hence, the accuracy (or 
error) of measured gas content depends mainly on the accuracy of determination of volume. 
The accuracy of the graduation of the measuring cylinder is, therefore, of primary importance. 
The accuracy of the graduation depends on the quality and resolution of the measuring 
cylinders. For example, glass cylinders are less prone to error than plastic cylinders, which are 
affected by temperature and other environmental conditions. Burettes have higher resolution, 
but are delicate and their use is limited to the laboratory only.  

The uncertainty of measurement of gas content depends on individual uncertainties (or errors) 
in determination of the Q1, Q2, and Q3 components of the gas content. Measured gas content 
(Qm) inherits all these errors. It can be shown that, assuming that individual errors of the three 
components of gas content are independent of each other, the combined uncertainty or total 
error in measuring gas content (εm ) is: 
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where ε1, ε2 and ε3  are the uncertainties in determination of  Q1, Q2 and Q3 components of 
gas content. For example, in measuring the gas content of a core sample we have: 

Q1 = 0.5 m3/t, ε1= 20% 
Q2 = 3.0 m3/t, ε2= 15% 
Q3 = 2.5 m3/t, ε2= 10%.   

 
Using Eq (7), the combined uncertainty of gas content measurement can be calculated, giving 
εm= 9%. 

Thus, Qm = 6.0 ± 0.5 m3/t.  

GREENHOUSE GAS ESTIMATION AND GAS CONTENT 
Gas content measurement for safe mining in ‘gassy’ coal is mainly undertaken for coals with 
gas content close to or above accepted threshold limits.  Relative uncertainty of measurement 
using the standard method is low and therefore is tolerated by mine operators. However, the 
gas content of coals from shallow seams, in open cuts and ‘non-gassy’ underground mines, 
can be very low. For these coals the standard method, which uses volume change (and water 
displacement) to determine gas content, may not deliver anything like meaningful results. 
Using the standard method, the error of measurement can be larger than the gas content itself.  

Based on data delivered by commercial laboratories, it can be assumed that reliable lower 
limit for gas content testing is generally about 0.3 to 0.7 m3/t, depending on the sample size 
and measuring device used.  

A method of gas content testing for low gas content coal is now required, as accurate gas 
composition and gas content measurements for these coals could have an important impact on 
emission assessments for large coal mining operations. 

Measuring gas content of low gas content coals  
As discussed for low gas content coals (Qm<0.5 m3/t), the water displacement method of 
measuring gas volume is inadequate. Often for these coals there would be no measureable Q1 
and sometime no measurable Q2.  

For measurement of gas content for such coals it is suggested that the best practice would be 
to seal the fresh sample in a purpose-built gas tight canister in the field, and then dispatch it to 
the laboratory for crushing. Ideally the coal should be sealed in a canister which can be 
directly mounted on the crusher, so that there would be no need to open the coal canister 
before crushing. The total desorbed gas can then be indirectly evaluated using a method based 
on measuring gas composition rather than measuring gas volume.  

If coal oxidation is an issue, the sample should be flushed by helium gas (He) before sealing 
the coal canister, assuming that there is no Q1.  If Q1 is to be estimated, then He flushing 
should take place after measurement for the Q1 estimate.    
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Once in the laboratory, the coal is crushed in the sealed canister (to allow for such a 
possibility, the CSIRO laboratory is equipped to crush sealed coal without opening the 
canister on arrival from the field). The crushed coal in the container is then kept for a period 
of time, to allow for equilibrium and desorption of the gas from the coal. A gas sample is then 
taken from the headspace to measure the gas composition. Knowing the volume of the 
canister and the gas composition, the gas content can be evaluated.  In this system the increase 
in gas pressure would be minimal, due to the low gas content of the coal. However, a gas 
pressure sensor may be connected to the container to measure the gas pressure.  This method 
was developed by the author to investigate the kinetics of slow gas desorption from crushed 
coal. 

Another variant of the method developed by the author is presented in Figure 3. This can be 
used for routine measurement of coals with low gas content. A low gas content coal generally 
does not produce measureable Q1 and sometimes Q2 components. The new system can 
measure Q3 and Q3’ together or separately.  A standard method Q3 crusher can be used to 
crush the coal. The crushing canister is initially flushed with He, to remove air and also to 
reduce the gas partial pressure. After completion of crushing, and allowing enough time for 
temperature and pressure equilibrium, the crusher canister is opened to a closed circuit with 
an in-line vacuum pump. More He can be allowed into the system to further reduce the partial 
pressure of desorbed seam gas. Finally, gas samples are collected from the system for gas 
composition measurement. Knowing the volume of void space and the gas composition, the 
gas content of the coal is determined.  

Vent 

Micro 
pump

Crushing 
canister  

To GC for gas 
composition 
measurement 

He 
flushing 

 

Figure 3 Schematic diagram of a system for gas content measurement of low-gas coals 
(modified from Saghafi, 2009) 

The detectable limit of gas content using this new method can be evaluated from knowledge 
of the void volume in the system (crusher and piping) and the resolution and method of gas 
collection and gas chromatography. For instance, if the mass of coal is ~200 g and the volume 
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of voids in the system is ~1000 cm3, then, assuming that the GC system measures a gas 
concentration of 0.1%, it implies that gas contents of about 0.005 m3/t can be determined.  
However, errors associated with variation of temperature and pressure inside the system can 
influence the results and increase the detectability limit. A program for testing this system, 
which is currently being conducted on low gas content coals, shows that, by using this 
method, the detectability limit for gas content is lowered by at least one order of magnitude.  

CONCLUSIONS 
The standard method for determination of gas content for low gas-content or non-gassy coals 
is prone to error. As the gas content is the most important parameter for estimating mine 
emissions, new methods are required to increase the accuracy and lower the detectability limit 
of gas content for these coals.  

A new method of measurement for coals with low gas content is suggested. The new method 
is based on a new concept whereby the composition of the desorbed gas, rather than its 
volume, is directly measured.  Helium flushing is also used to lower the partial pressure of 
seam gas surrounding the coal particles. The new method has the potential to lower the limit 
of measurability of gas content. An analysis of the method indicates that gas contents can be 
measured that are one order of magnitude lower than the minimum attained by the standard 
method.  
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ABSTRACT 
All Australian open cut mine operations are obliged to report fugitive emissions of coal seam 
gas to the National Greenhouse Energy Reporting (NGER) Office.  Most operations have 
little or no gas data, and are unsure of the appropriate strategic response to the Federal 
Government initiative.  Some companies are actively addressing the issue; others are currently 
accepting default values.  It is profoundly in the interests of mining operations to know 
accurately their fugitive emission liability. In addition, there are challenging technical, 
procedural and strategic issues associated with sampling gas in the shallow subsurface that 
affect estimations. This presentation provides practical advice for geoscientists concerned 
with the obligations of NGER reporting and provides a synopsis of the major issues.  It 
provides clear direction on how the process should be managed, the various options, and the 
appropriate strategic response for operations of different gas reservoir character. 
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ABSTRACT 
Trends in gas content and corresponding composition data were investigated for the central 
Hunter Valley region. Although gas contents generally increase with depth, they do so in a 
stepwise pattern for a given borehole. The magnitudes of the step change vary across the 
region, and can be related to mappable geological features. The relationships are interpreted to 
reflect changes in pore pressure that facilitate gas sorption, through changes in relative stress 
around geological structures. These relationships can be utilised to delineate areas of similar 
gas trends, commonly referred to as domains, that assist with gas exploration planning, 
development of gas projection models and gas in place assessments. Domains and their 
boundaries are constructs that are often subjective, and may change in detail with different 
data densities.    
 
INTRODUCTION 
The Australian Coal Association Research Program (ACARP) has recently published 
guidelines designed to aid with the estimation and reporting of fugitive emissions from 
opencut coal mines. Fundamental to this aim is the development of methods for drilling and 
testing to derive confident estimation models of in situ coal gas volumes that may be released 
as a result of mining.  
 
All models are based on underlying sets of observations and interpretations. Drilling for gas 
content testing tends to be sparse in comparison to that for coal quality and seam thickness 
and location. Therefore predictive models, or correlations between parameters, are commonly 
used to extrapolate information for “Gas in Place” estimations.  It is not possible to 
completely drill out the subsurface, so to reduce uncertainty in such models, the relationship 
between the model parameters, and regional to local geologic framework and gas distributions 
can be helpful in determining the extent of their application.  
 
This paper presents gas content trends in the central Hunter Valley region of the Sydney 
Basin, and relates them to regional and local geological features that influence their 
distribution.  Understanding the lateral continuity of gas content distribution will assist in 
designing drilling programs and reducing the uncertainty in gas resource estimations, whether 
for commercial extraction, mine site drainage, or fugitive emission estimations. The approach 
used in this study is transportable to other coal basins in Australia and elsewhere. 
 
BACKGROUND 
The Hunter Valley is part of the Sydney Basin, which formed in the Permian in a foreland 
basin setting (Glen and Beckett, 1997). The principal direction of influence from the east - 
northeast has defined the main tectonic features observed in the form of the Hunter-Mooki 
Thrust zone and related geological features such as the Rix’s Creek and Bayswater Synclines 
and the Camberwell Anticline (Figure 1). Later regional faulting (SW-NE) and igneous 
intrusive events have continued to shape the more detailed aspects of the geological setting 
observed today.  
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The gas regime in this area is partially shaped by the evolution of this tectonic setting, and is 
complemented by the petrological characteristics of the clastic and coal-bearing sediment 
sequence (e.g. Faiz et al, 2007). These two elements have combined to influence groundwater 
migration patterns and associated gas dispersal and/or emplacement throughout the basin 
development (e.g. Scott, 2002).  
 
Current understanding of the Sydney Basin gas regime has developed from early work by 
Williams (1991) and Faiz (1993), and has been progressed by Faiz & Hendry (2006), 
Thomson et al (2008) and Pinetown (2010), amongst others. Overall, these works outline a 
Sydney Basin coal gas development scenario where original thermogenic gases have mostly 
escaped from horizons that are less than 500m depth today, during tectonic uplift and 
subsequent erosion. These horizons were then replenished by magmatic CO2 and/or biogenic 
CH4 gases in more recent geological history. This resulted in a sub-horizontal layering of gas 
origin trends that cross inclined stratigraphy (Thomson et al (2008). Variations in these trends 
have been attributed to gas sorption behaviour originating from various coal and gas 
characteristics, such as different coal rank, type or grade (e.g. Williams and Yurakov, 2003; 
Faiz and Hendry, 2006; Esterle et al, 2006; Scott et al, 2007). 
 
The introduction of site specific testing, as opposed to state, basin or coalfield based defaults 
for the estimation of fugitive gas emissions, will result in data sets that test and improve our 
understanding of gas behaviour and the level of detail required for prediction of its spatial 
variability.  For the purposes of fugitive emissions forecasting from a large area, over a life of 
mine time span, the total site emissions might be accurate at a 95% confidence level, whereas 
shorter annual reporting periods may be perturbed through the natural inherent variability of 
gas distributions as mines dig deeper. This paper looks at a relationship between gas content 
variability with respect to depth across the Hunter Valley, and geological features that may 
provide relative boundaries within which similar trends can be observed.   
 
DATA AND RESULTS  
Gas data collected over a decade of exploration drilling and predominantly from recent (2008-
2010) gas testing from the central Hunter Valley (CHV) area were used for the interpretation 
shown in Figure 1. This included 25 fully cored boreholes, where all potential gas bearing 
strata (as defined by ACARP C20005) were gas tested, and 30 partially sampled boreholes. In 
addition, geological logging records detailing instances of gas and/or overpressured water 
intercepts during drilling were also analysed. Where possible, these gas emission events were 
validated with gas content measurement, and their occurrence with geological structure 
identified. 
 
Gas composition results are constant in all of the study area, with all instances of gas 
occurrence (i.e. gas contents  > 0.5 m3/t) reporting as near 100% methane (CH4), and all gas 
results near or under the gas testing detection limits (e.g. in the shallow parts of the boreholes) 
reporting as carbon-dioxide (CO2) or nitrogen (N2). This includes the full thickness of the 
Howick region, which is not discussed in detail in this paper. 
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Figure 1 Central Hunter Valley structural geological features and borehole locations 

 
Figures 2 and 3 show the range of downhole gas content trends in the various locations in 
Figure 1. Overall, the main trend observed across the central Hunter Valley (CHV) region is 
increasing gas contents with depth, with the exception of the Howick area west of the Hunter 
Valley Dyke. In that area, there are no discernible coal gases present down to the maximum 
depth of mining targets at approximately 200m depth. Elsewhere across the CHV, gas 
contents increase with depth in a non-linear, “stepped” pattern. The pattern consists of a low 
gas zone at shallow depths, followed by a strata interval where gas content levels increase but 
are very similar (i.e. steady) across a number of coal seams within a borehole, with another 
“step” up to higher gas contents in the deepest seam/s (Figure 3).   
 
The inflections in this stepwise pattern can shift up or down a magnitude when viewed as a 
function of depth, but the depth at which the step starts may vary due to seam dip. 
Examination of these stepwise patterns relative to mining areas, geographic and geological 
features is presented in Figures 2 to 4, and in map view in Figure 5, and is discussed below. 
For the map in Figure 5, the relative gas content magnitude shift as a function of depth is used 
to define areas of “high” and “low” for this data set. It should be noted that these terms are 
germane to the data set and the CHV; regionally the CHV occurs within the “moderate” 
Domain 2 of Pinetown (2010).  
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Figure 2 Downhole gas trends across different areas of the CHV. Gas contents “as 
received” 

 
Figure 3 Downhole gas trends in CHV in the vicinity of the Hunter Valley dyke 
(Ravensworth region). In contrast to the dominant gas trends in the CHV, the West (or 
Howick) trend is clearly indicative of a different gas regime. Gas contents “as received” 
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Figure 4 Gas content magnitudes within the same are affected by local geological 
structures 

 

 
Figure 5 Gas domain interpretation of the CHV, showing sub-domains that have the 
same overall gas trend with depth but the  variation in gas content magnitude are driven 
by regional structural features affecting pore pressures and coal sorption capacities 
locally 

 
 
DISCUSSION 
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The Sydney Basin gas origins model was developed by early observations that biogenic gases 
are present in most coal seams (Smith et al, 1992); this was applied to the Sydney Basin by 
Faiz & Hendry (2006), and later revised by Thomson et al (2008) and Pinetown et al (2008). 
A summary of these observations for this discussion can be made as: 

• Thermogenic methane gases are deep and relatively rare (deeper than most opencut 
mines will encounter)  

• CO2 at depth is magmatic and can contribute significant gas volumes; whilst in the 
shallows it is of biogenic origins and comprises immaterial accumulations  

• Most methane gases observed at less than approximately 500m depth (i.e. that most 
coal mines in Australia encounter) have biogenic to mixed origins. 

 
To assist with delineating areas of different gas characteristics, Williams et al (2000) defined 
gas domains as “areas where the gas content magnitude varies according to a set of defined 
conditions … and the variability is tight enough to distinguish it from other domains and be 
useful”. This description allows the broad delineation between two basic domains of this 
dataset from the CHV:  

• The no/”low” gas domain of the Howick area, west of the Hunter Valley Dyke, and  
• The stepwise domain east and north of the dyke that can be a further subset.  

 
The stepwise increases in gas contents with depth correspond to increased gas saturation as 
discussed by Burra (2011), and are interpreted to reflect stepwise changes in in situ pressure 
conditions in addition to depth layering of shallow “no gas”, biogenically recharged gas and 
thermogenic gas, discussed by Faiz and Hendry (2006) and Thomson et al (2008). It is noted 
that all of these areas are within the biogenically recharged layers of the regional Sydney 
Basin gas origins model, so gas origins are not the controlling factor in the distribution of 
these stepwise changes with depth. 
 
Within the stepwise domain, there are areas of further variation in gas content magnitude; 
however, these are always within the context of the overall downhole gas trend that is the 
distinguishing feature of this domain. The overall variations in magnitude are observed 
around major geological structures, but their influence is limited to local perturbances, at 
times only a few hundred metres in width. These sub-domains can be mapped using 
geological features and mapping (Figure 5), and an example of this distribution given in the 
discussion below.  
 
The Falbrook to Glendell areas are affected by thrust faulting associated with the regional 
Hunter and localised Hebden Thrusts, and the affected regions show higher gas content levels 
below any thrust fault plane intercepts.  The Ravensworth area further to the west is subject to 
the Bayswater Syncline, which exerts increased pressures on the local strata and which also 
results in higher gas contents (than the surrounding areas) in all seams in this area (Figure 4). 
This syncline continues north into the area west of Hebden; however, due to the shallower 
depths of the coal measures in this part of the CHV, the gas content levels are lower than in 
the Ravensworth area. It is suggested that the Rix’s Creek Syncline in the Camberwell area 
further to the south of Glendell may also be associated with elevated gas contents in line with 
these findings (Figure 5), although there could be local variability. 
 
Geological features affect the in situ pore pressure regime in the strata and this in turn affects 
the sorption capacity of coals, which hold more gases with increasing pressure (per mass of 
coal). Thus, compressional geological features in particular have the potential to hold more 
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gas at a given depth due to their increased pore pressures. This is in contrast to the effects of 
geological features on gas migration, namely, fractures and open faults that have the potential 
to let gases “escape”, thereby lowering the gas contents in the coal seams locally.  
 
Geological features that create locally higher pore pressures can range from thrust faults, 
synclines, increased occurrences of sandstone channels in the vertical strata, or igneous 
intrusion boundaries. Features that can act as a localised area with ‘lower’ pressures include 
anticlines, open faults or fracture sets. Thus, in conventional petroleum geology, gas 
exploration projects target structural ‘highs’, whilst in coal seam gas, the gassiest areas are 
often found in structural ‘lows’ or in ‘tight’ zones. It is noted, that some deep anticlinal plays, 
such as the Scotia and Fairview fields in the Bowen Basin (Draper and Boreham, 2006), can 
also contain free gas similar to a conventional play.  
 
Whilst the interpretation of this sequence can be a complex undertaking, the signature of these 
processes can be derived from downhole gas observations and regional geological mapping, 
particularly in the Hunter Valley, where there is an overall gas origin model available to act as 
a framework to this analysis. In the context of that gas model, and based on data evaluated in 
this study, geological structures can be interpreted to have the following influences of gas 
accumulations: 

• Compressional features such as thrust faulting (including blind thrusts with ‘apparent’ 
anticlines), synclines or major sand bodies in the strata sequences exert higher 
pressures on the local strata, and this results in locally higher adsorbed gas contents 

• Extensional features, or features that cause the strata to ‘stretch’, such as normal 
faults, fractured zones, or anticlines, do not lend themselves to gas accumulation, and 
often show very low gas concentrations and/or low levels of gas saturation. 

 
It is noted that the elevated gas contents in the vicinity of thrust faults (i.e. the foot wall part 
of the system) are referring to the gases adsorbed onto the coal matrix surfaces. This is in 
contrast to minor seam gases that may be dissolved in groundwaters and which are often 
trapped against the sealing fault plane, dissipating soon after the fault plane is breached by the 
drilling or mining process.  
 
SUMMARY AND CONCLUSIONS 
A discussion and case study have been presented on the use of generic gas distribution 
interpretation approaches in the context of structural geological features. The approach of 
identifying features that can contribute to increasing or lowering pore pressures locally has 
been shown to assist with gas domain delineation, particularly when combined with a gas 
origin interpretation framework. Thus, in areas where gas emplacement occurred prior to the 
last major series tectonic events affecting the strata, compressional features result in elevated 
gas contents. Conversely, in areas where such tectonic events predate gas generation (e.g. in 
the case of biogenic methane), the elevated local pore pressures can impede or obstruct the 
emplacement processes. This style of interpretation technique can contribute to the 
development of gas distribution model development and gas volume estimation undertakings, 
even when only limited data is available.  
 
Whilst the dataset for this study was relatively large, the message here is that by utilising 
standard geological interpretation techniques, combined with existing regional gas 
interpretation models, many of these domains and subdomains could be identified with 
increased confidence for the purposes of planning gas exploration programs or delineating 
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domains for the interpretation and estimation of gas volumes in place towards fugitive 
emissions estimation tasks. 
 
ACKNOWLEDGEMENTS 
The authors would like to acknowledge the on-going support of Jim Sandford of Xstrata Coal 
in both technical and editorial discussions. Thank you to Cecilie Naess of Rio Tinto, who 
kindly contributed to the dataset investigated. 
 
REFERENCES 
AUSTRALIAN COAL ASSOCIATION RESEARCH PROGRAM (ACARP) 2011. 
Guidelines for the Implementation of NGER Method 2 or 3 for Open Cut Coal Mine Fugitive 
GHG Emissions Reporting. 2011. ACARP Report C20005 

BURRA, A. 2011. Use of temperature logs in reservoir characterisation. Proceedings of the 
3rd Asia Pacific Coalbed Methane Symposium, 3-6 May, 2011. 

DRAPER, J.J. & BOREHAM, C.J. 2006. Geological controls on exploitable coal seam gas 
distribution in Queensland. APPEA Journal 46 (1), 343-346. 

ESTERLE. J, WILLIAMS R., SLIWA, R. & MALONE, M. 2006. Variability in Gas 
Reservoir Parameters that Impact on Emissions Estimations for Australian Black Coals. 
ACARP Report C13071.  

FAIZ, M. 1993. Thermal history and geological controls on the distribution of coal seam 
gases in the southern Sydney Basin, Australia. PhD thesis, University of Wollongong, 
Wollongong, (unpubl.). 

FAIZ, M. & HENDRY P. 2006. Significance of microbial activity in Australian coal bed 
methane reservoirs — a review. Bulletin of Canadian Petroleum Geology 54 (3), 261-272. 

FAIZ, M., SAGHAFI, A., SHERWOOD, N. & WANG, I. 2007. Influence of petrological 
properties and burial history on coal methane reservoir characterisation, Sydney basin, 
Australia. International Journal of Coal Geology 70, 193-208. 

GLEN, R.A. & BECKETT, J. 1997. Structure and tectonics along the inner edge of a foreland 
basin: the Hunter Coalfield in the northern Sydney Basin, New South Wales. Australian 
Journal of Earth Sciences 44, 853-877.  

National Greenhouse Gas and Energy Reporting Act 2007. Australian Government, Canberra. 

PINETOWN, K. L., FAIZ, M. M., SAGHAFI, A., STALKER, L. & VAN HOLST, J. 2008. 
Coal seam gas distribution in the Hunter Coalfield, Sydney Basin. PESA Eastern Australasian 
Basins Symposium III, Sydney NSW, 14-17 September, 2008.  

PINETOWN, K. 2010. Delineation of coal seam gas domains in the Hunter Coalfield, Sydney 
Basin. Proceedings of 37th Symposium on the Geology of the Sydney Basin, Hunter Valley 
NSW, 6-7 May, 2010.  

SCOTT, A. R. 2002. Hydrogeologic factors affecting gas content distribution in coal beds. 
International Journal of Coal Geology 50, 363-387. 

SCOTT, S., ANDERSON, B., CROSDALE, P., DINGWALL, J. & LEBLANG, G. 2007. 
Coal petrology and coal seam gas content of the Walloon Subgroup – Surat Basin, 
Queensland, Australia. International Journal of Coal Geology 70, 209-222. 



GAS DISTRIBUTION AND GEOLOGY: A HUNTER VALLEY EXAMPLE 
 

9 
 

SMITH, J. W., PALLASER, R. & RIGBY, D. 1992. Mechanisms for coalbed formation. 
Symposium on Coalbed Methane Research and Development in Australia, James Cook 
University of North Queensland. pp 63-73. 

THOMPSON, S., HATHERLY, P., HENNINGS, S. & SANDFORD, J. 2008. A model for 
gas distribution in coals of the Lower Hunter, Sydney Basin. PESA Eastern Australasian 
Basins Symposium III, Sydney NSW, 14-17 September, 2008.  

WILLIAMS, R. J. 1991. Carbon dioxide and methane emission at Tahmoor Colliery. In: 
Symposium on gas in Australian coals. Bamberry, W.J. and Depers A. M. (Eds). University of 
NSW, 4-5 February 1991. Geological Society of Australia Symposium Proceedings 2.  

WILLIAMS, R. CASEY, D & YURAKOV, E. 2000. Gas reservoir properties for mine gas 
emission assessment. Bowen Basin Symposium 2000 The New Millennium – Geology 
Proceedings, Rockhampton, Queensland, 22-24 October 2000, pp. 325-333 

WILLIAMS, R. J. & YURAKOV, E. 2003. Improved Application of Gas Reservoir 
Parameters. ACARP Report C10008.  

 
 



PROCEEDINGS OF 38TH SYMPOSIUM ON THE ADVANCES IN THE STUDY OF THE 
SYDNEY BASIN 

Hunter Valley, NSW, May 10-11, 2012 

COAL SEAM GAS EXPLORATION MODEL OF THE GUNNEDAH-
SURAT BASIN, NSW: NEW INSIGHTS  

 
Lila W. Gurba 

 
School of Biological, Earth and Environmental Studies  

University of New South Wales, 2052 Sydney, Australia 
Sustainble Energy Resources AGURBA Pty Ltd 

Oyster Bay, NSW 2225 Sydney 
*Corresponding Author’s E-mail: l.gurba@unsw.edu.au 

 
ABSTRACT 
In 2010, Macquarie Energy Pty Ltd commissioned a regional study to investigate the key 
geological risk factors controlling Petroleum Prospectivity of the Gunnedah-Bowen-Surat 
Basin system in New South Wales, with particular focus on the coal seam gas (CSG) 
generation, preservation and destruction in the basin.  The ultimate goal was to assist in 
developing risk management strategies that will assist further in reducing exploration and 
producibility risk investments in the basin.   

The overall objective of the study was to derive a Coal Seam Gas Prospectivity Atlas of the 
Gunnedah Basin with aim to: 

 Identify carbon dioxide (CO2) migration pathways in the basin; 

 Delineate areas where CO2 is likely not to be present; 

 Investigate generation, migration and preservation of thermogenic gas in the basin; and 
to 

 Investigate the impact of magmatic activity and geothermal regime on petroleum 
systems of the basin including both conventional and unconventional reservoirs.  

This presentation will review some of the key results from the study with the major focus on 
the impact of magmatic activty on coal seam gas generation and preservation.  Igneous 
intrusions within the Permo-Triassic succession of the Gunnedah Basin produced localised 
elevated maturity above regional profiles.  It has been postulated by Gurba and Weber (2001) 
that in contrast to generally accepted negative view, igneous intrusions in the form of sills can 
have in some cases a beneficial effect on coalbed methane potential in the Gunnedah Basin, 
providing additional gas generation and acting as impermeable seals.  
 
The present study confirmed that the traditional view about gas generation in the basin is 
oversimplified because it fails to recognise the need for additional sources of gas beyond that 
generated initially during coalification to achieve high gas content following basinal uplift 
and cooling. Gas content of coals in the Gunnedah Basin can be enhanced, either locally or 
regionally, by generation of secondary thermogenic gas due to heat from igneous intrusions, 
by generation of secondary biogenic gases (as postulated by Bunny, 2002) or by diffusion and 
long-distance migration of gases to no-flow boundaries.   
 
Keywords: coal seam gas, igneous intrusions, Gunnedah-Bowen-Surat Basin. 
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Energy supply throughout Australia, and indeed the world, is derived mostly from fossil fuel 
combustion. This practice is unsustainable, from the perspective of both excessive greenhouse 
gas emissions, with its concomitant effect on global warming, and the fact that fossil fuels are 
a limited resource. From an Australian perspective, fossil fuels (in particular coal) are a 
valuable resource, and so under these circumstances steps need to be taken to ensure the 
economic successes of these resources on the road to converting to more renewable forms of 
energy production, all the while minimizing the environmental impact of its usage.  
 
Our work is focussed on the direct generation of electricity from coal through the use of the 
direct carbon fuel cell, which can be regarded as an intermediate technology in the conversion 
from fossil fuel based to renewable energy production. Some of the advantages of the direct 
carbon fuel cell include: 
 (i) A much improved thermodynamic efficiency. A typical coal fired power station 
operates at a thermodynamic efficiency of between 30-40%. The direct carbon fuel cell 
operates at close to 100% efficiency, meaning that all coal is converted to electrical energy, 
rather than lost as heat as in a coal fired power station.  
 (ii) A pure stream of CO2 emitted in the flue gas. Much has also been made of post 
combustion capture of the CO2 emitted from power stations in the flue gas, in particular the 
need to separate it from other gases and then sequester it in mineral deposits. Of course this 
process is energy intensive. The flue gas from a direct carbon fuel cell is of sufficient purity to 
be immediately available for sequestration.  
 
This presentation will outline the operation of the direct carbon fuel cell, as well as describe 
some of our experiment results to date.  
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ABSTRACT 
In response to the increased rates of carbon dioxide concentration in the atmosphere, research 
into methods of meeting reduced emissions targets is the subject of intense research. Mineral 
carbonation offers potential permanent storage of carbon dioxide in the form of carbonate 
rocks. Possible resources for mineral carbonation exist within New South Wales in the form 
of basalt and ultramafic rocks. Three formations have been assessed for characteristics that 
may render them appropriate for carbon dioxide sequestration; these are the ultramafic 
volcanics and cumulates of the Limburgite Suite in the Orange area, a mafic sill near Curlewis 
in the Gunnedah Basin, and the Werrie Basalt, which underlies much of the Gunnedah Basin.  
The Werrie Basalt, sampled from DM Benalabri DDH30, drilled by Department of Trade and 
Resources, could offer in situ CO2 sequestration due to its depth, vesicularity and possibly 
significant volume. Analysis was conducted on geochemistry, mineral assemblage, structure 
and texture, and the amount of each rock type required to sequester 1 tonne of carbon dioxide. 
Based on these results it has been concluded that the Limburgite Suite could be considered a 
suitable ex-situ mineral carbonation resource, possibly for point sources of CO2 from power 
generation in the Central West of NSW at Mt Piper and Wallerawang. In situ carbonation may 
be achieved in the Werrie Basalt, which has similar chemistry and mineralogy to basalts 
undergoing pilot studies for mineral carbonation in the USA.  Three point sources of CO2 are 
located at Bayswater, Liddell and Redbank power plants, which are quite proximal to the 
Gunnedah Basin for injection purposes. Mafic and ultramafic sills, such as the Carrington and 
Savoy Sills and related mafic intrusions, could provide small local resources for ex-situ 
carbonation at individual heavy carbon dioxide emitting industries, depending on the extent of 
alteration within the formations. 
 
INTRODUCTION  
Mineral carbonation is the reaction of CO2 with silicate rocks to produce carbonates. This is 
the natural process of silica weathering, an exothermic reaction which will proceed naturally 
due to thermodynamic properties. This reaction consumes 100 Mt CO2 per year worldwide 
(Oelkers et al. 2008), however, when compared to Australia’s anthropogenic CO2 output of 
374 Mt CO2 in 2007 (The World Bank, 2010) it can be seen that the Earth’s natural silica 
weathering processes are unable to cope with the total annual emissions from Australia alone. 
The aim of mineral carbonation is to increase the efficiency of the carbonation process to 
counter the anthropogenic CO2 emissions released into the atmosphere from energy 
production.  
 
Mineral carbonation is one of the most stable, long term methods of CO2 sequestration with 
such benefits as stable storage of CO2, with chemical and physical trapping mechanisms over 
geological time scales, wide availability of host rock resources such as ultramafic rocks and 
basalts, the naturally occurring exothermic CO2-water-rock chemical reactions, and the 
probability of saleable products, such as magnesite building bricks in ex-situ operations. 
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Past studies have used a variety of resources for reaction with CO2, including basalt (Matter & 
Takahashi, 2007; Oelkers et al. 2008; Goldberg & Slagle, 2009), ultramafic rocks, such as 
serpentinites (O'Connor et al. 2001; Kelemen & Matter, 2008; Tier et al. 2009; Garcia et al. 
2010), mine tailings (Wilson et al. 2009), steel slag (Huijgen et al. 2005; Bonenfant et al. 
2008), coal combustion fly ash (Montes-Hernandez et al. 2009), and paper mill waste (Perez-
Lopez et al. 2008).  
 
Ultramafic rocks and basalt offer an important resource for storage as they are present in 
abundance worldwide. Ultramafic rocks contain high concentrations of elements which, under 
the right conditions, can dissociate to divalent cations, such as Ca2+, Mg2+ and Fe2+. These 
cations can react when exposed to CO2 to form carbonates. CaO is known to form carbonates 
within one minute when heated to over 550° C (Lackner et al. 1995), proving that the 
carbonation reaction is quite rapid. The rate of silica dissociation in the process is the rate 
limiting step, and is currently too slow for commercial operation (Oelkers, 2001).  
 
AIMS 
The project aimed to assess the chemical and textural suitability of basalt and basalt-like 
ultramafic rocks from three locations within NSW for carbon sequestration, by evaluating 
both geochemical and petrological characteristics. Permeability and porosity to CO2, and 
ability to contain CO2 were compared in terms of the internal surface of the samples, and 
structural characteristics, fractures and defects of the rocks at each location. The study also 
aimed to compare the mafic and ultramafic rocks at the three locations, based upon resource 
calculation of the sequestration capabilities of samples from each location in terms of RCO2, 
the tonnage of each rock type required to sequester one tonne of CO2. 
 
LOCATION 
Mafic rocks from three locations in New South Wales have been sampled for study (Fig. 1): 

1. Basaltic to ultramafic lavas and cumulates of the Limburgite Suite, in the Orange area, 
have been sampled via drill hole Laurie’s Backyard (LBY) DDH1, Industry and 
Investment Central Core Library, Londonderry NSW. Thin sections T51746, 54748, 54771 
and 54791, obtained from outcrops at Big Bald Hill, Byng, Spring Creek and Clifton 
Grove, provided by the DPI, NSW, were used for comparison.  

2. The basal Werrie Basalt of the Gunnedah Basin has been sampled via drill hole DM 
Benalabri DDH30, at Emerald Hill, accessed at Industry and Investment, Maitland NSW.  

3. A mafic sill from the Gunnedah Basin, Curlewis area, ranging in composition from 
olivine basalt to gabbro (Bailey, 2010).  Samples were taken from Bloomfield CCC 
DDH20, DDH6, DDH29 and DDH 30, courtesy of Bloomfield Collieries Pty. Ltd. 

METHODOLOGY 
The following analyses were conducted to determine the chemical composition of the rocks, 
relative mineral abundance, crystallographic structure, and defects:  

• Scanning electron microscopy (SEM) – analysis was conducted at the University of Newcastle 
Electron Microscope/X-Ray Unit using a Philips XL30 SEM with Oxford ISIS EDS 
(1997) and Gatan Mini Cathodoluminescence Detector. SEM photomicrographs are 
shown in Plate 1.  

• Petrographic analysis was undertaken to determine the mineralogy of the rocks and the 
relative abundance of minerals appropriate for sequestration purposes. This study also 
allowed the state of carbonate alteration to be evaluated. A Zeiss Axioplan transmitted 
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light microscope was used to analyse 56 thin sections. Leica IM500 Image Manager 
software, combined with a Leica DFC 320 camera attachment, was used to capture 
images of thin sections prepared at the University of Newcastle or borrowed from 
Industry and Investment, Londonderry; shown in Plate 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Sample locations from the Limburgite Suite in the vicinity of Orange, the 
Werrie Basalt from DM Benalabri DDH30 near Benalabri, and a mafic sill from 
Curlewis DDH 20, near the town of Curlewis 
 

• X-ray diffraction (XRD) - all samples were analysed by XRD at the University of 
Newcastle Electron Microscope and X-Ray Unit using a Philips X'Pert MPD XRD 
with a one hour sample changer and a fixed divergence slit of 0.25°. Analysis was 
conducted at 25° C on pressed powder samples. Data were analysed using X’Pert High 
Score software and minerals identified in each sample are shown in Tables 1-3. 

• Geotechnical logging of the core from LBY DDH 1, the Curlewis DDH20 sill and the 
DM Benalabri DDH30 core was undertaken to establish the extent of relevant rock 
types, fracture intensity, fracture type and filling. Rock Quality Designation (RQD) 
gives an index of rock intactness, while the Vertical Fracture Index (VFI) indicates the 
percentage of core affected by vertical fractures; high HFI indicates frequent cemented 
horizontal fractures and high UFI indicates frequent uncemented horizontal fractures. 
Defect indices are shown in Table 6. 

• X-ray fluorescence (XRF) - analysis of 31 samples was conducted by fused bead X-
ray fluorescence (XRF) at Amdel, Cardiff NSW, courtesy of Industry and Investment, 
Maitland. A Siemens SRS 3000 sequential x-ray spectrometer was used, with flow and 
scintillation detectors. Results were processed using Bruker-ASX Spectra Plus 
software, and are shown in Tables 8 and 9.  

• Two samples from each location were analysed by X-ray micro-tomography at the 
Adelaide Microscopy unit, University of Adelaide, South Australia. A Skyscan 1702 
X-ray micro-tomography system with Skyscan CT-Analyzer software produced three 
dimensional structural and surface rendered volume images. Volume of pores was 
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determined by a sum of two dimensional analyses over the sample area. This analysis 
was conducted to visually represent the internal structures of the rocks and establish 
their relevance to the study in terms of porosity and permeability. Plate 3 shows 
microtomographic images. Internal surface area results are shown in Table 7. 
 

Table 1 Curlewis DDH20 sill XRD results for major mineral types. Aug = augite, En = enstatite, 
Clf = clinoferrosilite, Al = albite, Aoc = anorthoclase, Mcl = microcline, San = Sanidine, Anl = 
analcime, Fay = fayalite, Anl = ankerite, Dol = dolomite, Sid = siderite, Mgs = magnesite, Ana = 
anatase, Ilm = ilmenite, Mag = magnetite, Kao = kaolinite, Mnt = montmorillonite, Mnb = 
montmorillonite-bentonite, Qtz = quartz, Mus = muscovite, Bio = biotite 

 
Mineral G0 G1 G2 G3 G4 G5 G6 
Pyroxene Aug, 

En 
 Aug Aug Aug, 

Clf 
Aug  

Feldspar/ 
Feldspathoid 

Al Al, 
Aoc

Aot, 
Mcl, 
San, 
Anl 

Aoc, 
Ort, 
Anl 

Al, 
Anl 

Al, 
Aoc 

Al 

Olivine     Fay   
Carbonate Ank Dol, 

Sid 
Sid Dol, 

Mgs 
Mgs Sid Dol, 

Sid 
Oxide  Ana Ilm   Mag  
Clay Kao, 

Mnt 
Kao  Mnb  Mnb, 

Mnt 
Mnt 

Silica/Mica Qtz Qtz Mus Bio Mus Mus Mus 
        

 
Table 2 DM Benalabri DDH30 XRD results for major mineral types. Lzt = lizardite, Dps = 
diopside, Aug = augite, Frs = ferrosilite, Al = albite, Ort = orthoclase, Aot = anorthite, Lab = 
labradorite, And = andesine, Anl = analcime, Leu = leucite, For = forsterite, Cal = calcite, Sid = 
siderite, Ttn = titanate, Mag = magnetite, Ana = anatase, Hem = hematite, Ilm = ilmenite, Tmt = 
titanomagnetite, Vmc = vermiculite, Kao = kaolinite, Mnt = montmorillonite, Qtz = quartz, Lau 
= laumontite, Stb = stilbite, Thm = thomsonite 
 
Mineral S1 S2 S3 S4 S5 S6 S7 SA SB SC SD SE SF 
Serpentine       Lzt       
Pyroxene   Dps  Aug  Dps Frs Pgn Dps, 

Frs 
 Aug Dps, 

Frs 
Feldspar/ 
Feldspath 
oid 

Al, 
Ort 

Al, 
Aot, 
Ort 

Al Aot, 
Leu 

Lab  And Al Al, 
Aot 

And Al Al, 
Ort 

Al 

Olivine    For          
Carbonate Cal     Cal, 

Sid 
      Cal 

Oxide    Ttn Mag Ana, 
Mag 

 Mag Mag, 
Hem 

Ilm, 
Tmt 

Hem, 
Tmt 

Mag. 
Hem 

 

Clay Vmc Vmc Vmc Vmc Vmc Kao Mnt Vmc Vmc  Vmc Vmc Vmc 
Zeolite/ 
Silica 

Anl Qtz Lau Stb  Qtz  Lau, 
Thm 

  Lau Stb  
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Table 3 LBY DDH1 XRD results for major mineral types. Ctl = chrysotile, Lzt = lizardite. Cct= 
clinochrysotile, Ant = antigorite, Aug = augite, Cal = calcite, Mgf = magnesioferrite, Mag = 
magnetite, Tmt = titanomagnetite, Gan = gandalite 

Mineral LBY1 LBY2 LBY3 LBY4 LBY5 LBY6 LBY7 LBY8 LBY9 LBY11 LBY12
Serpen- 
tine 

Ctl, 
Lzt 

Ctl, 
Lzt 

Cct, 
Lzt 

Cct, 
Lzt 

Cct, 
Lzt 

Ctl, 
Lzt 

Lzt Ant, 
Lzt 

Ant, 
Ctl, 
Lzt 

Ant, 
Lzt 

Cct, 
Lzt 

Pyrox- 
ene 

Aug Aug Aug Aug Aug Aug Aug Aug  Aug Aug Aug 

Carb-
onate 

   Cal Cal CAl   Cal   

Oxides Mgf Mag Tmt Tmt Mgf Mag Gan Mag Mgf Mag Gan 
 

Resource calculation 
A comparison of the resource potential for each of the three ultramafic and mafic settings was 
made on the basis of their RCO2 value – the approximate tonnage of magnesium or calcium 
rich source rock required to sequester one tonne of CO2. RCO2 calculation is based on modal 
proportions of minerals able to contribute divalent cations to CO2 sequestration. 
 
RESULTS 
RCO2 value 
The ratio of the mass of rock required to sequester one metric tonne of CO2 is given by the 
RCO2 value (Lackner et al. 1995). RCO2 is calculated in grams by the following equation: 

   (Eq 7.1) 

where x = number moles of target mineral;  y = number moles CO2. 
 
Calculating RCO2 is not straightforward when considering the rock masses involved in the 
three settings within this study, as there are a number of minerals capable of contributing to 
CO2 sequestration. Under ideal conditions serpentinite has an RCO2 value of 2.3 and 
continental tholeiitic basalt has an RCO2 value of 7.1 (Lackner et al. 1995). Basic calculations 
have been performed using anorthite, diopside, enstatite and serpentine as indicators for 
divalent cation contribution. Diopside, enstatite and serpentine offer the best opportunities for 
CO2 sequestration when present in high modal abundances. However, considering these 
minerals will not comprise the whole rock, the volume of rock required to sequester 1 t CO2 
will be greater than that calculated in Table 5. 
 
Table 4 RCO2 values and amount of rock in metric tonnes required to sequester 1 t CO2 for 
theoretical rock types composed of reactive minerals 

Mineral t rock/1 t CO2 RCO2 
Anorthite 6.322 0.911 
Diopside 2.460 0.455 
Enstatite 1.141 0.552 
Serpentine 2.099 0.552 



JUDY BAILEY AND SARA PETRIE 
 

 

6 
 

RESULTS AND DISCUSSION 
Samples from LBY DDH1 are the most promising for CO2 sequestration in the three areas 
that have been sampled. Due to the large proportion of serpentine minerals, magnesium is the 
primary target. MgO content of these rocks is slightly lower than reported in previous 
serpentinite studies (Lackner et al. 1995; Davis, 2008), but remains viable for the purpose of 
this study. LBY DDH1 contains a low percentage of carbonate alteration, which leaves the 
majority of divalent cations available for CO2 sequestration. LBY DDH1 contains a 
groundmass of augite, which may increase the amount of rock needed to sequester one tonne 
of CO2 from 2.3 t pure serpentinite (Lackner et al. 1995) to 2.7 t rock for every tonne of CO2, 
or on the other hand, could provide more divalent cations for calcite formation. LBY DDH1 
shows great potential to form magnesite. As carbonate has already formed to a small degree, 
it can be deduced that the rock is capable of reacting with CO2. The area surrounding LBY 
DDH1 is the most promising location for CO2 sequestration in terms of structure and texture, 
offering high porosity and consistency of mineralogy. Higher internal surface area values are 
directly related to presence of vesicles within the limburgite lavas sampled, irrespective of 
vesicle filling, such as serpentine and carbonate. 
 
Table 5 Average modal proportions of divalent cations from contributing minerals and value of 
tonnes of rock required to sequester 1 tonne of CO2 
 

Average Modal Proportions %  
Feldspar Augite Enstatite Serpentine 

t rock/t CO2 

Curlewis DDH20 22  12  7.2 
DM Benalabri 
DDH30 

58 16   6.4 

LBY DDH1  25  57 2.7 
 
 
DM Benalabri DDH30 presents the possibility of an in-situ sequestration site. Many minerals 
in basalts will not contribute to CO2 sequestration, and these are only useful if they are 
composed of calcium or magnesium-rich end members, such as anorthite, which was 
identified in DM Benalabri DDH30 samples (Petrie, 2011). Less altered areas in DM 
Benalabri DDH30 contain lower than desirable CaO concentrations when compared to the 
basalts in CO2 sequestration pilot projects (Gislason et al. 1996; Schaef & McGrail, 2009). 
This has the potential to decrease the efficacy of the CO2-water-rock system. The structure of 
the basalts is significant as large vesicles and consistent internal surface areas have potential 
to allow CO2 to flow through the formation. Problems may arise where variation in lithology 
occurs, such as bands of carbonate and sediment. The Werrie Basalt extends over the base of 
the Gunnedah Basin, providing large volumes of rock which may be able to sequester CO2 on 
an industrial scale. As 6.44 t rock is needed to sequester 1 t CO2, ex-situ CO2 sequestration 
would not be appropriate. However, the depth of the Werrie Basalt (approx. 250 m in DM 
Benalabri DDH30) and its thickness (up to 1500 m) are suitable for in-situ CO2 sequestration. 
 
Heavy carbonate alteration in the contact zones of the Curlewis DDH20 sill render the outer 
edges less suitable for sequestration than the centre of the sill, due to lower MgO and 
increased alteration to clay and carbonates. The sill contains similar contents of MgO and 
CaO to other basalts used for pilot CO2 sequestration studies (Gislason et al. 1996; Schaef & 
McGrail, 2009), so the unaltered central zone should yield better results. The internal surface 
area of the Curlewis DDH20 samples varies from the heat affected zone of alteration to the 
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less altered gabbro in the centre of the sill. Evaluation of the alteration state of the full body of 
the sill, and other Hunter Valley sills such as the Carrington Sill, may indicate aCO2 
sequestration resource that could contribute to neutralising emissions from thermal power 
stations. 
 

           
 

           
 

           
 
Plate 1 SEM photomicrographs of samples: a. Curlewis DDH20 – image of Mg, Fe-rich 
carbonate displaying colloform texture within serpentine texture. Outer rims of colloform 
carbonate nodules are increasingly Fe-rich; b – Close-up of a - carbonate layering in colloform 
texture with calcium content decreasing towards the outer layer; c – Serpentine  vein with 
magnesite crystals forming on the edges of the vein; d – Close-up of c, serpentine vein with 
euhedral magnesite crystals forming on the edges of the vein. e. DM Benalabri DDH30 - radial 
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carbonate spherulites;  f. LBY DDH1 - fibrous carbonate alteration associated with small veins 
and rims on amygdules 
 

           
 

          
 
Plate 2 a. Curlewis DDH20: spongy plagioclase due to Ca removal to form calcium-rich 
carbonate; b – magnesite nodules in pseudomorphic serpentine texture ;c. DM Benalabri 
DDH30 – plagioclase feldspar laths demonstrating porphyritic texture; d. LBY DDH1 - 
serpentine with distinct hourglass texture 
 
Table 6  Geotechnical indices for Curlewis DDH20, DM Benalabri DDH30 and LBY DDH1. 
RQD - rock quality data; VFI - sub-vertical fracture index; HFI - sub-horizontal fractures per 
metre; UFI – uncemented fractures per metre 
 

Sample Curlewis DDH20 DM Benalabri 
DDH30 

LBY DDH1 

RQD 96.66 85.41 72.67 
VFI 52.97 39.4 72.83 
HFI 72.36 4.77 21.45 
UFI 5.09 5.70 7.58 

 
 
 
 
 
 
 
Table 7 Internal surface area measurements for six borehole samples using three isotherms 
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Isotherm Model: G3 G5 LBY5 LBY12 S5 SF 
Single Point Surface area 
(m2/g) 

3.15 10.38 42.87 4.07 11.87 9.08 

BET Surface Area (m2/g) 3.27 10.69 43.53 4.19 12.19 9.35 
Langmuir Surface Area (m2/g) 4.46 14.51 58.30 5.64 16.54 12.70 
 
 

 
 
Plate 3 X-ray micro-tomography three dimensional images displaying the least porous sample 
(Curlewis DDH20 G5 - purple) showing areas of pores which do not connect, and the most 
porous sample (LBY DDH1 LBY5 - pink) 

Based on RCO2 calculation, the best outcome can be achieved from serpentine, with RCO2 of 
2.7, which comprises 57% of LBY DDH1. Feldspar is the least attractive of the divalent 
cation producing minerals. To sequester 1 t CO2 6.322 t feldspar is required. Unfortunately 
feldspar comprises 58% of the available cation-bearing minerals in DM Benalabri DDH30 
and 22% of Curlewis DDH20. Diopside, which contributes 25% of the cations in LBY DDH1 
and 16% in Curlewis DDH20, is able to sequester 1 t CO2 to 2.460 t diopside, comparable to 
enstatite and serpentine values. Diopside calculations are optimistic, however, as Na, Al and 
Fe can substitute for Ca and Mg in augite (Deer et al. 1992).  
 
CONCLUSION 
The Limburgite Suite has the most potential for CO2 sequestration, as the samples indicated a 
high concentration of available divalent cations, both magnesium (31.4 wt% MgO) and 
calcium (4.8 wt% CaO), which are present in the form of serpentine minerals and augite. 
Internal surface area values are dependent on the presence of amygdules which increase the 
internal surface area by up to ten times that of non-amygdaloidal serpentinised limburgite. Ex-
situ processes, such as crushing, will destroy many structural features of the rock. 
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In-situ CO2 sequestration may be possible within the Werrie Basalt, as there is a large volume 
of rock available. Samples from DM Benalabri DDH30 are geochemically comparable to 
basalts from existing CO2 sequestration pilot projects, demonstrating that they have the 
potential to be utilised in future CO2 sequestration efforts. Overlying the basalt in DM 
Benalabri DDH30 are layers of mudstone up to 11 m thick, which could provide a capstone to 
prevent leakage of injected CO2. Porosity has been determined as 3.53 – 6.64% and internal 
surface area as 9.08 - 16.54 m2/g, indicating there is potential for access to reactive surface 
area and large pores. This could assist in preventing complete blockage of the porous network 
if natural fracturing due to volume increases of reaction products is not sufficient. 
Curlewis DDH20 presents an unreliable resource, as the core is taken from a 9.33 m thick 
section of the sill where zones of heat affected alteration and contact with overlying coal have 
formed carbonate. These sections are not suitable for CO2 sequestration, as the divalent 
cations present are bound in carbonate alteration. It is suspected that thicker sections of the 
sill will have a higher proportion of relatively unaltered mafic material. The Melvilles Coal 
Member is not a suitable caprock, as coal is highly permeable and may become an economic 
resource in the future. . It is unknown whether mafic sills will be appropriate for industrial 
scale CO2 sequestration.  
 

Table 8 XRF data for DM Benalabri DDH30 (S) sample series 
 

Sample  S1        S2        S3        S4        S5        S6        S7        SA     SB       SC       SD     SE       SF     
SiO2     %       49.2 60.1 48.4 48 47.7 30.1 49 46.8 48.8 49.7 44.8 48.3 48.5 
TiO2     %       1.28 1.28 1.63 1.82 1.44 1.73 1.32 2.11 2.09 2.14 2.83 2.31 2.02 
Al2O3  % 16.5 16.3 16.3 18.9 16.3 18.9 19.3 16.2 15.7 16.3 14.6 16.2 14.6 
Fe2O3 %         8.7 5.9 9.8 9.4 10.5 25.5 8.8 12 12.1 12.2 16.3 13.3 11.3 
MnO    %        0.22 0.1 0.17 0.17 0.12 0.29 0.16 0.17 0.17 0.2 0.22 0.22 0.26 
MgO    %        5.6 2.35 5.7 5.5 8.2 0.54 5.7 5.1 6.1 4.63 4.27 4.31 6.2 
CaO      % 6.3 3.91 6.9 6.5 9.1 2.67 6.9 7.1 6.5 8.4 7.1 7 6.2 
Na2O   %        4.39 4.55 4.75 4.11 3.04 0.2 4.17 4.33 4.77 3.94 4.99 4.54 5.4 
K2O      %       1.79 1.75 0.74 0.48 0.48 0.13 0.85 0.47 0.65 0.99 0.3 1.19 0.5 
P2O5    %       0.55 0.34 0.58 0.48 0.38 0.18 0.52 0.63 0.64 0.67 1.2 0.61 0.61 
LOI        %      5 2.91 4.72 4.23 2.82 19.23 3.03 5.09 2.45 0.67 3.19 1.89 4.11 
Total 99.53 99.49 99.69 99.59 100.1 99.47 99.75 100 99.97 99.84 99.8 99.87 99.7 
Cr       (ppm) 90 nd 117 155 69 121 73 26 45 37 nd nd 35 
Ni       (ppm) 114 47 110 121 94 87 82 54 68 64 51 61 53 
Sc       (ppm) 20 14 20 28 16 19 20 28 28 23 34 29 23 
V        (ppm) 199 96 225 225 218 147 217 279 296 293 209 342 277 
Zr       (ppm) 80 353 70 84 nd 268 113 84 70 81 158 84 70 
H2O      %       1.1 1.4 1.4 2.3 2.2 3.1 2 0.88 0.7 1.4 0.94 0.72 0.95 

Combined 
H2O+CO2% 

5.04 2.9 4.72 4.23 2.85 19.28 3.04 5.12 2.49 0.69 3.19 1.9 4.14 
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Table 9 XRF data for Curlewis DDH20 (G) and LBY DDH1 (LBY) sample series 
 
Sample  G0     G1     G2     G3     G4     G5     G6     LBY

1          
LBY
2          

LBY
3          

LBY
4          

LBY
5          

LBY
6          

LBY
7          

LBY
8          

LBY
9          

LBY1
1           

LBY1
2           

SiO2     %     37.2 33.2 44.8 37.4 41.7 42.1 26.8 40.9 41.4 40.6 40.1 40.2 39.1 41 40.6 39.8 40.6 41.3 
TiO2     %     2.48 2 2.01 1.44 1.58 1.74 1.8 0.15 0.15 0.13 0.1 0.09 0.11 0.14 0.13 0.13 0.14 0.15 
Al2O3  % 15.4 12.5 14.2 9.1 10.1 11 11.3 3.76 3.96 3.63 3.55 3.66 3.49 3.79 3.31 3.43 3.69 4.09 
Fe2O3 %      11.2 12.3 9.5 12.8 12.2 12.6 9.8 9.2 9.1 9.1 9 6.6 10.5 9.1 10.4 8.3 9.3 9.2 
MnO    %     0.13 0.14 0.15 0.17 0.14 0.15 0.13 0.14 0.14 0.13 0.13 0.13 0.13 0.15 0.13 0.15 0.14 0.15 
MgO    %      4.92 5.7 5.9 13.1 12.1 9.3 8.3 31.5 30.9 31.7 31.1 32.5 30.3 31.3 31.3 32.4 31.6 30.6 
CaO      % 6.6 11 9.7 6.8 6.5 6.9 13 3.96 4.9 4.39 5.1 4.88 5.9 4.76 4.66 5 4.2 4.82 
Na2O %        2.74 1.63 2.9 1.81 2.3 2.26 2.2 0.04 0.05 0.04 0.03 0.06 0.06 0.09 0.12 0.12 0.2 0.15 
K2O  %        1.2 0.46 1.39 1.02 0.93 1.07 1.63 0.17 0.65 0.08 0.06 0.05 0.05 0.25 0.07 0.05 0.08 0.46 
P2O5 %        0.63 0.53 0.47 0.37 0.41 0.44 0.41 0.12 0.12 0.1 0.1 0.11 0.12 0.11 0.1 0.1 0.09 0.13 
LOI  %         17.2

7 
20.1

4 
8.43 16.2

7 
11.9

4 
12.6

7 
24.2

4 
9.59 8.65 9.92 10.33 11.16 10.04 9.47 9.12 10.78 9.57 8.79 

Total 99.7
7 

99.6 99.4
5 

100.
3 

99.9 100.
2 

99.6
1 

99.53 100 99.82 99.6 99.44 99.8 100.2 99.94 100.3 99.61 99.84 

Cr (ppm) 287 179 211 365 393 371 298 2650 2610 2690 2680 2540 2730 2690 2690 2710 2880 2660 
Ni (ppm) 159 102 89 364 409 353 253 1480 1450 1490 1490 1410 1480 1490 1500 1510 1590 1490 
Sc (ppm) 22 16 18 13 18 12 17 9 13 10 13 11 11 13 11 10 10 9 
V (ppm) 240 199 205 144 171 173 181 101 111 101 93 84 93 109 104 86 101 112 
Zr  (ppm) 86 72 60 30 nd 70 108 223 nd nd nd 127 nd nd nd 20 nd nd 
H2O  %        0.81 0.19 1.5 3.9 3.9 3.3 1.3 1.5 0.68 1.3 2 2 1.6 1.4 1.3 0.96 1.4 1.3 
Combined% 

H2O+CO2 
17.2

3 
20.0

6 
8.46 16.2

5 
12.0

3 
12.7

9 
24.3

3 
9.6 8.67 9.89 10.38 11.19 10.04 9.48 9.14 10.81 9.61 8.8 
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ABSTRACT 
We need to understand past climates to reconstruct the architecture of alluvial aquifers, and 
we need an accurate representation of the aquifer to understand aquifer connectivity and 
manage groundwater allocations. The impact of climate change on sediment distribution 
during the Neogene and Quaternary is examined for the ~140 m thick alluvial sequences in 
the lower Namoi catchment, Australia. In the 1980s palynological and groundwater 
hydrograph interpretations led to a simple 3 layer model of the aquifer architecture 
representation, consisting of an unconfined aquifer overlying two semi-confined aquifers. The 
pollens indicate that there was a transition from a relatively wet climate in the mid-late 
Miocene to a drier climate in the Pleistocene, with a continuing drying trend until present. A 
statistical analysis of 278 borehole lithological logs within the catchment shows many periods 
of climatic change throughout the Neogene, which have strongly influenced the sediment 
distribution and now influence access to groundwater.  
 
Palaeochannels are mapped in 3D by interpolating the borehole logs. Further details of the 
hydrostatigraphy are mapped by examining groundwater head fluctuations due to seasonal 
groundwater extractions, which are in the order of 100,000 ML/year in the lower Namoi. 
From the interpolated lithological logs it is observed that there is a single channel belt near the 
base of the sequence. Progressing upwards through the sequence this channel belt migrates 
~40 km southwards, and there is an increase in anabranching. At approximately 50 m below 
the ground surface there is a relative increase in clay across the landscape. This is associated 
with an increase in the occurrence of semi-confined aquifer intervals. Above this level there is 
a spike in the proportion of sand and gravel near the Pleistocene/Pliocene boundary, which is 
followed by a continuous decline in the proportion of sand and gravel recorded in the 
sedimentary sequence, corresponding to a shift towards a drier climate.  
 
Trends in the lithological log clay/silt to sand/gravel ratios provide greater detail on the 
variability of past climates in the Namoi Catchment. Only two major climatic changes are 
recorded in the palynological data. However, the lithological log statistics indicate at least ten 
major shifts in the depositional setting, which are likely to correspond to shifts in the Eastern 
Australian climate since the mid-late Miocene. Both the pollen and sediment records indicate 
a transition from a high energy subtropical climate to a lower energy temperate climate. 
Groundwater is currently extracted from the sand and gravel belts associated with the high 
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energy wetter climate. However, these channel belts are disconnected from the modern river 
and flood zone.  
 
Although this study is focused on the lower Namoi, it highlights the importance of 
appreciating the complexity of the aquifer architecture for managing irrigation extractions, 
and for understanding the impacts of coal mining and coal seam gas production in other sub-
catchments throughout the Namoi Catchment. 
 
BACKGROUND 
In the Namoi Catchment (Figures 1 and 2) groundwater is extracted from the underlying 
unconsolidated sediments to irrigate crops (Figure 3). The connectivity of the aquifer system 
is poorly understood. This work provides the first 3D representation of the aquifer 
architecture. Between the late Cretaceous and the mid Miocene a palaeovalley was carved 
through the late Cretaceous sedimentary rocks of the region (Williams 1997). The axis of the 
main channel belt followed the northern boundary of the region (Figure 4). From the mid 
Miocene until present the palaeovalley was filled with reworked aeolean and alluvial 
sediments, and these sediments store the groundwater used for irrigation. Driller logs recorded 
during the installation of production and monitoring boreholes provide an extensive data set 
to map the architecture of the palaeovalley filling sequence (Figure 5). To enhance the visual 
continuity of the sand and gravel units the driller logs were interpolated (Figure 6). Slices 
were then extracted from the facies model to highlight the migration of the river channel belt 
(Figure 7).  

 
Figure 1 Case study site, Lower Namoi, New South Wales, Australia. Since 1965 
groundwater has been extracted from the alluvial sediments to irrigate crops (mostly 
cotton). The Namoi River flows from east to west 
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Figure 2 The clayey silty soils (vertosols) of the upper 5 m in the area are a combination 
of reworked aeolian deposits and alluvial flood deposits. Aeolian deposition peaked at 13 
ka (Ward 1992) 

 
 
 
 
 
 

 
Figure 3 Annual groundwater usage between 1981/82 and 2007/08. Groundwater 
extraction occurs from spring through late summer (modified from Ludowici 2010) 
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Figure 4 Early Miocene erosional surface. The primary Miocene palaeovalley ran along 
the northern boundary of the catchment. The present day Namoi River flows east to 
west along the southern boundary, abutting Mesozoic sedimentary rocks 

 
Figure 5 Indexed lithological logs from 278 borehole locations (coloured: clay/silt = red, 
sand/gravel = yellow). The blue line traces the path of the present day Namoi River. The 
coloured spheres show the locations of towns 
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Figure 6 A three dimensional facies model of the borehole lithological logs. The 
categorical data were interpolated using nearest neighbour gridding. Future research 
will explore the use of multiple point statistics and cellular process-based interpolation 
methods for generating realistic 3D alluvial architectures 
 

 
Figure 7 Slices through the facies model (Figure 6) parallel to the ground surface or 
basement, highlighting the location of the sand and gravel units 
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CLIMATIC IMPACTS ON THE PALAEOVALLEY FILLING ALLUVIAL 
SEQUENCE 
Based on the pollen records, annual rainfall in the Namoi region must have been greater than 
1500 mm during the mid to late Miocene (Martin 1980). Mean rainfall since 1890 is 658 mm 
per year. Over time there has been a clear trend towards decreasing sand and gravel 
deposition (Figure 8). In the wetter mid Miocene sand and gravel made up 40–65 % of the 
deposited sediments. Present-day rivers in regions with 1500 mm or more annual rainfall are 
like the braided Congo River, which deposits wide channel belt sands and gravels. Some 
originally high yielding bores are located in these sand and gravel units (Figure 9), but 
extraction exceeds recharge to these palaeochannels.  
 
Throughout the late Miocene the major channel belt ran through the centre of the region 
between Wee Waa and Burren Junction (Figure 7, 60 m depth slice). The majority of the 
groundwater is extracted from this channel belt. Just to the east of Burren Junction there are 
multiple channel belts extending across the catchment from the south to the north. There are 
no sands or gravels in the north-east overlying the axis of the palaeovalley present in the 60 m 
depth slice.  
 
 

 
Figure 8 Portion of sand plus gravel recorded in all boreholes referenced from the 
ground surface. The colour bands indicate the geological ages determined from 
palynological studies (Martin 1980) 
 
Between the mid to late Miocene and the Pliocene/Pleistocene bands there are 3 clear cycles 
in the proportion of sand plus gravel (Figure 8). Cycles in the order of 1 to 3 million years are 
consistent with those reported in the Gippsland Basin coal measures of southern Australia 
(Holgate and Clarke, 2000), which have been linked to the climate and sea level changes 
reported by Haq et al. (1988). Further work is required to link the observed cycles in the 
alluvial sediments of Namoi directly to climate variability. As the climate became drier the 
clay content across the landscape increased (Figures 6, 7 and 8), and the streamflow became 
confined to narrow anastomosing channels observable in the present day landscape (Figure 2). 
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Figure 9 Lower Namoi catchment groundwater level trends between 1978 and 2008. 
Selected hydrographs from representative palaeochannel belts demonstrated the 
importance of managing groundwater extractions on a local scale 
 
CONCLUSIONS 
The lithological log class statistics, together with past palynological investigations, clearly 
show that the climate in the Namoi Catchment has changed from subtropical to temperate as 
the palaeovalley filled with sediments. As rainfall declined, the hydraulic energy in the 
catchment decreased and stream type evolved. In a complex alluvial sequence it cannot be 
assumed that an extraction borehole at depth is connected to surface floodway and river 
recharge zones. Each groundwater extraction site needs to be managed in the context of the 
sedimentary architecture. In this study the borehole logs were interpolated using nearest 
neighbour gridding. While it has been useful for highlighting the major channel belts, it does 
not represent the styles of deposition that are suggested in the pollen record or lithological 
logs. New interpolation algorithms that capture depositional processes are required for 
generating realistic aquifer architecture, which can provide insights into landscape evolution 
and guide aquifer management. 
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ABSTRACT 
Hydraulic disconnection can limit potential impacts of dewatering and contaminant migration. 
This paper presents examples of laboratory tests on minimally disturbed drill core that may 
have applications for assessment of groundwater associated with coal and gas resources.  
Direct measurement of vertical hydraulic conductivity (Kv) provides valuable constraints to 
numerical modelling to increase confidence in unique calibration. These measurements are 
complimentary to various field measurements of horizontal K but are rarely attempted 
because of lengthy testing times. However, with accelerated steady state flow in a centrifuge, 
testing can be completed in reasonable experimental time for a large number of duplicate core 
samples.  
 
The heterogeneity of sediment on the Breeza plain was characterised from sediment cores to 
40 m depth including soil moisture and bulk density. Core is then tested in the new NCGRT 
permeameter (0.7 m radius, 65-100 mm diameter cores). The relatively large centrifuge radius 
minimizes gravity differences within the sample and allows for in flight monitoring of pore 
pressures and other parameters. Pumping stress effects can be tested, if core consolidation is 
minimised by spinning the centrifuge below the limiting “g” tested for consolidation of soil 
under the overburden pressure.  
 
The centrifuge permeameter also enables the effective porosity and breakthrough of chloride 
or reactive contaminants to be observed within reasonable experimental time, if flow is 
sufficiently slow for chemical equilibrium. Accelerating core samples at 100 times gravity, 
for example, makes it possible to observe in 1 day of centrifuge testing, flow that would occur 
in 10,000 day (~27 years) under in-situ conditions.  The centrifuge permeameter can also be 
used in transient flow mode, to define water retention curves and recharge rates in partially 
saturated material. Finally, the centrifuge permeameter can also be used to extract porewater 
for analysis, and to measure specific storage and consolidation.  
  
Keywords: aquitard, disconnection, permeability, contaminant transport, accelerated flow  
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OBSERVATIONS OF GROUND MOVEMENTS WITHIN THE 
OVERBURDEN STRATA ABOVE LONGWALL PANELS AND 

IMPLICATIONS FOR GROUNDWATER IMPACTS 
 

K.W. Mills 
 

Strata Control Technology 
 
ABSTRACT 
Longwall mining is recognised to cause disturbance to the overburden strata as the 
overburden strata moves downward into the void created by mining.  These ground 
movements have been observed as surface subsidence over many decades and by numerous 
researchers through numerous surface and sub-surface monitoring programs, in a wide variety 
of different geological settings, using a wide variety of monitoring techniques.  This 
monitoring provides an excellent database of experience from which to characterise the nature 
and extent of disturbance within the overburden strata above longwall panels.  This 
characterisation is intended to provide a basis for better understanding the effects of longwall 
mining on the surrounding strata and, particularly in the context of groundwater interactions, 
the formulation of hydrogeological models used to predict groundwater impacts about 
longwall panels.  
 
The extent and nature of zones within the overburden are characterised in this paper on the 
basis of the level of disturbance and the nature of this disturbance.  Zones characterised by 
tensile changes or stretching behaviour are found to be located directly above each panel with 
the level of disturbance above the mining horizon graduated as a function of panel width from 
the mining horizon through to about three times panel width above each individual longwall 
panel.  These stretching zones and their influence on the hydraulic conductivity of the 
overburden strata contrast with zones of increased compression located directly above the 
chain pillars that separate individual longwall panels. 
 
INTRODUCTION 
Longwall mining is widely recognised from subsidence monitoring and associated surface 
impacts to cause disturbance to the overburden strata as the overburden strata moves 
downward into the void created by mining.  The nature of these ground movements have 
relevance to groundwater interactions and the formulation of hydrogeological models used to 
predict mining impacts on groundwater and potential inflows into the mine because the 
fracturing that develops influences the hydraulic conductivity of the overburden strata.  This 
paper is focused on the broad characterisation of zones of disturbance about longwall panels.  
It is recognised that individual sites will have their own specific characteristics which may 
vary from the norm.  However, there appears from the numerous monitoring programs that 
have been conducted in a wide variety of geological setting to be a pattern of ground 
behaviour that is sufficiently well defined to be useful as a general indicator of the type of 
ground movements that can be expected. 
 
This paper is structured to provide a review of surface subsidence monitoring and the various 
components of subsidence that are implied by this monitoring, a review of the types of 
monitoring systems that have been used to characterise overburden behaviour and the results 
obtained, and a summary of the characteristics of ground movement evident from the various 
studies that have been conducted. 
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SURFACE SUBSIDENCE 
Surface subsidence monitoring has provided an extensive database of experience 
characterising the general form of ground movements at the surface for a wide range of 
overburden depths and panel geometries.  The behaviour of the ground behaviour below the 
surface can be inferred from a composite of the behaviours at various overburden depths. 
 
Monitoring of surface subsidence has led to the recognition that vertical subsidence in single 
seam longwall operations is comprised of two main components with two other components 
that occur in special circumstances (Mills 1998). 
 
The main components are: 
 

• Sag subsidence over each individual panel. 
 

• Elastic strata compression of the chain pillars and the strata above and below the chain 
pillars. 

 
The less commonly observed components are: 
 

• Failure of pillar systems including failure of the immediate roof or floor strata. 
 

• Topography related dilational effects that cause upsidence and uplift. 
 
Sag Subsidence 
Sag subsidence occurs as draping over the void created by each individual longwall panel.  
The relationship between maximum subsidence divided by seam thickness and panel width 
divided by overburden depth is shown in Figure 1. 
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This presentation was used by the National Coal Board in the United Kingdom and has been 
widely used to represent subsidence behaviour in Australia for many years.  Usually there is 
no differentiation between sag subsidence and elastic strata compression, which unfortunately 
has complicated interpretation of the mechanics involved. 
 
The general form of the sag subsidence behaviour shown in Figure 1 is characteristic of a 
wide range of geological settings.  Shifts in the characteristic curve are recognised to occur as 
a result of changes in horizontal stress magnitude within the overburden strata and changes in 
the nature of the overburden strata, but the general characteristics remain similar. 
 
Data presented by Tobin (1998) for longwall subsidence in the Newcastle area in essentially 
similar geological conditions is reproduced in Figure 1.  This data illustrates the effects of 
horizontal stress on caving and subsidence behaviour.  The characteristic curve for panels 
oriented in the same direction as the major principal stress (NNE) is shifted to the right, i.e. 
lower subsidence for the same geometry, compared to the panels oriented across the major 
principal stress (NW). 
 
Figure 2 shows a more intuitive way of presenting the same data.  Depth is plotted on the 
vertical axis as depth over panel width and subsidence is plotted on the horizontal axis. 
In this presentation, it can be seen that the height of fracturing for each zone increases in the 
higher stress environment in much the same way that the height of softening above an 
underground roadway increases with increasing horizontal stress (Gale 1986). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Elastic Compression Subsidence 
Elastic compression subsidence above and below chain pillars occurs when multiple longwall 
panels are mined adjacent to each other (Holla et al. 2000).  The ground directly above and 
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below each chain pillar is subject to the increased vertical stress concentrated onto the chain 
pillars by the extraction of adjacent panels. 
 
The chain pillar comprises coal, a material with relatively low elastic modulus compared to 
the rock strata above and below the coal seam.  Coal that forms the chain pillars is typically 
only a few metres thick, so the vertical displacement resulting from elevated stresses in the 
chain pillar is typically less than a few tens of millimetres. 
 
The chain pillar presses on the roof and floor strata with stresses in the range 10-50MPa for 
typical longwall geometries and overburden depths.  These increased vertical stresses 
diminish with distance above and below the chain pillar but the zone of compression typically 
extends for several hundred metres up and down.  Elastic compression of the chain pillar and 
the column of rock above and below the chain pillar subject to increased vertical stress 
accumulates through the overburden section to contribute to the vertical subsidence observed 
on the surface directly above each chain pillar. 
 
At shallow depths of less than 100m, the elastic compression subsidence is typically in the 
range 50-100mm.  At depths of 500m, the accumulated elastic compression may increase to 
be in the range 700-1400mm because of the higher loads involved and the greater column of 
rock that is compressed (Mills 1998). 
 
Subsidence Due to Pillar Failure 
Subsidence due to pillar failure is less common in longwall operations than it was in pillar 
extraction operations because of the large pillar sizes required to maintain acceptable roadway 
conditions in the tailgate of longwall operations and the confinement provided to pillars by 
the goaf.  Nevertheless, there are recognised to be some circumstances where the caving 
characteristics of the goaf do not provide sufficient confinement to the pillar system, typically 
the strata above the pillar, to prevent non-linear deformations that contribute to additional 
subsidence at the surface (Gale 2010).  Failure of the chain pillars does not significantly 
change the zones of vertical stretching and compression within the overburden strata, but it 
does increase the vertical subsidence over the chain pillar. 
 
Local Subsidence Effects Due to Surface Topography 
Upsidence and uplift are phenomena that are recognised to cause changes in the vertical 
subsidence profile in areas where there is topographic variability.  However, these processes 
are driven by horizontal ground movements and are not discussed in this paper. 
 
SUB-SURFACE MONITORING 
A range of techniques have been used to monitor sub-surface ground movements associated 
with mining subsidence.  These techniques are discussed in this section. 
 
Surface Extensometers 
Surface extensometers have been deployed for monitoring mining induced ground movements 
for several decades.  Extensometer systems comprise a number of anchor points installed at 
various depths in an open borehole.  These anchor points are connected to the surface by 
wires.  Relative displacements between the anchors and the borehole collar are monitored at 
the surface allowing downward movement within the overburden strata to be monitored. 
 
The challenges with these systems relate to maintaining stable borehole conditions, avoiding 
the wires becoming intertwined during installation, and compensating for shear movements in 
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the borehole.  Nevertheless, the results have been very useful for characterising the nature and 
extent of sub-surface ground movements. 
 
Initial attempts by Gurtunca (1984) at South Bulli and West Cliff Collieries and Schaller and 
Hebblewhite (1981) at Angus Place Colliery were unsuccessful because of borehole 
instability, but Holla and Armstrong (1986) made successful measurements at Ellalong 
Colliery using a system of hanging weights that was later deployed at Tahmoor Colliery, 
Invincible Colliery, and Angus Place Collieries in the 1980’s, also with good results.  Mills 
and O’Grady (1998) describe the use of rotary spring surface extensometers for monitoring 
longwall caving behaviour at Clarence Colliery.  Much shorter versions of these instruments 
have been used to characterise ground movements in rockbars subject to valley closure and 
upsidence (Mills and Huuskes 2004). 
 
The results obtained from extensometer monitoring are entirely consistent with observations 
from surface subsidence monitoring at a range of overburden depths.  There is a zone of large 
downward movement and significant disturbance that extends to a height above the mining 
horizon equal to the width of each individual longwall panel in an arch shape as shown in 
Figure 3 (from Mills and O’Grady 1998).  Outside and above this zone, there is a zone of 
lower level ground movement that extend higher into the overburden strata, often right 
through to the surface. 
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Borehole Cameras and Geophysical Logging Tools 
Borehole cameras, televiewers, and other borehole imaging devices have proved very useful 
for characterising zones of ground movement observed above longwall panels.  To measure 
the nature and extent of sub-surface ground movements using these devices, it is necessary to 
drill a hole into a longwall goaf, typically in the centre of the panel to a depth about 20m 
above the mining horizon.  It is good practice to drill a second hole in undisturbed ground 
nearby as a control and to run a similar survey in this hole as well so that the difference in the 
fracture patterns observed in the two holes is immediately apparent. 
 
The various zones of ground movement are clearly apparent and able to be correlated with 
zones of displacement evident from observations of surface subsidence. 
 
Piezometers  
Piezometers are primarily used for monitoring groundwater behaviour.  The effectiveness of 
open hole piezometers tends to be compromised by mining induced fracturing that migrates 
upward from the mining horizon.  However, the development of fully grouted multiple 
piezometer strings (McKenna 1995) and their deployment around longwall panels has proved 
very useful for tracking the upward progressing ground movements as a longwall goaf 
develops at the start of a panel in a new, previously undisturbed area. 
 
The interaction between the ground movements and stratigraphic units with high hydraulic 
conductivity is apparent as the ground displacements move upward through the overburden.  
Byrnes (1999) describes the application of multiple piezometers at South Bulli Colliery to 
measure the height of ground deformations that extended to 120m above 120m wide longwall 
panels. 
 
This work and other similar studies demonstrate that there is significant interaction with the 
groundwater within a distance above the mining horizon equal to the longwall panel width.  A 
zone of large downward movement from the mining horizon to a height above the mining 
horizon equal to the longwall panel width typically shows significant hydraulic 
depressurisation because of the fracture network that is created by mining.  Above this zone, 
there is typically a zone of slight depressurisation below hydrostatic consistent with low level 
flow in a downward direction.  Recharge from rainfall is sometimes sufficient to substantially 
maintain groundwater levels in the upper levels of the overburden strata. 
 
Packer Testing 
Packer testing involves pressurising a closed section of borehole with water and measuring 
the flow of water into the test interval, and by implication the ground, at several different 
pressures.  The more fractured the ground, the more water flows out of the packer interval.  
The test interval may be located at the end of the hole using a packer system deployed at 
intervals as the hole is drilled or between two packers once the hole is complete. 
 
Reynolds (1977) describes a program of packer testing and core inspection conducted in two 
holes, one located above a goaf and one in adjacent ground.  Reynolds reports that the height 
of strata disturbance in K6 drilled from the surface above a 117m wide goaf was clearly 
evident as heavy fracturing “which must be attributed to mining” within 106m of the mining 
horizon and there would certainly be hydraulic connection to the workings within this zone.  
These results correlate closely with more recent measurements over wider panels, which also 
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show a high level of vertical hydraulic connection within one panel width of the mining 
horizon. 
 
Holla and Buizen (1991) describe an extensometer monitoring program at Tahmoor Colliery 
where packer testing was conducted to examine the impact of ground movements on the 
hydraulic conductivity of the overburden strata. 
 
Similar programs have been run at other sites.  The key challenges with this approach relate to 
the practical limitations of the packer testing equipment for characterising the hydraulic 
conductivity of highly fractured ground typically observed above longwall panels.  The upper 
bound of the equipment is not sufficient to accurately measure the hydraulic conductivity of 
open fractures, but it is nevertheless sufficient to show where mining induced fractures have 
developed. 
 
Micro-Seismic Monitoring 
Micro-seismic monitoring provides an indication of areas within the overburden strata where 
rock failure is occurring about longwall panels.  Typically the largest micro-seismic signals 
are generated during compressive or shear failure of rock strata because of the larger levels of 
energy released during compressive or shear failure (Gale et al 2001).  Tensile failure tends 
not to release as much energy so the micro-seisms are not as easily detected.  Nevertheless, 
micro-seismic monitoring has been successfully used to monitor the height of ground 
movement about longwall panels (Kelly et al 1998). 
 
Stress Change Monitoring 
The development of the ANZI stresscell (Mills 1997) to the stage where it can be deployed in 
boreholes to depths ranging from a few metres to in excess of 150m has opened up a 
capability to monitor three dimensional stress changes within the overburden strata that was 
not previously possible.  The concurrent development of logging systems have allowed these 
instruments to monitor stress changes at intervals ranging from once every few seconds to 
twice a day depending on the application with resolutions ranging in strain terms from about 
0.005mm/m to 0.05mm/m depending on rock and other environmental conditions. 
 
Stress change monitoring is particularly useful when the ground movements are in the elastic 
range.  For instance, stress change monitoring at the start of a longwall panel provides an 
indication of the height of ground movement affected by longwall mining as the panel length 
increases toward square. 
 
SUB-SURFACE GROUND MOVEMENTS 
The various zones of ground movement associated with sag subsidence over each individual 
panel can be identified by synthesising the subsidence data from different sites with a variety 
of different overburden depth to panel width ratios into a composite overburden section as 
shown in Figure 4.  This composite shows that the ground movements above each panel can 
be divided into five zones starting at the top: 
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• A zone above 3 times panel width where there is no ground movement. 
 

• A zone of small ground movements from 1.6 to 3 times panel width above the mining 
horizon. 

 
• A zone of transitional ground movement from about 1.0 to 1.6 times panel width 

above the mining horizon. 
 
• A zone of large downward movement from seam level to a height above the mining 

horizon approximately equal to the panel width. 
 

• A fifth zone immediately adjacent to the mining horizon can be added to this list.  This 
zone is not represented in subsidence data because longwall mining does not occur at 
overburden depths less than 10-20m where this highly disturbed zone occurs. 

 
Figure 5 shows a schematic of the zones of ground displacement above multiple longwall 
panels inferred from subsidence monitoring and characterised using camera observations, 
packer testing, piezometer data, micro-seismic data, extensometer monitoring, and stress 
change monitoring. 
 
Zone 5, the uppermost zone is essentially undisturbed above single panels.  However, when 
multiple longwall panels are mined adjacent to one another at depth, there is typically 
significant elastic strata compression subsidence.  The broad area subsidence associated with 
elastic strata compression results in differential shearing on bedding planes within this upper 
zone.  The freeing up of these bedding planes contributes to the stress relief movements 
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controlled by topography that tend to be the dominant type of ground movement whenever 
mining is deep enough for Zone 5 to be present. 
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In Zone 4, between 1.6 and 3 times panel width above the mining horizon, the vertical 
displacements are consistent in magnitude with elastic relaxation of the pre-mining vertical 
stresses without the need for physical opening of bedding planes. 
 
Zone 3, between 1.0 and 1.6 times panel width above the mining horizon, is characterised by 
vertical opening of horizontal bedding planes with horizontal fractures being dominant in 
fracture logs. 
 
Zone 2, located between the mining horizon and a distance above the mining horizon equal to 
the panel width is a zone of large downward movement.  Zone 2 is characterised by extensive 
conjugate shear fracturing with numerous open fractures, particularly around the margins of 
this zone, and numerous inclined fractures throughout. 
 
Extensometer monitoring presented in Mills and O’Grady (1998) indicates that these zones 
are arch-shaped above each panel, similar to the doming type roadway failures observed in an 
underground roof fall once all the material has been removed as illustrated in Figure 3.   
 
The height of the zone of large downward movement is higher when the horizontal stresses 
acting across the panel are higher, similar to the experience of increased height of softening 
above underground roadways subject to increased horizontal stress. 
 
Surface subsidence is sensitive to the magnitude of horizontal stresses in the overburden strata 
above the longwall face in much the same way as roadway deformations underground are 
sensitive to horizontal stress magnitude.  This sensitivity of subsidence to stress magnitude 
can be used to determine the direction of horizontal stress from bias in the subsidence profile 
in subcritical width panel geometries (Mills et al. 2011). 
 
Greater subsidence is also routinely observed at the start of longwall panels where the 
maximum subsidence is typically higher than further along the panel because the full 
horizontal stress acts through the overburden strata at the start of the panel but is partially 
relieved by the goaf that has formed further along the panel. 
 
In addition to the five zones identified above each longwall panel, there is a sixth zone (Zone 
6 in Figure 5) above each of the chain pillars that has distinctly different characteristics to the 
five zones directly above each longwall panel.  Whereas the sag subsidence directly over each 
panel causes the ground to be fractured in horizontal shear and stretched vertically so that 
there is an increase in fracture volume within the strata, the elastic strata compression over the 
chain pillars and around the solid edges of the longwall area cause the strata there to be 
vertically compressed so that fracture volume and with it hydraulic conductivity are reduced, 
particularly in a vertical direction. 
 
The interface between the zone of large downward movement and the less disturbed strata 
above and to the sides of this zone accommodates some relatively large differential 
movements for rock strata within a short distance.  This interface zone is characterised by 
open shear fractures and fractures between rotated blocks of intact material. 
 
Whittaker and Reddish (1989) present an example of a physical model that illustrates the type 
of ground disturbance that is observed above a single longwall panels.  The results of this 
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physical modelling are presented in Figure 6 as an illustration.  The zone of large downward 
movement (Zone 2) is clearly evident in this model.  The shear constraints associated with the 
glass side panels in a physical model reduce the height of Zone 2 to less than the full panel 
width, whereas field observations indicate that the height of Zone 2 is equal to about the panel 
width in most geological settings.  Nevertheless, the level of disturbance illustrated by this 
model clearly shows that there is likely to be significant disturbance to the overburden strata 
in Zone 2 with depressurisation of the groundwater system in this zone likely. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Whittaker et al (1985) recognise the influence of vertical subsidence and associated “ground 
strain” on the level of disturbance within the overburden strata.  Figure 7 illustrates the 
intensity of fracturing indicated with increasing ground strain based on the results presented 
by Whittaker et al. 
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Gale (2012) presents a summary of the results of field observations and numerical modelling 
that correlate inflows into the mine with overburden depth, and vertical subsidence for a range 
of longwall panel widths typical of Australia mining conditions.  Figure 8 shows a summary 
of the field experience presented.  It is recognised that mine inflows are not necessarily 
equivalent to impact on groundwater more generally, but they do nevertheless provide a 
measure of the mass hydraulic conductivity in a vertical direction when this hydraulic 
conductivity becomes sufficiently large to be perceptible within the mine.  In the context of 
mine inflows, Gale concludes that the frequency, networking, and aperture of fractures 
increases with increasing overburden strain and subsidence. 
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Panel width controls the height of fracturing.  Panel width, overburden depth to the mining 
horizon, and seam thickness collectively influence the magnitude of strain and subsidence and 
so influence the aperture of fractures, the overall network connectivity, and thus the hydraulic 
conductivity of the overburden strata. 
 
CONCLUSIONS 
Surface subsidence and sub-surface monitoring provide strong evidence that an arch-shaped 
zone of tensile/stretching ground disturbance occurs above individual longwall panels to a 
height above the mining horizon approximately equal to the width of the longwall panel. 
 
Within this zone there is likely to be a significant increase in hydraulic conductivity.  The 
significance of this increase depends on the relative location of the surface, significant 
groundwater bodies within the overburden strata, as well as the magnitudes of subsidence and 
the level of strains generated within the overburden strata. 
 
Above the top of the zone of large downward movement, there is a zone that extends up to 
about 1.6 times the panel width above the mining horizon.  Within this zone, the ground 
movements primarily involve opening of horizontal bedding planes.  The hydraulic 
conductivity within this zone is likely to preferentially increase hydraulic conductivity in a 
horizontal direction compared to a vertical direction. 
 
From 1.6 times panel width to about three times panel width above each panel, the mode of 
deformation primarily involves vertical relaxation or reduction of the vertical stress in the 
ground without any physical change in the rock strata.  Hydraulic conductivity is recognised 
to reduce with reducing stress, so there is expected to be an increase in hydraulic conductivity 
in all directions within this zone, but the changes are likely to be small by comparison to those 
associated with opening of bedding planes and creation of new fractures that occur deeper 
within the overburden strata. 
 
Between panels there is a zone above and below the chain pillars where the compression 
stresses increase and hydraulic conductivity is reduced as a result of this compression. 
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ABSTRACT 
A technique has been developed, for use by the coal seam gas (CSG) industry, to determine 
petrophysical properties of coal using data from 3D microfocus X-ray computed tomography 
(µCT) at multiple scales, combined with SEM imaging, and automated mineralogy by SEM-
EDS. The technique has been tested on samples of bituminous coal from the Sydney Basin. 
µCT is a non-destructive technique that can quantitatively describe the internal structure of 
rock and show mineralogy in 3D, producing data that can be used to evaluate petrophysical 
properties, such as porosity and permeability. Although µCT analysis is routinely performed 
on clastic, carbonate and unconventional reservoir rocks in conventional oil and gas reservoir 
characterisation, its application to CSG is currently being developed. Individual coal seams 
are heterogeneous with respect to lithotypes and morphologies, and coal is a complex material 
with macerals, pores and fractures, and mineral matter. The permeability and producibility of 
CSG is decreased when the pores and fractures are filled with minerals, and therefore the 3D 
characterisation and quantification of pores, fractures and minerals in coal is required for CSG 
reservoir evaluation. The X-ray density of coal components is distinct, and therefore the 
pore/fracture, mineral and coal matrix components can be differentiated and quantified in 
three dimensions.  
 
In the multi-scale technique described in this paper, 3D µCT imaging is used initially on large 
diameter core, e.g. 65mm, to image the coal in both its natural state and saturated with X-ray 
attenuating fluid. The two 3D image datasets are then registered into geometrical alignment 
with one another using the patented Voxel Perfect technique, allowing the characterisation of 
the connected fracture network in 3D at 33µm scale, including fracture aperture, orientation, 
and permeability. Nested cylinders of smaller diameters can then be extracted from the large 
diameter core, e.g. 4mm diameter sub-plugs. The sub-plugs are then imaged in both modes 
and the connected porosity and fractures at 2µm scale are characterised in 3D, allowing the 
estimation of porosity and permeability of the sub-plug. These petrophysical properties can 
then be considered in the wider context of the fracture network and maceral types 
characterised for the large scale core, to give a better understanding of the gas storage and 
flow properties of the coal.  
 
INTRODUCTION 
X-ray micro-computed tomography (µCT) consists of three-dimensional X-ray imaging, 
similar to medical CT scanning but on a smaller scale and with greatly increased resolution, 
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that yields 3D images of solid opaque objects quickly and non-destructively (Carlson et al., 
2003). µCT is an established but still rapidly evolving technology of great value for a wide 
variety of materials at micron scales, with applications including petroleum geology, e.g., 
clastic (Golab et al., 2010) and carbonate reservoir rocks (Arns et al., 2005b), as well as coal 
(Mazumder et al., 2006), paper (Roberts et al., 2003), and bones (Zezabe et al., 2005). 
Considerable research is under way on the digital imaging of core material at the pore scale in 
3D using µCT, which greatly enhances the ability to understand petrophysical response, 
multiphase flow properties and geological heterogeneity (e.g., Arns et al., 2005a). 
 
Pixels (2D) and voxels (3D) obtained by such techniques represent the relative radio density, 
or relative attenuation, of X-rays through the imaged material (Novelline, 1997). The X-ray 
attenuation of any material is a function of both the electron density and effective atomic 
number of the species (Van Geet et al., 2001). Within the tomogram, the X-ray opacity of a 
material determines its brightness, i.e. voids are black due to low X-ray opacity, while Fe-
bearing minerals are usually light grey due to high X-ray opacity and Al-bearing minerals are 
usually mid-grey due to intermediate X-ray opacity. Apparent opacity is a guide to effective 
atomic number, but the physical density is also a factor in determining overall X-ray 
attenuation. 
 
The high-resolution and large-field X-ray µCT facility of ANU/Digitalcore Pty Ltd, Canberra 
was used for acquisition of the images shown in this paper. X-rays from a micro-focus source 
were used to probe the samples and an X-ray camera was used to record a series of 
transmission radiographs at different viewing angles by moving the position of the rotation 
stage relative to the camera, as described by Sakellariou et al. (2004). The cores were imaged 
to yield >20003 voxels, using the methodology described in Varslot et al. (2010) and Varslot et 
al. (2011). The set of radiographs were processed with a reconstruction algorithm to generate 
the tomogram of the specimen in 3D that could be viewed along three orthogonal axes. The 
resulting tomographic images consist of cubic arrays of reconstructed linear X-ray attenuation 
coefficient values each corresponding to a voxel of a particular sample (Saadatfar et al. 2005). 
 
Coal-bed Methane Storage and Flow 
Individual coal seams are heterogeneous with respect to lithotypes and morphologies 
(Karacan and Mitchell, 2003) at every scale (Taylor et al., 1991), and coal is a complex 
material with macerals, pores and cleats/fractures, and mineral matter. Gas is primarily 
adsorbed on to pores and microfractures in the coal, a mechanism that typically accounts for 
98% of the gas within a coal seam; the rest is stored as free gas. The processes involved in the 
transport of coal-bed methane (CBM) are: 1) desorption from the internal coal surfaces, 2) 
diffusion through the matrix and micropores towards the cleats/fractures, and 3) flow through 
fracture network (Harpalani and Schraufnagel, 1990).  
 
Fractures are the major flow pathways in coal, and the 3D distribution of fractures is one of 
the most important controlling factors on coal permeability and CBM producibility (Zuber, 
1998). High flow rates of gas can occur in horizontal boreholes intercepting cleats, whereas 
lower flow rates occur in boreholes paralleling the cleats (Koenig, 1991). It is therefore very 
important to characterise the dominant cleat directions, and also cleat connectivity. 
 
Multi-scale investigation of coal by digital core analysis allows 3D characterisation of pore 
and fracture connectivity, fracture permeability, and mineral occurrences in 3D from mm to 
nm scales. In the field of oil and gas reservoir characterisation, µCT analysis is routinely 
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performed on clastic, carbonate and unconventional reservoir rocks. However, its application 
to CBM is more recent. Some researchers have used CT and more recently µCT to: 
quantitatively characterise fractures in coal (e.g. Wolf et al., 2008), investigate gas desorption 
and coal fracturing (He et al., 2010), investigate coal heterogeneity and the spatial distribution 
of pores, fractures and minerals in coals of varying ranks (Yao et al., 2009), and investigate 
gas adsorption (Karacan and Okandan, 2001). 
 
The present paper outlines a new technique, developed for use by the CSG industry, to 
determine petrophysical properties of coal using data from µCT studies at multiple scales, 
combined with SEM imaging and automated mineralogy by SEM-EDS. The technique has 
been tested on samples of bituminous coal from four coalfields in the Sydney and Bowen 
Basins, evaluated for other purposes by Golab et al. (2012).  The present paper represents a 
significant extension of those studies, aimed at investigating more fully the coals’ porosity 
and permeability characteristics.  
 
DETERMINATION OF CONNECTED POROSITY IN BANDED BITUMINOUS 
COAL 
As an example of the technique, a 19mm diameter cylindrical sub-plug of banded bituminous 
coal from the Ulan seam at Ulan Colliery, in the Western Coalfield of the Sydney Basin, was 
imaged at high resolution (Figure 1) using helical 3D microfocus X-ray computed 
tomography (µCT). The sample was imaged using the methodology described in Varslot et al. 
(2010) and Varslot et al. (2011), yielding >20002 voxels by 3500 voxels high at 13µm 
resolution.  
 
As can be seen from Figure 1A, the sample when viewed under air-dried conditions (i.e. in its 
native state) contains cleats, fractures, porosity in the dull layers, and several types of mineral 
matter. To better delineate the fractures and porosity, the sub-plug was vacuum impregnated 
with an X-ray opaque fluid, and re-scanned to yield a saturated state image (Figure 1B). The 
saturated state image was then registered in 3D to the native state image using the patented 
3D to 3D registration technique summarised by Latham et al. (2008). Image registration 
brings into geometric alignment two or more images, taken at different times, from different 
orientations and/or by different instruments. In the case of 3D to 3D registration, the entire 
overlapping regions of the image blocks were aligned to one another in all three dimensions, 
so that all voxels within the image coincided in both tomograms. Regions in Figure 1B could 
then be directly compared to their counterparts in Figure 1A; the brighter regions in Figure 1B 
contain the attenuating fluid, and represent regions with significant connected porosity.  
 
After registration of the two 3D tomograms, a difference map of the saturated state – native 
state tomograms (a difference tomogram) was compiled and used to locate and quantify the 
effective microporosity of each voxel (Figure 1C). The regions that exhibit no change in 
attenuation from the native to the saturated state are solid regions. Regions of intermediate 
grey are labelled porous, with the value of the X-ray attenuation in the difference tomogram 
directly related to the porosity of the region. In the porosity map (Figure 1C), pore spaces 
greater than the 13μm voxel size (macroporosity) are black, solid coal is white, and the 
porosity of the remaining material increases with darkening shades of grey.  
 
 

A B C
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Figure 1 Tomographic images of the Ulan coal sample: A) Vertical section of µCT image 
of 19mm native state coal sample where voids are black and increasing X-ray density 
has lighter shades of grey; B) registered µCT image of saturated state coal sample after 
vacuum impregnation with X-ray opaque fluid; and C) segmented difference tomogram 
of saturated state – native state tomograms with macropores (black), solid coal (white), 
and increasing porosity of other material with darkening shades of grey 
 
Further evaluation indicates that the Ulan sample contains 0.5% macropores/fractures and 
7.1% connected porosity (Figure 2A), giving a total resolvable porosity of 7.6% determined 
from µCT analysis at a resolution of 13μm. Figure 2B shows the variation in porosity through 
the sub-plug, and it is clear that the porosity is much higher in the dull coal layers. Similarly, 
Karacan and Mitchell (2003) report a porosity variation of 0-7% in their high-volatile, 
bituminous coal sample, with the highest porosity present in the inertinite-, mineral-, and 
clay-rich region of the coal. The porosity decreased to about 1% in the layer that was rich in 
vitrinite and liptinite macerals. 
 
The heterogeneity of the coal in the 3D image was also directly correlated with high-
resolution microscopy data using 2D-to-3D image registration. The miniplug was cut 
vertically and a face within the 3D field of view (Figure 3A) was polished for the acquisition 
of a Scanning Electron Microscopy (SEM) image (Figure 3B). The two-dimensional SEM 
image of the polished surface was registered to the corresponding slice of the three-
dimensional tomogram (Figure 3C) using the 2D-to-3D registration technique summarised by 
Latham et al. (2008), whereby the software searches throughout the entire >20003 voxel block 
for the exact slice that matches the SEM image.  
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Figure 2 A) Porosity map of segmented data for Ulan coal sample; B) Profiles of porosity 
greater than the 13μm voxel size (macroporosity, black) and total resolvable porosity 
(red), including sub-resolution porosity smaller than the 13μm voxel size 
 
As shown by Figure 3B, the SEM provides a higher-resolution image of the coal (down to nm 
scales can be probed), and allows the evaluation of pore-filling material, identification of 
microporous regions, and investigation of changes in maceral type. The region marked in 
Figure 3A was investigated because of the high proportion of connected porosity present 
(Figure 1C), despite the abundance of pore-filling minerals. 
 
The spacing of the fractures determines how far the gas must diffuse before reaching a 
fracture, and the dimensions of the fractures determine the quantity of gas that can flow 
through those fractures (Harpalani and Schraufnagel, 1990). The connected fractures and 
connected porosity in the coal sample (Figure 4A) were visualised in 3D to give an indication 
of the gas storage and flow pathways (Figures 4B-C). A fracture network was then created 
from the 3D image data, as shown in Figure 4D.  
 
 

A B 
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Figure 3 Registered images of a vertical plane through the sub-plug of the Ulan coal 
sample: A) vertical slice of 3D tomogram showing with red rectangle showing the region 
of the sub-plug that was polished; B) registered SEM image; C) portion of 3D tomogram 
that matches the SEM image in (B) 
 
CONCLUSIONS 
The technique described in this paper, based on data from 3D microfocus X-ray computed 
tomography (µCT) at multiple scales combined with SEM imaging, can be used to evaluate 
the petrophysical properties of coal, with special reference to porosity and permeability. The 
technique has been tested on samples of bituminous coal from the Sydney and Bowen Basins. 
µCT is a non-destructive technique that can quantitatively describe the internal structure of 
rock, show mineralogy in 3D, and provide data that can be used to measure petrophysical 
properties. Individual coal seams are heterogeneous with respect to lithotypes and 
morphologies, and coal is a complex polymeric material with macerals (organic components), 
pores and fractures, and mineral matter. The permeability and producibility of CSG is 
decreased when the pores and fractures are filled with minerals, and therefore the 3D 
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characterisation and quantification of pores, fractures and minerals in coal is required for CSG 
reservoir evaluation. The X-ray density of coal components is distinct, and therefore the 
pore/fracture, mineral and coal matrix can be differentiated and quantified in 3D using µCT 
techniques.   
 

 

   

Figure 4 Vertical sections of Ulan coal sub-plug showing connected fractures and 
porosity: A) Porosity map of segmented data; B) 3D visualisation showing fractures in 
blue, sub-resolution fractures and large pores in brown; C) 3D visualisation showing 
sub-resolution connected pores and narrow fractures in yellow; and D) schematic of 
fracture network 
 
With the multi-scale technique outlined in this paper, 3D µCT imaging is used initially on 
large diameter core to image the coal in both its native state and saturated with X-ray 
attenuating fluid. The two 3D image datasets are then registered into geometrical alignment 
with one another using the patented Voxel Perfect technique, allowing the characterisation of 
the connected fracture network in 3D at ~33µm scale, including fracture aperture, orientation, 
and permeability. Nested cylinders of smaller diameters can then be extracted from the large 
diameter core, e.g., 3mm diameter sub-plugs. The sub-plugs are then imaged in both modes 
and the connected porosity and fractures at a 2µm scale are characterised in 3D, allowing the 
estimation of porosity and permeability of the sub-plug. These petrophysical properties can 
then be considered in the wider context of the fracture network and maceral types 
characterised for the large scale core, to give a better understanding of the gas storage and 
flow properties of the coal. 
 

A B C D 
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ABSTRACT 
During my long career in coal technology, certain coals have been especially appealing from a 
technical viewpoint, either because of their special coal properties, or because of the 
interesting discoveries made while trying to solve the riddles they presented. The ‘spicks and 
specks’ of these coal memories lie dormant in my now retired mind, until shaken by an event 
such as this Symposium, when they rise up and float fondly around, much like the 
'snowflakes' in one of those snowglobe souvenirs of the Sydney Harbour Bridge. This paper 
describes one such 'speck', and the riddle it presented to this consultant. A company had a 
long-term contract to supply a thermal coal, with fixed contract specifications for coal quality. 
They intended to extend their operations from the existing mine (D) into a new area of the 
deposit (B), having the same major seams. Initial mining in B, however, indicated higher total 
moistures, putting their contract potentially in continual peril. Summary details are given in 
the paper of the testing done to confirm and explain the reasons for the moisture differences, 
principally highlighted by a plot on Seyler's Chart. Then saturation and air-drying testing of 
both B and D coals, using the 'plum pudding' method, unexpectedly and accidentally gave 
promise of a means to reduce the total moisture of B coal deliveries by a change in 
stockpiling procedures. 
 

BACKGROUND 
The client was operating a large open-cut mine, supplying a lower rank dull, high ash and 
moisture, bituminous coal to a domestic power station on a long term contract. Operations 
were in mine D, where the mineable reserves were approaching depletion. The client 
proposed to move operations into a new mine B, within the same lease area, having the same 
suite of mineable seams and assumed to have similar coal quality. 
 
Initial mining operations in B, however, showed the coal to have higher moisture values (air-
dry and total) than in Area D. In fact the total moisture content of run-of-mine coal from B 
commonly exceeded 19%, which was the rejection limit of the existing contract, whereas run-
of mine from D mine had been consistently 15% to 16%. The coal quality specification of the 
existing contract could be satisfied by B coal in every other respect. 
 
A Seyler’s Chart plot, based on limited coal quality data supplied by mining personnel during 
the initial site visit, suggested that the B mine coal was either oxidised, or of lower rank than 
D mine coal, with the latter cause being confirmed by later reflectance tests. 
 
‘Run-of crusher’ samples were taken from both mines for comprehensive testing and analysis, 
with a view to understanding why the moisture was higher in the B mine, and to investigate 
possible means of reducing the moisture in the delivered product. Bore core samples were 
later taken along strike and down dip and these confirmed that the total moisture was to be 
consistently high in the B mine. 
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INITIAL EVALUATION 
During the site visit analysis summary sheets were provided, for equivalent working sections 
at the D and B mines. These showed that the coal quality of the coal from the new B mine, 
compared to that from the D mine: was: higher in air-dry moisture (+2.2%), moisture holding 
capacity (+1.8%), HGI (+4), −3.35 mm fines content (+4%), and coal matter oxygen (+2%), 
and lower in coal matter carbon content (−2%). 
 
Dry, mineral matter-free (dmmf) basis values were estimated, from the limited available data, 
for carbon, hydrogen, volatile matter and calorific value. Note that these estimates were all the 
more difficult and error-prone for these coals because of their high ash values, and their 
apparently high carbonate contents. 
 
Using a Seyler’s Chart, the estimated VMdmmf was plotted against CVdmmf, and Cdmmf 
against Hdmmf, for both D and B mines (see Figure 1). For the great majority of normal, bright 
coals the (VM, CV) and (H, C) points will be co-incident or closely adjacent. In this case the 
extreme dull nature of the coal, and probable errors in estimating mineral matter values due to 
high ash values and high carbonate contents, may all have contributed in some way to the 
disparity between the two points for the B coal. It was clear, however, that the B coal matter 
was about 2% higher in oxygen and about 2% lower in carbon content. Given the limited data 
available at that stage, the Seyler’s Chart plot was interpreted as indicating that the B coal was 
either of the same rank as the D coal, but oxidised, or alternatively was fresh coal of lower 
rank. The latter situation was confirmed by subsequent, detailed testing of fresh, run-of-
crusher samples.  
 

 
Figure 1 Seyler’s Chart 
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BULK SAMPLES 
Testing 
150 kg run-of-crusher samples were taken from both D and B mines, at top sizes of 63 and 75 
mm respectively. A size analysis was carried out on each sample, and 4 kg samples of the size 
fractions +31.5, −31.5+16, −16+8, −8+4 and −4+0 mm were taken for saturation and air-
drying tests. These tests were done as follows:  
 

1. Seal the pre‐weighed, air‐dry sample in a calico bag, immerse and agitate in water 
until all coal particles are completely saturated. 

2. Hang the bag up, inside the shed, until no water drips. 
3. Weigh the bag and contents, and determine the free moisture content. 
4. Weigh again each 24 hours, for one week. 
5. Plot free moisture against time. 

 
‘By Zero’ composite samples were then prepared at 8 and 16 mm top size, mixed well, and 
the same saturation testing carried out. 
 
MHC, proximate, RD and CV determinations were carried out on each size fraction, with 
very comprehensive analysis carried out on each run-of-crusher composite.  
 
Results 
Sizing Analysis 
The sizing analysis results were plotted onto a Rosin Rammler graph, as shown in Figure 2. 
This showed the B coal to be relatively much finer, as claimed by mine staff during the site 
visit. 
 

 
Figure 2 Rosin Rammler size distribution of D and B mine run-of-crusher products 
 
Saturation and Drying Tests 
The results of the saturation and air-drying tests are summarised in the plot given in Figure 3. 
It shows that, in spite of the difference in rank, there is little difference in the free moisture of 
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the size fractions of coal from the D and B mines, and little difference in the rate of moisture 
loss on air-drying. Note, however, that the significantly greater proportion of fines in the B 
coal would cause higher moistures in the coal delivered under contract. 
 

 
Figure 3 Results of saturation and air-drying tests; all size fractions; D and B 
 
Whole seam composites were prepared from the size fractions. Those analysis results relevant 
to the rank and moisture issues are given in Table 1. 
  
Table 1 Key results of working section composites from both mines 
 D B 
C dmmf % 82.9 79.3 
H dmmf % 3.67 4.00 
VM dmmf % 29.2 32.4 
CV dmmf MJ/kg 31.60 30.44 
MHC  % 12.0 16.5 
Ro,max  % 0.55 0.49 
Vitrinite mmf % 20 23 
 
Validation of Results 
It is laboratory best practice to validate the results of testing and analysis wherever possible, 
and many methods have been developed. These include comparison to established 
correlations and trends, change-of-basis to eliminate or minimise the effects of moisture 
and/or mineral matter (usually indicated by ash values), the use of x-y plots, summation 
checks etc. When coals are separated into size and/or density fractions, the masses of the parts 
should sum to within a set tolerance of the mass of the original sample (1% in laboratories 
that I managed). One of the most common checks, in the case of samples split into fractions, 
or combined into composites from fractions, is to determine if the weighted average of 
calculable parameters of the fractions agrees with the analysis of the whole sample, within set 
tolerances. The simplest example is the comparison between the ash value of the raw coal, 
and the weighted average ash value of the float and sink fractions (or size fractions, or both). 
In laboratories that I managed this tolerance was equal to the reproducibility (between 
laboratory) limit cited in the Australian Standards. Although arbitrary, it seemed to provide a 
good, tight check. 
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The above saturation, drainage and air-drying testing was a first for the laboratory concerned. 
The weighted average checks were made, as routinely done, for the analysis results of the 
−16+0 mm and −8+0 mm composites, and the −4+0, −8+4 and −16+8 mm fractions from 
which they were composited. The free moistures were included in these calculations, and they 
were subsequently plotted and compared to the actual air-drying free moisture values. The 
results are shown in Figure 4. 
 

 
Figure 4 Comparison between actual and calculated free moistures for the −16+0 mm 
composites 
 
It became immediately clear that this was not a viable validation method and, on reflection, 
the reason became obvious. We know that it is sensible to compare the composite sample ash 
value with that of its individual size fractions. This is because the amount of mineral matter 
within the coal, from which the ash value derives, is the same in the composite as it is in the 
weighted average of the fractions. However, such is not the case for free moisture. This 
moisture is external to the coal particles, and its amount is dependent on the inter-particle 
void space available. For a sample that has been saturated and free-drained, the (free) 
moisture retained in these inter-particle spaces is made up of two components (i) moisture that 
coats the surface of the particles (‘surface moisture’) and (ii) moisture that ‘hangs’ in the 
space (‘pendular moisture’). The actual composite results refer to a homogeneous admixture 
of all particle sizes, with the smaller particles occupying the void spaces of the larger 
particles. The calculated results, however, refer to the weighted average values for each size 
fraction, as discrete, separate entities. These calculated composite results are for separate bags 
of moist coal particles, weighted together mathematically, but not mixed together physically.  
 
An ‘Accidental Clue’ Emerges, of a Means for Moisture Reduction 
“Everything has a meaning.” 
 
Clearly, the calculated moisture values for the −8+0 and −16+0 mm composites were not 
useful for validating the actual results. But they must mean something, and it may be useful. 
On reflection, it appeared that there were two distinctly different drying mechanisms involved 
for the actual and calculated cases. In the calculated case for the −16+0 mm composite, 
where the size fractions were air-dried separately, Figure 4 shows that the weighted average 
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free moisture immediately after free-draining was lower than the actual value. This was 
probably because the coarser particles, with large open inter-particle spaces and negligible 
pendular moisture, gave up their surface moisture readily to the surface of the sample by 
capillary action, where it was lost by evaporation. The fine particles, however, with their high 
surface area, and large combination of surface and pendular moisture held strongly by surface 
tension, hung on to their free moisture tenaciously. Thus, after a few days, the calculated free 
moisture of the −16+0 mm ‘flat-lined’, dominated by the ‘locked-in’ free moisture of the fine 
(−4 mm) fraction. Prolonged air-drying would produce little further free moisture losses. 
 
The actual results of the single, homogenised bag of −16+0 mm coal, showed a rate of free 
moisture loss in complete contrast to the calculated results. The probable mechanism is the 
even distribution of the fines throughout the whole sample. So free moisture that was 
previously ‘locked-in’, became more evenly distributed within the inter-particle spaces of the 
coarser particles, allowing it to move to the surface by capillary action and be lost by 
evaporation. 
 
The challenge, then, was to see how this information could be applied to the mining, handling 
and delivery of the run-of-crusher product at mine B, so that the contract total moisture 
specification could still be achieved, in spite of its intrinsically higher moisture due to its 
lower rank. Nothing could be done to reduce the moisture as-mined, since the B mine coal 
had higher bed (internal) moisture, and would be saturated during mining as the seam was 
below the water table. Perhaps there was hope, though, after crushing, for adjustments to the 
stacking and reclaiming process to reduce the total moisture. 
 
At the mine the crushed product was stacked in conical stockpiles, for subsequent reclaiming 
to a bin for train loading. The travelling stacker was able to luff (raise and lower its conveyor 
boom vertically), but could not slew (move its conveyor boom from side to side), so that it 
could only build its stockpiles along the centre line of the pad. 
 
It is well known that conical stockpiling inevitably causes size segregation, with the finer 
particles staying more or less where they land beneath the end of the stacker, and the larger 
particles rolling down the flanks of the stockpile. Thus conical stockpiles end up with a fine 
core, and ‘skirts’ of coarse coal. This is shown in Figure 5. As a side issue, such a stockpile is 
extremely problematic for coals that are susceptible to spontaneous heating. Any air 
impinging on the side of the stockpile can move upwards through the coarse ‘skirt’ and 
deflect off the fine core, exiting the stockpile about three-quarters of the way up the flank 
(higher up than suggested by Figure 5). This air can oxidise the coal, which is an exothermic 
reaction and, if the heat generated by the oxidation exceeds the cooling effect of the moving 
air, the coal will increasingly heat and eventually catch fire. This phenomenon (the ‘chimney 
effect’) has been observed by the writer in a number of stockpile heatings and fires, where 
steam and smoke have exited the stockpile at the described point. 
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Figure 5 Schematic showing size segregation in a conical stockpile 
 
On the other hand, stockpiles that have been formed by the ‘chevron’ or (better) ‘windrow’ 
stacking methods are homogeneous with respect to particle size, so that there is no special 
point of entry for any incident air, and certainly no ‘chimney’. These two methods for 
blending different coals, or homogenising a single coal, are shown schematically in Figure 6. 
 

 
Figure 6 Schematics showing chevron and windrow stockpiling methods 
 
When chevron stacking is used, the stacker moves backwards and forwards along the centre 
line of the allocated length of pad, at a uniform speed, so that a series of inverted ‘Vs’ is 
formed, one on the other. In this way size segregation is minimised. For windrow stacking, 
the stacker is first slewed to the side of the pad then moved the allocated length, forming a 
long thin ribbon of coal. It is then moved out a distance equal to the base length of the first 
ribbon, and driven back at a uniform speed, to form the second ribbon. This is repeated till the 
full width of the pad is covered by a series of ribbons. In the next row up, the troughs of the 
first row are filled in, and so on to the full stack height. Best results are obtained on load-out, 
in either case, by using a full-face reclaim.  
 
Change Stacking Procedures at the Mine to Reduce Product Moisture? 
The crushed products from the D and B mines were −63+0 mm and −75+0 mm respectively. 
Both were stacked in conical stockpiles at the time. For simplicity, let’s assume that both 
coals were at 63 mm top size. If it had been possible to carry out the saturation and air-drying 
tests up to say 63 mm top size, then the proportion of fines would have been lower in both 
actual and calculated cases. So there would have been less ‘locked-in’ free moisture in the 
calculated case, with the air-drying trend lines for the free moisture having a lower starting 
moisture and a lower ‘flat-line’ value (compared to Figure 4). There would still be a 
significant amount of free moisture, and probably an unacceptable amount of total moisture, 
even after a week or two. On the other hand the trend line for the homogenised, actual sample 
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would have the fines dispersed more thinly, resulting in a more open, permeable bed. So the 
trend line in this case would also start at a lower value (compared to Figure 4), then continue 
to air-dry till all free moisture was lost, probably after about a week. 
 
The calculated and actual trend lines, assumed for a −63+0 mm crushed product based on the 
−16+0 mm test data, were reasonably assumed to represent an extreme (‘worst case’) scenario 
for conical stockpiling, as then practised by the client, and a ‘best case’ scenario for chevron 
stockpiling that could be adopted in the future, without change to the existing stacking 
equipment. 
 
Consequently it was recommended to mine management that the practice of conical 
stockpiling be replaced with chevron stacking, and that pad capacity be such that the coal 
could be retained for about a week before loading out. 
 
It is not known what action was subsequently taken, nor what happened when B coal was 
being regularly supplied to the existing contract. 
 
CONCLUSION 
The test work carried out on the run-of-crusher samples from mines D and B provided 
compelling evidence, when dealing with high moisture coals, for the use of homogenising 
stockpiling methods, such as windrow (best) or chevron, followed by retention on the pad for 
a week or so to maximise air-drying prior to reclaiming, and reduce product total moisture. 
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ABSTRACT 
The mineralogy and geochemistry of individual coal plies and intra-seam non-coal bands in 
the Greta seam of the Sydney Basin have been evaluated using low-temperature oxygen 
plasma ashing, Rietveld-based X-ray diffraction (XRD), X-ray fluorescence (XRF), 
inductively coupled plasma-mass spectrometry (ICP-MS) and inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) techniques. The upper section of the seam is highly 
pyritic, with suppressed vitrinite reflectance values due to a marine transgression. Dawsonite 
is relatively abundant in the lower section. Clay minerals are less abundant in the upper 
section than the lower section, due to the effect of dilution by more abundant pyrite in the 
former. Minor hydrous iron sulphates are present in a few pyrite-rich samples in the upper 
section, due to oxidation of pyrite during sample storage. Other minor minerals in the coal 
samples include carbonates (calcite, ankerite, dolomite and siderite), rutile, anatase, analcime, 
albite, fluorapatite and goyazite. Cluster analysis of the element data has identified five 
elemental associations. Pb, Cu, Sn and Sb are positively correlated with alumina, rather than 
pyrite, indicating their association with aluminosilicate minerals. Tl and As are correlated 
with pyrite. However, no definitive correlations have been found between the abundance of 
pyrite and that of other typical pyrite-associated trace elements.  
 
INTRODUCTION 
The Greta seam is the upper coal unit of the Greta Coal Measures, formed during a short-lived 
marine regression and lying conformably between the marine Dalwood and Maitland Groups 
(Agnew et al., 1995). The Greta seam in the Lochinvar Anticline area is typically a banded 
bright and dull coal with an overall high sulphur content. Only the lower section, where the 
sulphur content is reduced, is usually extracted in mining operations. The purpose of this 
paper is to examine the vertical mineralogical and geochemical variations through the coal 
seam, and evaluate the associations between the different groups of minerals and trace 
elements within the coal. 
 
SAMPLING AND ANALYTICAL TECHINQUES 
A complete drill core through the Greta seam was provided by the Austar coal mine, located 
approximately 3 km SE of Cessnock in the Lochinvar Anticline area. The core is separated 
into two sections by a sedimentary rock interval comprising sandstone and interbedded 
sandstone and shale. A total of 45 samples, including coal and associated strata, were taken on 
the basis of lithology.  
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The coal plies were subjected to low-temperature oxygen plasma ashing. The mineralogy of 
the resultant low-temperature ashes (LTAs) and the intra-seam non-coal samples was 
evaluated by XRD using the Rietveld- based Siroquant software developed by Taylor (1991). 
Petrographic studies were also carried-out on polished coal sections and rock thin-sections, 
and mean maximum vitrinite reflectance of the coal samples was measured. A number of 
samples covering thin intervals that were adjacent to each other and had similar mineralogical 
characteristics were then combined, reducing the 45 samples to 23 samples, each with enough 
material for more detailed study. These 23 samples were subjected to a comprehensive 
program of geochemical analysis. XRF was used to determine the major elements in the non-
coal samples and the high-temperature (815°C) ashes of the coal samples. Trace element 
concentrations were measured using ICP-MS and ICP-AES, after dissolution of the coal ashes 
or non-coal materials using lithium borate fusion and subsequent mixed acid digestion.  
 
VITRINITE REFLECTANCE 
The mean maximum vitrinite reflectance of the Greta coals is generally higher in the lower 
part of the seam than in the upper part, with the reflectance decreasing from approximately 
0.74% in the lower split of the seam section studied to approximately 0.62% at the top (Fig. 
1). The lowest sample of the upper coal bed, however, has the highest vitrinite reflectance 
among the samples studied, and also a low sulphur content. As indicated by Diessel and 
Gammidge (1998), the anomalously low (suppressed) reflectance of the vitrinite in the upper 
part of the Greta seam is due to the overlying marine transgression.  
 
MINERALOGY 
Minerals in roof and floor samples 
The floor of the Greta seam consists of carbonaceous sandstone and interlaminated sandstone, 
with shale beneath. The floor mainly comprises equal proportions of quartz, illite and 
interstratified illite/smectite (I/S), with minor kaolinite and traces of carbonate minerals, 
pyrite and anatase (Table 1). The vertical variations in abundance of minerals through the coal 
seam are shown in Fig. 1. The immediate seam roof is a thin (1 mm) carbonaceous shale, 
above which is a granule conglomerate with visible pyrite particles. The roof material has a 
higher proportion of kaolinite and pyrite than the floor samples, with I/S exceeding illite in 
the clay fractions and with minor carbonate minerals. The roof samples also contain 
dawsonite, which commonly occurs as a cement (Fig. 2).  
 
Minerals in tonsteins 
Three intra-seam tuffaceous claystone bands (tonsteins) occur in the seam section. Thin-
section examination indicates that most of these are organic-rich, consisting of 
cryptocrystalline kaolinite and silica grains (Fig. 3A), some of which are organic-stained (Fig. 
3B). Quartz with embayments (Fig. 3C) and volcanic rock fragments (Fig. 3D) also occur. 
Roots penetrating the tonsteins are frequently observed (Fig. 3E). Other non-coal partings are 
of epiclastic or authigenic origin, mainly consisting of pyrite/marcasite in the upper split and 
siderite in the lower split. Dawsonite occurs in a range of forms, including veins (Fig. 3F) and 
cementing material. 
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Figure 1 Plots showing vertical variation of vitrinite reflectance and abundance of major 
minerals in the Greta seam 
 

 
Figure 2 Dawsonite and framboidal and cubic pyrite in a roof sample, plane polarized 
light 
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Table 1 Mineralogy of Greta coal LTAs and associated non-coal samples by XRD and Siroquant (wt.%) 
Sample Thickness 

(m) LTA Qtz Kao I I/S M Py Mar Cal Dol Ank Sid Daw Ana Alb Rut Anal Goy Fap Gyp Bass Jar Coq Cop Sz 

G-1,2,4 0.1  - 32.4 17.7 3.0 39.3   5.0     0.1     1.3 0.4   0.1           0.9       

G-3 0.06  - 44.9 15.2 3.1 13.6   20.9           1.3                 0.9       

G-5 0.13 9.8 11.1 19.0   17.0   39.7   1.4 1.7     1.0 0.3 3.9 0.5         3.4   0.9     

G-6 0.08  - 17.1 37.4   27.9   9.5     4.6     0.8 1.0   0.2         0.6 1.0       

G-7 0.5 12.3 7.0 28.2       52.1 1.9 0.5   1.7 0.7   0.6 3.4 0.4             3.4     

G-10 0.355 17.3 0.7 23.1       46.4                   15.6     6.3     3.4 4.5   

G-11-13 0.74 23.3 9.5 21.9   1.7   56.0 1.2 0.2 0.2 1.0 0.2   0.8   0.5 1.1   0.4   0.4   2.5   2.2 

G-14 0.4 9.3 14.5 54.0 3.2 12.9   3.7   0.2 4.3       0.4   0.2   1.1 4.6   0.8         

G-16-17 0.71  - 39.9 23.4 15.2 11.3 7.1       1.8     0.9     0.5                   

G-18 0.07 41.6 53.1 13.2 8.7 7.0   0.6     2.1     13.9 0.7   0.7                   

G-19 0.55 13.1 12.6 57.4 3.1 19.0   0.8   0.2 0.7   1.0 4.7 0.1   0.4                   

G-21 0.55 14.4 5.7 64.3 6.1 13.5   0.5   0.5   0.9   2.8 1.4 3.6 0.6                   

G-23 0.415 10.6 11.8 43.6   21.4   0.5         11.9 10.8                         

G-27-29 0.6 10.3 12.2 58.7   9.2   4.1   0.0   0.5 2.2 10.8 0.5   1.8                   

G-30-32 0.71 10.0 13.8 64.5   6.4   1.0   0.3   0.5   11.8 0.5 1.1 0.2                   

G-34 0.155 11.5 22.4 52.3 5.2 18.1             1.5   0.5                       

G-35 0.23 6.5 11.9 58.8 2.0 14.9   6.5   0.5   0.4 2.3 2.7                         

G-36 0.55 4.0 10.8 63.2   14.9   2.6   0.5   1.3 2.6 2.3 0.1   0.3         1.3         

G-37 0.44 6.9 7.0 66.3   17.0   3.1   0.5 2.4     3.7     0.2                   

G-38 0.69 4.8 15.0 63.9   14.6   1.1   0.6 1.6     2.7     0.3                   

G-39 0.31 4.7 14.3 59.9 2.3 14.6   0.9   0.5 0.9     3.9   2.4 0.1                   

G-41 0.23 14.3 22.9 48.9 6.5 7.4   0.4     4.1     9.7                         

G-42-45 0.37  - 36.0 5.5 27.9 27.2 1.4 0.1       0.2 1.0 0.2 0.6                       
Qtz = quartz; Kao = kaolinite; I = illite; I/S = mixed-layer illite/smectite; M = muscovite; Py=pyrite; Mar=marcasite; Cal=calcite; Dol = dolomite; Ank = ankerite; Sid = siderite; Daw= Dawsonite; Ana=anatase; Alb = 
albite; Rut=rutile; Anal= analcime; Goy = goyazite; Fap = fluorapatite; Gyp=gypsum; Bass = bassanite; Jar=jarosite; Coq=coquimbite; Cop=copiapite; Sz=szomolnokite. 



MINERALOGY AND GEOCHEMISTRY OF THE GRETA SEAM 

5 

 

 
Figure 3 Modes of mineral occurrence in non-coal samples: (A) Graupen texture of 
G20, PPL; (B) Graupen texture of G26, XPL; (C) Embayment of quartz in G26, XPL; 
(D) Volcanic rock fragment in G22, PPL; (E) Root branching in G6, XPL; (F) 
Dawsonite infillings of fracture in G26, PPL. (PPL = plane polarized light; XPL = 
crossed-polarized light) 
 
Coal mineralogy 
The overall proportion of LTA of the coal samples is typically between 5 and 15% (Table 1). 
Like the vitrinite reflectance, the mineralogy of the coal samples is distinctly different in the 
upper and lower splits of the seam. The marine-influenced upper split contains abundant 
pyrite, clay minerals (kaolinite, illite and I/S), and minor carbonate minerals (calcite, 
dolomite, ankerite, siderite and dawsonite). Clay minerals are less abundant in the upper 
section than in the lower section, apparently due to dilution arising from the greater 
abundance of pyrite in the former. Small amounts of hydrous iron sulphates, including 
jarosite, coquimbite, copiapite and szomolnokite, are also present in a few pyrite-rich 
samples, due to oxidation of pyrite during sample storage. Marcasite occurs as a minor phase 
in two samples. Pyrite typically makes up from 40 to 56% of the mineral assemblage in these 
coals, with the exception of one sample immediately above the clastic horizon separating the 



LEI ZHAO 

6 

 

two splits. The minerals in the lower part of the seam, however, comprise much less pyrite 
(less than 6.5%), relatively abundant dawsonite (up to 14%), and kaolinite (typically 40 to 
65%).  
 
Pyrite in the coal samples, particularly in the high-sulphur upper split, occurs as euhedral 
crystals, framboids (Fig. 4A), pore and cleat infillings (Fig. 4B), replacements of wood 
structures (Fig. 4C), and a massive form with a porous structure. Pyrite occurring as an 
alteration product of siderite (Fig. 4D) is relatively common. Similar occurrences were 
observed by Smyth (1966) in some Australian coals. Pyrite and, to a lesser extent, marcasite, 
are concentrated in the upper part of the seam; this suggests that marine water penetrated to a 
certain depth of the upper part of the coal bed. Anatase and rutile are minor, but persistently 
present in almost all the coal and associated non-coal samples. Other minor minerals 
occasionally identified in the coal samples are analcime, albite, fluorapatite and goyazite, 
 

 
Figure 4 Modes of mineral occurrence in coal samples: (A) Pyrite framboids in coal G-
7, oil immersion, 20×; (B) Pyrite fills in pores of inertinite and cleats in G-37, oil 
immersion, 20×; (C) Pyrite replacement of wood structure in coal G-7, oil immersion, 
20×; (D) Pyrite replacement of syngenetic siderite in coal G-28, in air, 20× 
 
GEOCHEMISTRY 
Geochemical association and element affinity  
The geochemical results were analysed using cluster analysis, to identify groups of associated 
elements. Hierarchical clustering was performed using the Pearson correlation coefficients. 
The likely organic/mineral affinity of the elements in the Greta coals is indicated by the 
statistical correlation of trace element concentrations with the low-temperature ash yield 
(LTA%). Likewise, the possible modes of occurrence of elements can be also inferred based 
on the correlation of their concentrations with mineralogical abundances. The relationships 
between trace element geochemistry and mineralogy of the coal samples were evaluated on a 
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whole-coal basis. Associations of elements in the Greta coals are broadly indicated by the 
cluster analysis results (Fig. 5). Some five groups and the statistical correlation coefficients 
between selected elements and LTA%, are shown in Table 2.  
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Figure 5 Dendrogram developed from cluster analysis on the geochemical data of the 
Greta coals (cluster method, centroid clustering; interval, Pearson correlation; 
transform values, maximum magnitude of 1) 
 
Table 2 Broad classification of elements according to the results from cluster analysis 
and correlation coefficients (R) between the content of individual elements (E) in coal, 
LTA% and other minerals 

Group A 
Al2O3 (0.74), SiO2 (0.87), K2O (0.81), Na2O (0.82), Cd (0.84), Sn (0.71), Cs (0.71), Hf (0.88), Sc (0.82),  
Rb (0.81), TiO2 (0.67), Cu (0.61), Zr (0.63), Nb (0.63), Li (0.52), Pb (0.46), Th (0.5), U (0.7), La (0.62), Ce 
(0.59) 

RE-HTA 

Group B V (0.45), Ga (0.64), Y (0.42), Sb (0.38), Pr (0.61), Nd (0.52), Sm (0.57), Eu (0.63), Gd (0.73), Zn (0.68),  
Ag (0.71), Tb (0.55), Dy (0.59), Ho (0.5), Er (0.52), Tm (0.47), Yb (0.5), Lu (0.44) RE-LTA 

Group C Fe2O3 (0.97), P2O5 (0.74), Tl (0.91), As (0.87), CaO (0.7), MgO (0.19), MnO (0.28) RE-pyrite 

Group D Co (0.1), Mo (0.53), Ba (0.34), W (-0.18), Bi (0.23) RE-LTA 

Group E Be (0.16), Cr (0.27), Ni (0.4), Ge (-0.34) RE-LTA 

 
Group A comprises elements having high correlation coefficients with LTA%. High 
correlations generally also exist between these elements and alumina and silica, indicating 
their affinity with aluminosilicate minerals. For example, Li is more strongly correlated with 
Al2O3 (R=0.93, Fig. 6A) than with kaolinite (R=0.77, Fig. 6B). Pb, Cu and Sn, which are 
regarded as chalcophile elements, are associated with Al2O3, having correlation coefficients 
of 0.81, 0.78 and 0.79 (Fig. 6C, D, E), respectively. This may be because other undefined Pb-
bearing phases are associated with the clay minerals.  
 
Group B also includes elements that have relatively high correlation coefficients with LTA%, 
Al2O3 and SiO2. The correlation coefficients between concentrations of individual rare earth 
elements (REE), including Y, and LTA% vary from 0.42 (Y-LTA%) to 0.73 (Gd-LTA%) 
(Fig. 8), which indicates a higher affinity of the light rare earths (LREE) to the mineral matter 
of the coal than that of the heavy rare earths (HREE) and Y. HREE and Y may have a partial 
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organic affinity. Like Pb, a high correlation coefficient (R=0.77, Fig. 6F) also exists between 
Sb and Al2O3, indicating that Sb is associated with aluminosilicates, mainly clay minerals, 
rather than pyrite. 
 
Group C includes Fe2O3, Tl, P2O5, As, CaO and MgO. In this association, Tl and As have a 
pyrite affinity. They are positively correlated with pyrite in the coal, with correlation 
coefficients of 0.91 (Fig. 7A) and 0.87 (Fig. 7B) respectively. No correlation was found 
between pyrite and other chalcophile trace elements, such as Pb, Mo, Sn, Sb, Co and Cu, 
although correlations of these elements with pyrite have been observed frequently in other 
coals around the world. Fe2O3, CaO, MgO and MnO are highly correlated with each other, 
due to their association with carbonate minerals (mainly calcite, dolomite and ankerite).  
 
The other two associations are Group D (Co, W, Mo, Ba and Bi) and Group E (Be, Ni, Cr and 
Ge), which include elements that have correlation coefficients with LTA% of between -0.34 
and 0.53. These elements have no obvious correlation between the changes in the LTA%, and 
lack an obvious correlation with any of the identified minerals. Some elements may have an 
organic affinity. However, no clear explanation can be given for the association. 
 

 
Figure 6 Correlation of selected elements (Li, Pb, Cu, Sn and Sb) with alumina and 
kaolinite in the Greta coal samples 
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Figure 7 Correlation of trace elements (Tl and As) with pyrite in the Greta coal samples 
 

 
Figure 8 Correlation coefficients of mean individual REE and Y with LTA% in the 
Greta coal samples  
 
CONCLUSIONS 
The upper section of the Greta seam in the Sydney Basin has several different indicators of 
marine influence. The coals have contrasting mineralogy in the upper and lower sections of 
the seam. Pyrite typically comprises 40 to 56% of the mineral assemblage in the coals from 
the marine-influenced upper section. Small amounts of hydrous iron sulphates, including 
jarosite, coquimbite, copiapite and szomolnokite, also exist, due to oxidation of pyrite during 
sample storage. The lower section, however, contains much less pyrite (typically <5%, 
organic-free basis) and relatively abundant dawsonite (up to 14%, organic-free basis). 
Kaolinite appears to be less abundant in the upper section than in the lower section, which is 
probably due to the dilution by pyrite in the former. Other subordinate minerals, such as 
carbonates (calcite, ankerite, dolomite and siderite) and other clay minerals (illite and I/S), 
show no preferred vertical distribution. 
 
The elements in the coal can be grouped into five associations based on cluster analysis. 
Group A (Al2O3, SiO2, K2O, Na2O, Cd, Sn, Cs, Hf, Sc, Rb, TiO2, Cu, Zr, Nb, Li, Pb, Th, U, 
La and Ce) and Group B (V, Ga, Y, Sb, Zn, Ag, Y, REE except La and Ce) include elements 
that are strongly and relatively strongly associated with LTA% and aluminosilicate minerals. 
Group C (Fe2O3, Tl, P2O5, As, CaO, MgO and MnO) embraces elements that are associated 
with pyrite and carbonates. Group D (Co, W, Mo, Ba and Bi) and Group E (Be, Ni, Cr and 
Ge) include elements that have no obvious correlation with any of the minerals. With the 
exception of Tl and As, no traditional pyrite-metal association (e.g. Pb, Zn) is apparent.  
 
ACKNOWLEDGEMENTS 
The author wishes to thank Peter Krempin of the Austar coal mine for providing the drill 
core. Thanks are expressed to Irene Wainwright and Dorothy Yu of UNSW Analytical Centre 
for assistance with the analytical program, and to Joanne Wilde of UNSW for polished 



LEI ZHAO 

10 

 

sections and thin-sections preparation. The author also wishes to acknowledge Prof Colin 
Ward and Dr Ian Graham of UNSW, Dr David French of CSIRO, and the referee, Prof 
Adrian Hutton of the University of Wollongong, for their constructive comments on the 
manuscript. 
 
REFERENCES 
Agnew D., Bocking M., Brown K., Ives M., Johnson D., Howes M., Preston B., Rigby R., 
Warbrooke P. & Weber C.R., 1995. Sydney Basin, Newcastle Coalfield, in: Ward C.R., 
Harrington H.J., Mallett C.W., Beeston J.W. (Eds.), Geology of Australian Coal Basins. 
Geological Society of Australia Coal Geology Group Special Publication, pp. 197-212. 

Diessel C.F.K. & Gammidge L., 1998. Isometamorphic variations in the reflectance and 
fluorescence of vitrinite—a key to depositional environment. International Journal of Coal 
Geology 36, 167-222. 

Smyth M., 1966. A siderite-pyrite association in Australian coals. Fuel 45, 221-231. 

Taylor J.C., 1991. Computer programs for standardless quantitative analysis of minerals 
using the full powder diffraction profile. Powder Diffraction 6, 2-9. 

 



MINERALOGY AND GEOCHEMISTRY OF THE GRETA SEAM 

11 

 

Table 3 Element analyses of the Greta coal and non-coal samples (ppm, unless otherwise indicated as %; on whole-coal basis) 
Sample HTA 

(%) 
Al2O3 
(%) 

SiO2 
(%) 

CaO 
(%) 

K2O 
(%) 

TiO2 
(%) 

Fe2O3 
(%) 

MgO 
(%) 

Na2O 
(%) 

MnO 
(%) 

P2O5 
(%) Li Be Sc V Cr Co Ni Cu Zn Ga 

G-1,2,4 - 13.5 53.9 0.08 1.91 0.85 2.93 0.26 0.41 0.022 0.06 61.3 2.45 44.7 109 115 11 34.7 40.3 132 26 

G-3 - 8.95 61.6 0.03 1.21 0.41 9.55 0.16 0.37 0.005 0.04 74.2 1.66 47.3 41.2 55.6 9.49 31.6 20.5 37.7 16.8 

G-5 9.78 1.74 3.5 0.43 0.06 0.12 3.07 0.13 0.1 0.01 0.03 5.49 0.99 4.71 25.7 4.71 23.7 3.16 10.2 14.4 6.66 

G-6 - 19.6 43.1 2.28 1.6 1.00 6.52 1.67 0.36 0.076 0.23 88.3 2.75 42.4 56.8 24.7 12.1 32.8 41.1 55.3 90.8 

G-7 12.32 1.74 3.02 0.36 0.03 0.11 6.3 0.13 0.05 0.014 0.09 5.77 0.29 3.55 7.77 4.92 1.3 3.66 8.74 5.63 4.02 

G-10 17.75 1.73 2.22 0.43 0.03 0.14 12.4 0.13 0.04 0.013 0.19 5.47 0.23 2.24 8.17 3.65 1.18 3.37 8.86 5.27 3.71 

G-11-13 23.29 2.63 4.96 0.51 0.07 0.19 14.1 0.1 0.04 0.018 0.25 10.8 0.4 4.85 12.1 9.1 0.87 7.57 13.7 6.29 5.37 

G-14 9.29 2.77 4.77 0.41 0.09 0.15 0.46 0.1 0.03 0.002 0.22 15.3 1.68 7 24.5 11.3 3.02 12.4 11.1 17.8 7.69 

G-16-17 - 17.6 70.9 0.59 2.73 0.86 1.18 0.71 0.32 0.014 0.06 89.6 2.23 55.8 75.1 61.1 5.54 15.6 15.5 64.3 32.7 

G-18 41.62 7.64 29.5 0.32 0.44 0.39 0.45 0.25 1.57 0.005 0.03 43.7 1.79 24.9 32.4 22.7 5.58 21.4 19.9 36.8 11 

G-19 13.13 4.4 6.94 0.09 0.18 0.29 0.15 0.07 0.29 0.001 0.06 24.6 1.44 8.02 29.3 9.57 3.49 11.1 19.8 26.5 11.1 

G-21 14.39 5.66 7.52 0.07 0.15 0.33 0.13 0.05 0.16 0.002 0.03 37.5 0.69 8.14 37.6 6.95 2.17 5.18 12.5 16.5 6.93 

G-23 10.64 3.31 4.83 0.09 0.12 0.13 1.46 0.1 0.19 0.041 0.03 19.8 0.45 4.64 16.1 6.39 1.78 4.84 10.8 9.65 6.14 

G-27-29 10.27 3.37 5.34 0.04 0.1 0.29 0.56 0.03 0.24 0.005 0.01 23.8 0.51 5.46 21.4 9.18 1.76 7.4 13.3 6.1 6.06 

G-30-32 10.02 3.46 5.27 0.04 0.08 0.26 0.38 0.04 0.21 0.004 0.01 23.9 0.45 5.92 18.9 8.89 1.15 7.32 12.6 5.81 5.26 

G-34 11.47 3.52 6.9 0.04 0.14 0.22 0.32 0.05 0.03 0.007 0.01 27.3 0.4 7.24 18.3 23.3 0.98 8.67 17.6 7.59 5.57 

G-35 6.47 2.05 3.23 0.04 0.04 0.1 0.74 0.08 0.04 0.002 0.01 20.5 0.27 3 6.28 5.65 0.59 6.46 11.1 5.44 2.46 

G-36 4.05 1.41 2.07 0.08 0.02 0.08 0.15 0.03 0.05 0.001 0.03 7.99 0.32 2.21 6.7 5.47 0.54 6.44 8.92 4.15 2.45 

G-37 6.91 2.53 3.55 0.07 0.06 0.12 0.21 0.04 0.09 0.003 0.01 19.3 1.32 3.68 10.2 8.64 0.74 8.97 10.2 7.09 3.11 

G-38 4.8 1.68 2.68 0.05 0.04 0.11 0.11 0.03 0.07 0.001 0 11 1.26 2.67 8.19 10.5 0.6 10.6 11 4.51 2.64 

G-39 4.72 1.68 2.6 0.03 0.04 0.08 0.11 0.02 0.06 0.001 0 10.4 1.72 2.96 9.93 14.9 0.76 14.2 8.31 8.19 2.79 

G-41 14.35 4.22 7.5 0.4 0.18 0.18 0.32 0.24 0.47 0.003 0.01 25.5 3.66 13.9 32.5 50.7 3.32 24.5 14.2 11.6 7.07 

G-42-45 - 18.4 64 0.11 3.81 0.89 2.82 0.71 0.35 0.038 0.05 102 4.03 53.5 86.8 446 27.8 230 36.6 84.1 26.5 
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Sample Ge As Rb Y Zr Nb Mo Ag Cd Sn Sb Te Cs Ba Hf Ta W Re Tl Pb Bi Th U 

G-1,2,4 1.82 5.77 59.9 19.6 294 3.24 1.66 0.59 0.36 1.43 0.32 <1 3.06 171 7.25 <1 0.77 <0.1 1.96 9.79 <0.2 5.91 2.68 

G-3 1.82 2.76 39.1 12.7 178 2.15 1.26 0.63 0.23 0.99 0.28 <1 1.86 134 4.67 <1 0.37 <0.1 2.46 7.76 <0.2 4.83 1.67 

G-5 3.9 4.64 1.63 13.7 73.2 0.91 0.69 0.41 0.12 0.6 0.07 <0.1 0.27 125 1.28 <0.2 1.15 <0.01 0.14 1.87 0.16 0.75 0.26 

G-6 1.16 12.6 60.8 27 189 2.71 1.61 0.54 0.42 3.26 0.82 <1 5.37 1464 9.01 <1 0.87 <0.1 1.2 11.5 <0.2 7.46 2.18 

G-7 0.66 2.47 1.05 3.92 2.72 0.64 0.37 0.13 0.09 0.33 0.03 <0.1 0.13 68 <0.1 <0.2 0.22 <0.01 0.17 2.22 0.13 1.01 0.32 

G-10 0.28 2.87 0.84 2.72 1.51 0.46 0.42 0.13 0.09 0.27 0.05 <0.1 0.13 53 <0.1 <0.2 0.14 <0.01 0.43 1.51 0.11 0.63 0.31 

G-11-13 0.41 11.4 2.03 4.45 2.82 1.51 0.66 0.21 0.16 0.43 0.07 <0.1 0.23 61 <0.1 <0.2 0.16 <0.01 0.44 2.66 0.14 1.19 0.49 

G-14 3.97 3.05 3.37 12.4 0.29 1.32 0.47 0.29 0.1 0.32 0.16 <0.1 0.37 109 0.17 <0.2 0.39 <0.01 0.08 2.73 0.14 1.27 0.49 

G-16-17 1.28 2.38 97.3 21.4 263 6.78 0.76 0.6 0.45 2.67 0.32 <1 5.83 230 7.61 <1 0.88 <0.1 0.24 17.6 <0.2 11.6 3.03 

G-18 2.16 0.86 14.3 12.7 137 1.88 0.68 0.56 0.26 1.01 0.16 <0.1 0.89 78 3.2 <0.2 0.25 <0.01 0.09 5.01 0.16 2.56 0.83 

G-19 6.58 0.84 5.35 8.55 59.6 1.01 0.66 0.28 0.15 0.55 0.19 <0.1 0.35 132 1.66 <0.2 0.23 <0.01 0.05 3.66 0.14 1.21 0.35 

G-21 3.42 0.31 4.09 9.33 69.7 1.14 0.45 0.36 0.12 0.48 0.15 <0.1 0.39 36 2.1 <0.2 0.34 <0.01 0.04 3.77 0.1 1.25 0.34 

G-23 12.3 0.74 3.47 6.37 47.6 0.89 0.39 0.27 0.16 0.31 0.15 <0.1 0.2 51 1.47 <0.2 0.45 <0.01 0.04 3.84 0.06 1.01 0.31 

G-27-29 12.2 0.8 3.18 6.97 42 1.14 0.73 0.19 0.1 0.57 0.14 <0.1 0.31 23 1.23 <0.2 0.75 <0.01 0.1 3.96 0.16 1.68 0.48 

G-30-32 5.36 0.74 2.4 6.03 35.5 1.14 0.38 0.15 0.09 0.63 0.11 <0.1 0.26 29 1.15 <0.2 0.5 <0.01 0.06 3.42 0.14 1.92 0.52 

G-34 0.91 0.3 5.13 4.59 39.9 1.59 0.36 0.18 0.09 0.69 0.14 <0.1 0.48 23 1.28 <0.2 0.3 <0.01 0.04 4.99 0.19 2.16 0.62 

G-35 0.78 2.36 1.3 2.29 18 0.77 0.43 0.09 0.11 0.28 0.03 <0.1 0.08 13 0.56 <0.2 0.13 <0.01 0.19 3.05 0.15 1.1 0.27 

G-36 6.49 0.32 0.52 2.45 3.91 0.73 0.29 0.08 0.09 0.22 0.04 <0.1 0.04 16 0.14 <0.2 0.24 <0.01 0.03 2.39 0.12 0.89 0.27 

G-37 17.9 0.49 1.87 4.66 27.2 0.73 0.35 0.14 0.11 0.31 0.05 <0.1 0.13 12 0.85 <0.2 0.25 <0.01 0.04 2.21 0.1 0.96 0.26 

G-38 23.5 0.17 0.99 3.01 16.4 0.95 0.31 0.09 0.06 0.27 0.05 <0.1 0.07 8 0.5 <0.2 0.32 <0.01 0.03 2.2 0.13 1.13 0.28 

G-39 35.6 0.14 1.12 3.13 17.4 0.67 0.31 0.08 0.07 0.3 0.05 <0.1 0.13 10 0.52 <0.2 0.33 <0.01 0.03 2.13 0.1 1.04 0.27 

G-41 33.8 0.25 6.16 13.3 42.5 1.54 0.31 0.19 0.09 0.54 0.15 <0.1 0.79 23 1.35 <0.2 0.18 <0.01 0.06 4.12 0.11 2.54 0.69 

G-42-45 1.74 4.54 137 19.2 222 5.3 1.17 0.5 0.16 1.95 0.39 <1 5.86 128 6.53 <1 1 <0.1 0.53 13.2 <0.2 9.4 2.65 
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ABSTRACT  
Mafic volcanic formations are a distinguishing feature of the Gunnedah-Bowen Basin , 
including large Early Permian basalt flows that form the basement to the sedimentary 
sequence, Jurassic basalt flows (the Garawilla Volcanics), and Cenozoic basalt flows which 
form three spectacular mountain ranges. This presentation will discuss the potential for in-situ 
mineral carbonation in the Late Carboniferous to Early Permian mafic (basalt) volcanic rocks 
which underlie the sedimentary sequence of the Gunnedah-Bowen Basin in NSW and the 
significance of this for the coal seam gas industry in New South Wales. In-situ mineral 
carbonation is a process in which carbon dioxide is pumped into deep basaltic rock 
formations. These basaltic rocks, rich in alkaline earth metals (calcium and magnesium) have 
a high CO2 mineralisation and immobilisation potential via mineral carbonation reactions. 
Mineral carbonation aims to create stable carbonate minerals such as magnesite (MgCO3), 
calcite (CaCO3) and siderite (FeCO3) by reacting carbon dioxide (CO2) with silicate minerals 
containing magnesium and calcium. Such minerals are stable over geologic timescales, so 
CO2 storage by this method would minimise risk of later leakage back to the atmosphere.  
 
Flows and layered intrusions of basalt occur globally, with large volumes present around the 
world (McGrail et al., 2006). The large flood basalt provinces, such as the Miocene Columbia 
River sequence in the USA, the Late Cretaceous Deccan Traps in India, the Jurassic Karoo 
basalts of southern Africa, the Permian Siberian Basalts in Russia, and many more are 
regarded as potentially important media for geological storage of CO2. This technology is 
already being implemented and closely monitored in the USA and Iceland. However, a 
systematic and quantitative evaluation of basalts as a potential geologic storage option has not 
yet been developed in Australia. As a part of a larger project to evaluate the geological carbon 
dioxide (CO2) storage potential of New South Wales (NSW) sedimentary basins, a study has 
been carried-out to evaluate potential for in-situ mineral carbonation in the Late 
Carboniferous to Early Permian mafic (basalt) volcanic rocks which underlay the sedimentary 
sequence of the Gunnedah-Bowen Basin in NSW (Gurba, 2010, Gurba et al., 2009).  
 
Interpretation of basement lithology and regional structural patterns are important for 
understanding the CO2 storage potential of the Gunnedah and southern Bowen Basins in NSW 
(Gurba et al., 2009). Most of the basin floor (some 15,000 km2) comprises Early Permian 
volcanic rocks (Werrie Basalt and Boggabri Volcanics), a potentially important host medium 
for CO2 geological storage. Basaltic eruptions produced a thick sequence (up to 1,500 m) of 
sheet flows and less common block flows in the basin (Leitch, 1993). According to the 
modelling presented by Gunn (2002), this “volcanic” unit may be over 2,000 m thick. These 
basaltic rocks may have some potential for mineral trapping of CO2, as injected carbon 
dioxide may react with silicates in the basalt to form carbonate minerals. If viable, use of 
basalt as a reservoir would add a number of potential economic and technical benefits to the 
overall process of CO2 geological storage in the Gunnedah Basin. However, geological 
storage of CO2 in plagioclase-bearing sediments, granitic rocks and fractured basalts is 
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expected to have a variety of geochemical and geomechanical effects, including mineral 
trapping and porosity-permeability changes. In addition, the accumulation of carbonates in the 
rock matrix may lead to a considerable decrease in porosity. This in turn adversely affects 
permeability and fluid flow in the aquifer. Whilst having high uncertainty, CO2 storage in the 
basalt formations adds a number of potential economic and technical upsides to geological 
storage of CO2 in the study area. If proven viable, major flood basalts in the Gunnedah Basin 
could provide significant additional CO2 storage capacity and additional geologic 
sequestration options in certain regions where the conventional storage options are limited.  
 
Keywords: Unconventional reservoirs; CO2 storage; coal seam gas, basalts; Gunnedah-
Bowen Basin. 
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