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PREFACE 

Welcome to the twenty-ninth Newcastle Symposium. In keeping with the popularity of last 
year's Symposium we have again received almost 50 presentations, including papers, posters and trade 
displays, making this one of the largest Proceedings volume on record. As a result of the large number 
of submissions, we again have three parallel sessions on the Saturday afternoon, and two parallel 
sessions on Sunday morning. If you can't make up your mind which session to attend, please visit one 
ofthe posters or trade displays instead. 

The keynote speaker in 1995 is Dr Garry Lowder, Director-General of the NSW Department 
of Mineral Resources, and he will be addressing the issue of "The Revolution in Australian Geoscience 
and its Implication for Resource Investment in NSW." In addition, several lecturers have been 
specifically invited to give an overview of key environmental themes they have expert knowledge in. 
John Hannon from the NSW Coal Association will discuss the salinity issue in the Hunter River, and 
following a precedent set last year to showcase some of the results ofthe Coalfield Geology Council 
ofNSW, Harry Bowman will present a paper on environmental guidelines for coal exploration. To 
extend an environmental theme at this year's Symposium, we have devoted virtually a full session to 
environmental geology. In keeping with our normal program we again have sessions concentrating on 
coal geology, engineering geology and Sydney Basin regional geology. 

After many years of dedicated convening, Claus Diessel will be having a less direct role in the 
running of this and future Newcastle Symposiums, and we wish to thank him for the skill and 
enthusiasm he brought to making this the longest-running and one of the most successful geoscience 
conferences in Australia. 

We are fortunate in having Professor Keith Lester on hand to open the Symposium as one of 
his first official acts as the new Deputy Vice Chancellor of the University of Newcastle. The 
Symposium this year continues to be a four day event, with a sequence stratigraphy short course on 
the Thursday, a field trip on the Friday and scientific sessions on the Saturday and Sunday. We hope 
to make the short courses a permanent component of the program and would be interested to hear from 
anyone who would like to present such a course at a future Symposium. The Department of Geology 
undergraduates will be actively involved with running this year's Symposium and will also co-sponsor 
the Friday evening Sheep Roast. We have tried to keep our cost increases to a minimum in 1995 with 
the objective of continuing to provide a high quality scientific meeting at minimal cost. 

The volume you are now reading began its history as a list of symposium abstracts. However 
it has since grown to be much more than that and is now appropriately described as a conference 
proceedings volume. The authors spend considerable time and effort in producing standardised papers 
and we feel they deserve a formal reference to quote their paper as a publication. Consequently this 
volume will now be referred to as : BOYD, R.L. & MACKENZIE, G.A. 1995. Proceedings of the 29th 
Newcastle Symposium, "Advances in the Study of the Sydney Basin", University of Newcastle. 

As always, we hope to provide a forum for the exchange of ideas in a friendly and convivial 
atmosphere. I welcome you to the 29th Newcastle Symposium and hope that you will have an 
enjoyable weekend. 

(i) 

Ron Boyd 
Convener 



FOREWORD 

Welcome to the 29th Newcastle Symposiwn! We are very pleased to see our colleagues 
in Newcastle once more for a four-day mix of social, technical, academic and cultural activities. 
The Newcastle Symposiwn has expanded over the years, not only from the point of view of the 
nwnbers of participants, or the breadth and number of technical presentations, but also the length 
of the meeting. For the second year running, the highly successful short course on Sequence 
Stratigraphy as applied to Coal Geology, run by Ron Boyd and Claus Diessel is an integral part 
of the program, additional to the regular technical sessions and excursion (the last also organised 
by Ron Boyd and aided by Peter Roy). So, for many delegates who are taking in these earlier 
events, by the time the Saturday morning technical sessions start, half of the proceedings will be 
over. The Newcastle Symposium clearly continues to provide a forum for geologists working 
in fuels, sedimentology, tectonics and environmental areas. We have a full technical program in 
all of these fields (and more!) and I am sure that we can offer a range of talks to keep the interest 
of all participants. 

Last year I was able to report the results of a highly favourable external review of the 
Department of Geology and consequent plans to increase the staff levels and the diversity in the 
teaching and research profile of the department. Crucial to these new developments is the filling 
of the Chair in Geology. As this volume goes to press I am happy to note that an offer has gone 
out for the Chair, with the likelihood of a new appointee arriving mid-year. This will be a big 
boost to the Department and we hope that the appointment will be followed in the next year by 
the filling of further critical teaching positions. That this happens is important for the Department 
and for the quality of our graduates, particularly because we go into 1995 with only four 
permanent members of the teaching staff - our lowest nwnber for many years. 

Many people have worked hard in preparation for this year's Newcastle Symposiwn. I 
would especially like to thank the Convenor, Ron Boyd for the task of organising the symposiwn 
and Geraldene MacKenzie, Secretary of the Geology Department for her tireless efforts 'behind 
the scenes' in attending to many aspects of the symposium preparation. 

Welcome to Newcastle! Enjoy the activities! I hope to see you again at next year's event! 

(ii) 

Phil Seccombe 
Head of Department 
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'HOT ROCKS' IN THE HUNTER - PROSPECTS 
FOR GEOTHERMAL ENERGY 

PA ODINSl, MA BOCKING1 & D WYBORN2 

1 

2 

Pacific Power 
AGSO 

INTRODUCTION 

Recent studies by AGSO have found that Australia's particular combination of 
geology, stress regimes and thermal history make some of its high heat producing granites 
a major potential source of Hot Rock (HR.) heat energy. 

The heat flow from granite bodies comes from both the convection ofheat from the 
underlying rocks and more importantly, from the radioactive decay of naturally occurring 
isotopes of uranium, thorium and potassium that are present in most granites. 

Certain granites, relatively abundant in Australia are anomalously high in these 
elements and are known as high heat producing granites. Where deeply buried under 
sufficient sedimentary cover the temperature of these granites can be as high as 275°C at 
depth, hot enough to be potentially viable as geothermal energy sources. 

Work undertaken by Pacific Power and AGSO indicates that one such granite may 
be present in the Hunter Valley, with the potential to provide the equivalent of Australia's 
total energy needs for 5 years. 

THE HOT ROCK CONCEPT 

Geothermal Energy 

'Conyentjonal' 

The concept of harnessing the Earth's natural heat sources for power generation is 
not a new one, with many countries using conventional geothermal energy to help meet their 
power needs. Conventional geothermal power stations utilise naturally occurring 
groundwater heated to steam by magmatic activity to power turbines. These stations are 
located in volcanically active areas such as Japan and New Zealand and generally obtain 
their heat from relatively shallow (less than 2000 m) magmatic sources. Utilisation of the 
heated groundwater often results in the depletion of the reservoir. Unless this is recharged 
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or another supply is found this depletion will result in the cessation of generating capability. 
Australia has no known areas prospective for the utilisation of this 'conventional' geothennal 
energy. 

'Hot Rocks' 

In contrast to conventional geothennal energy sources, HR. 'heat reservoirs' are 
simply rock masses, typically granites, exhibiting anomalously high values of the Earth's 
natural heat flow. This heat is generated primarily in continental crust by the radioactive 
decay ofisotopes of uranium, thorium and potassium and by heat conducted from below it. 
The heat transported by rising magma utilised indirectly in 'conventional' geothennal power 
generation accounts for only a small proportion of continental heat flow. 

Anomalies in heat flow may be caused by an initially high heat flow, the presence of 
an efficient thennal insulator such as overlying strata with low thennal conductivity, or a 
combination of both, as is the case in some places in Australia. 

The process of generating power from a suitable HR. reservoir is ,in principle, very 
simple (figure I.). Two boreholes, of sufficient depth to encounter 'hot rocks' must be 
connected by a fracture network. Typically this is to be achieved by the directional drilling 
of the second hole into a fracture swann created by the hydraulic fracturing of the first 
borehole. Water is pumped under very high pressure (20-30 Mpa) down the first well. The 
water is heated by its passage through the fractures in the hot rock mass and recovered as 
pressurised hot water up the second well. The heat recovered from this fluid is used to fonn 
steam which is then used to spin a turbine connected to a generator. Once the heat is 
extracted the cool water is recirculated to be heated again. 

Figure I. Schematic of Hot Rock Power Station (Source: Somerville. Wyborn. et aL 1994) 
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The benefits of this method of power generation are as follows: 

No particulate pollution or emission of greenhouse gases; 
Water losses are less than conventional power generation systems; 
Technologies for drilling, hydraulic fracture stimulation and power 
generation are currently available; 
Potential resources are huge. 

THE IDEAL 'HOT ROCK' RESERVOIR 

The ideal HR reservoir consists of massive, homogenous, readily fractured, high heat 
producing rocks, at high temperature, under an efficient thermally insulating blanket, 
preferably sedimentary for easy drilling. The rocks should be as shallow as possible 
providing an high temperature is present. 

Circulation and heat recovery in the ideal reservoir is best provided by an extensive 
interconnected network of horizontal fractures that remain enclosed in the hot rock mass 
itself. Somerville and Wyborn, et al. 1994., identify that a crustal shortening regime of high 
horizontal, ideally isotropic, stresses will assist in permitting the creation ofthis objective, 
utilising hydraulic fracturing. 

The rare high heat producing (HHP) granites, some of which are located under the 
insulating coal and shale formations of eastern Australia's Permo-Triassic basins, may well 
be the most suitable rocks on Earth for this purpose. A crustal shortening regime exists in 
the Sydney Basin and an adequate thickness of insulating cover (3-5 krn) exists. 

HISTORY OF HOT ROCKS 

International 

The world's first HR reservoir was completed at Fenton Hill, New Mexico in 1977. 
Preliminary testing gave good results, with a 30 day trial showing increasing water 
temperature and decreasing water loss. Other sites being considered in the USA include 
Clear Lake, California adjacent to the world's largest producing conventional geothermal 
energy field at The Geysers and a site near the township of Nutrioso, Arizona. 

The Japanese have a well established conventional 'wet rock' geothermal energy 
industry. Influenced by the American success and their involvement in the Fenton Hill trials, 
they started their own program in 1984. Currently work is being undertaken at three sites, 
Hijiori, Akinomiya and Ogachi, all on the island of Honshu. The Japanese trials to date have 
been characterised by good heat flow rates and poor water recovery «50"10 in all cases). 

Europe is generally not well placed for the exploitation ofHR for power generation, 
geothermal gradients are generally low and it is considered that HR reservoirs there could 
produce energy appropriate for heating uses only. HR research is being carried out in 
several European countries including England, France, Germany, and SSR. Results of 
international HR exploration programs are summarised in table 1. 
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The work at Soultz is of particular note for there the experimental creation of 
fractured reservoirs in granites has been refined, although not at a very 'hot' location. 
Seismic monitoring has mapped the fracture propagation throughout 0.3 km) of granite. 

Table 1. Summary of International HR Exploration 

1989-1994 1000 228 2 

1977-1991 2000 80 2 

N~M~dce., 1977- 1986 3500 240 2 
USA -- 1987 2000 140 " ....... 
FIMft 

IUbardlao- 1991 3700 200 
.lonky, 

Source: (Batchelor, 1989., Duchane, 1991.) 

Australia 

0.1 <SO%waler 

... 
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0.3 falrtMr 
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hullnc: use 
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As mentioned previously Australia has no known 'conventional' geothermal energy 
sources. However in 1983 the Bureau of Mineral Resources (now AGSO) undertook a 
nationwide compilation of data relating to HR prospectivity (Cull and Conley, 1983). This 
study recognised the important contribution made to HR prospectivity in many areas of the 
continent by the 'thermal blanketing' effect of thick sedimentary basins, especially those 
containing hydrocarbon or coal bearing strata. In addition the study identified large areas 
of relatively high heat flow due to the high radiometric heat production of crustal rocks, 
particularly granites which in some areas of Australia exhibit twice the global average for 
continental heat flow. 

Following the recommendations of the International Conference on Hot Dry Rock 
Geothermal Energy in 1993, AGSO produced a HR feasibility study for the Energy 
Research and Development Corporation (ERDC) (Somerville, Wyborn et al, 1994). This 
report compiled geothermal information from some 4300 wells drilled by State Mines 
Departments, other state organisations, including Pacific Power and mining and oil 
compames. From this data a map of estimated crustal temperature at 5 km depth was 
created. 

The study identified a total of 23 prospective locations throughout Australia where 
rock temperatures in excess of 200·C occur at depth. At some of these locations the 
basement is known' fo consist of granite. From each of these data points a calculated 
minimum HR energy resource was calculated. These results suggested that the resource 
would be sufficient to meet all of Australia's power needs at present usage levels for 7500 
years. 



5 

HOT ROCKS IN THE HUNTER 

The report concluded that Australia has a substantial fIR geothermal energy resource 
worthy of further investigation and recommended that a program of drilling and hydraulic 
stimulation be carried out on one of two sites. The preferred sites were located in north 
eastern South Australia approximately 50 km NE of Moo mba, and in the Hunter Valley, 
New South Wales, approximately 25 km south west of Mus well brook. 

A subsequent meeting of the HR working party late in 1994 agreed that the 
Muswellbrook anomaly site is more conveniently located for research and power production 
trials. 

HUNTER GEOTHERMAL ANOMALY 

Location and Discovery 

The Hunter Geothermal Anomaly (HGA» is located approximately 25 km south 
west ofMuswellbrook (figure 2). The presence of unusually warm bore core was noted by 
Pacific Power geologists during the drilling of two deep coal bed methane bores in 1991. 
The heat flow anomaly was then confirmed using wireline logging which included the 
determination of maximum hole temperatures in the two wells, Elecom Hunter Llanillo 
DDH 1 (EHL 1) and Elecom Hunter Randwick Park DDH 1 (EHRP 1). Running of newly 
available temperature sondes in EHRP 1 more than two years after the initial measurements, 
confirmed the existence of the HGA. Details of these wells are presented in table 2. 

Tabl. 2. Detail. or Pacilic Power Well. EHL 1 & EHRP 1 

284520 
1409813 

281336 
1409400 

170.3 

153.5 

MHT· = Maximum Hole Temperature 
TS' = Temperature Sonde 

765.85 HQIMHT* 65 

700 HQIMHT* 48@608m 

Sourc.: (Bocking and Odin., 1992., Smith and Odin., 1992.) 

70 265 

59 230 

Initially, in order to ascertain the nature of the heat source, gravity maps of the area 
at a scale of 1 :250 000, the highest resolution then available, were studied for the existence 
of gravity lows superimposed on the HGA site (figure 2.). Encouraging results led to the 
commissioning of a Pacific Power/ AGSO gravimetric survey of the site and surrounding 
region. This work was carried out in January of 1995. 

The collation of heat flow results from surrounding boreholes identified that the 
nearby bores exhibited thermal gradients up to 35°Clkm. The lowest reading imply a 
background of22"C/km for the region. From these values, limits of the anomalous heat flow 
were inferred, corresponding to a buried heat source some 50 km2 in area. 
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Results ofthe Australian HR feasibility study showed the close correlation between 
areas of high heat flow and relative gravity lows (Somerville, Wyborn et al, 1994). These 
gravity lows are thought to be the result of the density contrast between deep seated 
granitic bodies and the surrounding crust, HHP granites typically have lower densities than 
regular granites - further enhancing the density contrast. 

Preliminary interpretations have confirmed the existence of a gravity low 
superimposed upon the HGA site (Murray, 1995) (figure 3.). Approximately 100 km to the 
west of the site, HHP granites of Carboniferous age, such as the Briunbrun granite, occur 
in the Bathurst area. It is inferred that the HGA gravity low is related to such a 
Carboniferous granite at depth. . 

The Thermal Resource 

As detailed in table 2., both of the methane wells drilled in HGA have a minimum 
calculated rock temperature at 3.5 km of 230·C. The repeat measurement in EHRP 1 has 
confirmed, the longer the time the temperature is given to equilibrate down the well the 
closer the readings approach the true geothermal gradients. Consequently the true gradient 
for EHL 1 may be up to 10·Clkm higher than that currently measured. 
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Figure 4. We ....... t .ection through HGA, correlation of major geological homon. Infen a depth to 
basement of about 3.5 km at HGA .ite (EHL 1 & EHRP 1). Verticaleuneratlon II 25 tim ... 
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Uncertainty exists regarding the depth to the source of the heat anomaly in the 
Hunter, but it is thought the depth to Allandale formation at the HGA site is 2 km (figure 
4.). The thickness of the Allandale and Lochinvar formations is unknown in this area but 
exceeds 1 km at Loder Dome 30 km to the south east. 

A minimum useful rock temperature is considered to be 165·C the maximum 
temperature in rocks below that level determines the size of the resource. It is therefore 
preferred that the granite? be buried at a depth oD - 3.5 km and be 1 - 1.5 km in thickness. 

It is possible that the heat flow anomaly is purely coincidental with the gravity 
anomaly. Sutherland, 1992., utilising zircon dates suggested a southerly moving hot spot 
should exist under the Hunter Valley at this time. If this proves to be the case our heat 
source should be more than deep enough. 

THE FUTURE 

A hot rock resource with a temperature of 250·C would have the potential to 
provide energy to a major power station and provide very clean energy. However the gravity 
anomaly at the HGA site is not the only anomalous gravity low in the Sydney Basin and the 
quest for clean energy will continue. 
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Amino acid racemisation calibrated against radiocarbon dating by liquid scintillation 
and accelerator mass spectrometry has provided a chronostratigraphic framework in which to 
evaluate the later Quaternary evolution of mollusc-rich carbonate sediments on the outer 
continental shelf of New South Wales. The extent of racemisation for several amino acids 
and radiocarbon dates on the bivalve molluscs Pecten fumatus and Placamen p1acidium 
reveals the presence of sediments deposited during three successive glacial maxima (i.e. 
stages 8, 6 and 2 of the marine oxygen isotope record). Three vibrocores (Cores 
112NC/130, 112NC/121 and 112NC/134) taken on the outer continental shelf in present 
water depths of 123, 139 and 150 m respectively, each contain intervals of densely-packed 
mollusc-dominated sediments, set in a matrix of carbonate sand. The absence of pedogenic 
modification suggests that these marine sediments have never been subaerially exposed. The 
molluscs point to deposition in water less than 50 m. Molluscs have yielded marine reservoir 
corrected radiocarbon ages of 17,320 ± 220 yr BP (SUA-30S0; Core 134); 26,550 ± 1100 
yr BP (SUA-3083; Core 121) and 23,550 ± 370 (SUA-308S; Core 130) and equate with the 
last glacial maximum. The extent of racemisation for the enantiomeric amino acids alanine, 
aspartic acid, glutamic acid, phenylalanine and valine, in the same fossil molluscs dated by 
radiocarbon, has provided an additional basis to assess the validity of the amino acid data. 
Amino acid racemisation indicates that other specimens which yielded background 
radiocarbon results are in fact significantly beyond the range of radiocarbon dating, based on 
comparisons with other fossiliferous deposits in southeastern Australia. The extent of 
racemisation of amino acids in the scallop P. fuTTUJtus in Core 134, reveals the presence of 
three chronostratigraphically distinct aminozones, which relate to oxygen isotope stages 8, 6 
and 2. In contrast, in Cores 121 and 130 with lower sediment recovery, only two aminozones 
of Pleistocene age are identified (stages 6 and 2 in both cores). The cores also provide 
evidence of reworking of macrofossils, which is not discernible on the basis of 
lithostratigraphy or biostratigraphy. The degree of reworking evident in each core appears to 
increase towards the inferred location of the shoreline of Pleistocene glacial maxima. 
Collectively, these vibrocores represent the first in situ deposits of Middle Pleistocene to 
Holocene age to be studied in detail from the outer continental shelf in eastern Australia. The 
assemblages of fossil molluscs also help to constrain the lower limit of sea-level during 
previous glacial low stands to positions above -130 m. 
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Vibrocores collected on the continental shelf adjacent to central NSW in 
October 1992 contain a well-preserved record of Late Quaternary sedimentation 
(Bickford et al., 1993; Ferland & Roy, 1994). Cores with 2-5 m penetration were 
collected along nine shore nonna! transects between Sugarloaf Point (32.S0S) and 
Shoalhaven Bight (3 50S). Prior to this marine survey, there were no subsurface 
sedimentary data available for the outer shelf in this region and the hence, the cores 
provide a new and interesting perspective on sedimentation in the 100-170 m water 
depth range. Results of detailed chronostratigraphic studies are contained in Murray
Wallace et al. (1994, 1995) and Ferland et al. (submitted). 

The outer shelf sedimentary sequence preserved in the vibrocores was 
surprising because it is composed of predominantly cmonate sediments. Most cores 
from water depths >120 m contain >60% cmonate (average value for the core) and 
cores from near the shelf edge contain 70-80% cmonate. The environment of 
deposition for much of the sediment in the outer shelf cores was a high energy, wave
dominated inner shelf; with water depths generally less than 30 m, which existed during 
periods of glacially lowered sea level This interpretation is based on the molluscan 
fauna, composed predominantly of shallow-marine bivalves, and numerous radiocmon 
dates indicating deposition during the period 15,000 to 26,000 yrBP (isotope stage 2), 
when the sea was 100-120 m below its present level (e.g. Fairbanks, 1989). 
Lithologically similar units lower in the cores yield background radiocarbon dates which, 
when considered with the results of amino acid racemisation analyses, indicate that 
deposits from two earlier glacial periods are also preserved (isotope stages 6 and 8) 
(Ferland et al., submitted; Murray-Wallace et al., 1994, 1995). The sedimentary 
intervals between the successive lowstand depositional units are comprised of slightly 
muddy finer grained, carbonate sand containing deeper water molluscan species and 
bryozoa. These intervals are interpreted as representing deposition during times of 
intermediate sea level, such as isotope stages 3 and 4. 

In contrast to the predominantly carbonate, lowstand sedimentary 
sequence, the present highstand deposits on the inner shelf (0-60 m water depth) are 
overwhelmingly quartzose often with <5% carbonate. The quartzose sediment is largely 
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palimpsest and has been derived through the reworking of terrigenous sediment supplied 
to the coast at times of previous sea level fluctuations (Roy & Thom 1981); little sand
sized material is being delivered to the central NSW coast today (Roy 1977; Roy & 
Crawford 1977). Further seaward, on the mid-she~ sediments in water depths of 60-
120 m are muddy, fine to very fine sand which has been transported to the shelf during 
floods. This sediment is usually 2 to 4 m thick and has accumulated since approximately 
11,000 yrBP, during and since the postglacial marine transgression. The composition of 
both the sand and mud fractions of the mid-shelf sediment is mixed siliciclastic (c. 60-
70%) and carbonate (c. 30-40%). Under present highstand conditions, the outer shelf is 
a moderately high-energy environment due to incursions of the southward-flowing East 
Australian Current (EAC). The EAC prevents deposition, as well as actively winnowing 
sediment, to produce an essentially non-depositional outer shelf regime. 

The presence of last glacial inner shelf deposits on the NSW outer shelf 
provides a unique opportunity to compare styles of lowstand and highstand inner shelf 
deposition. On many well-studied continental shelves (e.g. eastern USA, much of 
Europe), lowstand marine deposits are not preserved. As many of these shelf smfaces 
are now less than c. 120 m below present sea level, lowstand marine sediments were not 
deposited on these shelves which were exposed subaerially during maximum lowstands 
when eustatic sea level fell by approximately 120 m (e.g. Fairbanks 1989). At these 
times, fluvio-deltaic sediments are generally assumed to have been delivered to the 
coast, and indeed such deposits have been identified on the continental shelves and 
slopes adjacent to major rivers (e.g., the Mississippi River; Suter & Berryhill 1985). In 
contrast, lowstand deposits on the relatively deep central NSW shelf are preserved and 
predominantly carbonate, which indicates that little fluvial/terrigenous sediment was 
deposited at this coast during the last several glacial periods. 

The lack of clastic sediment on the lowstand shelf should be examined in 
light of the exceedingly low average discharge and sediment load of Australia's rivers, 
relative to other continents, due to its overall dryness, flatness and low rates of 
denudation (e.g. Young 1983; Bishop 1985). There is strong terrestrial and marine 
evidence that these conditions were exacerbated during glacial periods, which were 
characterized by a cooler, drier climate than were interglacial periods (e.g. Deuser et al., 
1976; Bowler 1978; Williams et al., 1993). Lower rainfall during glacials would have 
yielded lower run-off and resulted in less transport of sand-sized material down river 
channels. In addition to the decreased supply of siliciclastic sediment, it is likely that 
there was an increase in carbonate productivity during glacial periods, which would have 
'diluted' the fluvial input. Elsewhere increased productivity has been identified and 
attn'buted to cooler global water temperatures and increased nutrient supply (Milliman 
1993). In Southeastern Australia, the glacials were also characterized by stronger 
westerly winds (Bowler & Wasson 1984; Thom et a!., 1994) which would have induced 
coastal upwelling of cool water. Lastly, the core of the East Australian Current, which 
periodically carries warm and relatively low-nutrient water onto the shelf today, was 
probably shifted further seaward during glacial periods. The combination of the shelf s 
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shallow morphology and its wave-dominated, high-energy conditions, would have 
reduced the influence of the EAC on the lowstand shelf and contributed to cooler water 
temperatures and higher productivity. We envision a time, probably during the early 
transgression (c. 13,000 to 12,000 yrBP), when oceanographic conditions on the outer 
shelf switched relatively rapidly to those more like the current-dominated interglacial 
conditions now experienced. Milliman (1993) notes that the global evidence from 
shelves shows that the transition from carbonate-poor to carbonate-rich sediment is 
often quite abrupt. 

The arguments just presented leave two issues unaddressed. The first 
relates to the dominance of quartzose sediments on the modem inner shelf; despite the 
relatively low rates of terrigenous sediment supply to the NSW shel£ This represents 
the net accumulation and repeated reworking of sediment supplied to the shelf; albeit at 
low rates, over multiple sea level fluctuations throughout the Quaternary. The second 
issue has greater implications for studies outside the region and relates to the apparent 
lack of facies migration across the shelf during late Quatemary regressions and 
transgressions. Evidence provided in the cores shows that the lowstand lithologic units 
from the outer shelf are fundamentally different from those of the present inner shelf; 
despite being deposited in similar water depths. Furthermore, we see no intermediate 
lithologies indicating a gradual transition between the two depositional conditions. 
Either, we have not sampled those lithologies or, as we would suggest, there is a 
switching on and off of the factors necessary to produce the outer shelf lowstand 
sequence. The answer to this question awaits further analysis and interpretation of the 
data. However, our results indicate that more caution may be warranted before 
assuming that lateral facies migration automatically accompany sea-level change. 

We do not suggest that a signature of quartzose sediment deposition 
during glacial periods is entirely lacking in the outer shelf cores. There are several 
alongshelf increases in the average proportion of quartz in the lowstand deposits which 
coincide with major rivers (Shoalbaven, Hawkesbury and Hunter), however cores 
adjacent to these rivers still contain predominantly carbonate sediment. Near the 
lowstand paleo-shoreline (c. 120 m), the carbonate content of the sand-sized fraction is 
generally about 50-55%, and the 'gravel fraction' is comprised almost entirely of 
bivalves, sometimes equivalent to 50% (by volume) of the sedimentary unit. The 
siliciclastic content decreases away from the paleo-shoreline to approximately 20-30% 
near the shelf edge. As well, the mean grain size of the siliciclastic fraction decreases 
away from the paleo-shoreline, due to an offshore decrease in wave energy. The 
siliciclastic sand component present in lowstand shoreface deposits is comprised largely 
of fine-grained sand, similar to the sand fraction of the modem mid shelf sediments; we 
believe this was produced mainly by marine reworking during regressions with some 
addition of 'new' terrigenous sediment. There is also a minor clastic component of 
coarser, rounded quartz grains which are heavily iron-stained and may have been eroded 
from older shelf deposits which were exposed and reworked during regressions and 
lowstands. 
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In conclusion, the lowstand inner shelf deposits cored on the present 
outer shelf are predominantly carbonate and are fundamentally different from the 
quartzose deposits on the modem inner shelf: The existence of a carbonate sequence on 
this margin results from a deficit in the supply of terrigenous sediment to the coast 
during glacial periods, as well as an increase in carbonate productivity at those times. 
The sequence was preserved because of the deeper than average water depths on the 
outer shelf: The stacking of multiple couplets of deposits formed during lowstands and 
periods of intermediate water-depth (such as isotope stages 3 and 4) indicates that 
similar conditions have persisted for at least the last several glacial-interglacial cycles. 
From this we imply that the long-term supply by rivers of terrigenous sediment to the 
central NSW coast has been limited, even during periods of lower sea level This 
conclusion is supported by Jenkins and Keene (1992) who provide evidence that the 
continental margin in this region is characterized by a relatively thin accumulation of 
Miocene to Recent sediment. If this is correct, it suggests that at least the uppermost 
portion of the outer shelf sediment wedge (Davies 1979; Roy &. Thom 1991) is 
composed largely of carbonate. Clearly this is a response to the low relief and low rates 
of denudation of the Australian continent, but it may also intimate that relict shelf edge 
deltas (Suter &. Berryhill 1985) may be less widespread on present day shelves than 
previously thought. 
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COAL GEOLOGISTS & THE ENVIRONMENT 

HBOWMAN 
Coal Compensation Board 

INTRODUCTION 

The Coalfield Geology Council ofNSW established in 1990 a sub committee for 
environmental geology. The sub committee's brief was to investigate issues involving 
environmental geology as they affect coal geologists. Although there were many things 
that the sub committee could have done high priority was given to the writing of a manual 
to provide a guide to acceptable industry practice in environmental matters for practising 
coal geologists. 

The sub committee consisted of the following:-

Convener: Harry Bowman (Coal Compensation Board) 

Members: Ray Nolan (Consultant) 
Colin Ward (University ofNSW) 
Carl Weber (pacific Power) 
Brad Mullard (Department of Mineral Resources) 
Graham Holt (Consultant) 
Mike Fahey (Warkworth Mining) 
Paul Wootton (Consultant) 

The sub committee produced a collection of papers which are to be published. The 
papers cover topics which vary from those that coal geologists must do through those that 
coal geologists might do to those that coal geologists should be aware of. 
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ENVIRONMENTAL ASSESSMENT 

What role does a coal geologist have in environmental assessment? Coal geologists 
do not have a statutory role. Nevertheless they have an important contribution to make. 
That contribution is related to them being generally the fIrst professionals on any site and 
secondly their knowledge of the geology. Coal geologists are aware of the surface geology 
and most importantly the sub surface geology. 

As the fIrst professional on a site the geologist should record any problems with the 
following:-

• location of possible surface facilities 
• potential problems with air quality, water quality or noise 
• visual impact 
• transportation 
• vegetation and animals 
• social and economic impacts 
• waste disposal 
• archaeology 
• future land use 

Once issues needing further attention have been identified appropriate 
experts could be employed when needed. 

CONDUCT OF EXPLORATION PROGRAMS 

Coal geologists are generally in charge of exploration programs. To manage such 
programs in an efficient and effective manner for their employers geologists should -

1) identifY sites for archaeological, scientifIc, natural, aboriginal or 
heritage significance 

2) actively ensure that all site disturbances are adequately restored 

3) ensure that exploration programs minimise risks to the health and 
safety of exploration personnel and the general public 

4) be aware of Government codes and regulations for pollution of 
water, air or land 

5) liaise with land owners in order to minimise complaints 
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SUBSIDENCE 

Coal geologists should also record infonnation which may be of use in calculating 
the effect of subsidence. To this end they should provide infonnation on -

I) the relative dispositions of shales, sandstones, conglomerates and 
igneous rocks in the stratigraphic column 

2) bedding characteristics 

3) discontinuities such as joints, faults and dykes 

4) rock strength characteristics (weak, strong or very strong) 

5) laboratory tests 

Infonnation on natura1 surface features is also necessary. This may be -

I) specialised bush habitats such as high level swamps or remnant 
urban bushland 

2) significant cliff lines which are any cliff lines over 10 metres in 
height or if less than 10 metres in height that are reasonably 
continuous 

3) unusual natura1 rock formations such as pagodas 

4) flood plains 

5) bodies of tidal water 

It is also necessary to record surface improvements. These may be roads, bridges, 
pipelines, railways, large buildings, heritage structures, water and sewerage services and 
dams. 

MATERIALS EVALUATION FOR REHABll..ITATION 

Geologists are in a uniquely useful position to assist in the evaluation of rock and 
soil for rehabilitation. This results from their access to drill core, drill sumps and cuttings 
associated with drilling. From this data coal geologists can relate soil profiles to the types 
of rocks in an area. Features which should be described when considering soils include 
structure, coherence, mottling, macro structure, ped strength, texture, gravel and soil 
content, salt content, colour and the nature of cutans. It is also useful to record the pre
mining condition of the land. To this end coal geologists should record-
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I) land use patterns and productivity 

2) erosion type 

3) drainage patterns and density 

4) areas of degraded or contaminated land 

5) topography 

Rehabilitated material may be either soil, burden or beneficiation waste. Geologists 
could provide advice on existing and buried soil horizons and whether large deposits of 
sand and gravel are available. Burden material can be divided into those rocks which are 
useful, those which are of no use and those which are harmful. Claystones, siltstones, 
mudstones, tuffs and limestones are useful. Sandstones and conglomerates are generally 
oflittle use as rehabilitated material. Lithologies, containing high sulphur concentrations 
or toxic chemicals should not be used. 

Beneficiation waste consists of either coarse washery reject or chitter or tailings. 
Chitter is useful as a top dressing for trees although it is of less use for pasture. Tailings 
containing high concentrations of sulphur should be avoided. If the sulphur concentration 
is less than I % the tailings may be used as a top dressing for pasture. Soil is always in 
short supply for rehabilitation. Access to other materials is most useful. 

LAND USE ISSUES 

Coal geologists need to be aware of land use issues such as economic issues, 
legislative issues, environmental issues and social issues. Economic issues cover conflict 
between mining and land use for agriculture, grazing or housing. In these cases conflict is 
resolved by calculating the economic benefits of each use. Coal geologists should 
remember that rehabilitation to some uses could be quite expensive. 

National parks and Local Government zoning for residential or agricultural use are 
examples of legislative conflicts in mining. It is the geologist!s obligation to be aware of 
this at an early stage so that the issues may be resolved. 

Environmental issues include pollution ofland, air or water, protection of historical 
archaeological or natural features or degradation for current land users through visual or 
subsidence impacts. 

Social issues are generally objections to mining by residents. Coal geologists can 
minimise these objections by ensuring that they maintain a positive and frequent contact 
with land owners. 

COAL PROPERTIES 
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Coal geologists need to be aware of the physical and chemical properties of coal in 
order to understand the impact that mining and utilisation of coal will have on the 
environment. A similar knowledge is necessary of the overburden, interburden and non 
coal bands within coal seams. Such an understanding would guide project geologists in the 
information that needs to be collected during resource assessment. Some of the issues that 
fall within this category are:-

• greenhouse gas production 
• effect of coal quality on ash on disposal and air emission 
• spontaneous combustion 
• trace elements in coal 

AIR, WATER AND NOISE POLLUTION 

Coal geologists need to be aware of the legislative requirements controlling air, 
water and noise pollution. In order to avoid pollution of water bodies the following needs 
to be done:-

I) During exploration coal geologists should record the location of any 
waterway, downstream water use, salinity or other problems, the 
location of swamps and the location of hanging swamps, 

2) During drilling programs it is the coal geologist's responsibility to 
minimise ground disturbance in order to avoid particulate pollution 
of water, 

3) During drilling programs drilling water should be re-used; 

there should be no discharge of drilling water into water courses; 

grease and oil wastes should not be dumped and; 

careful rehabilitation of settling ponds should be planned to avoid 
water run off into streams. 

It is important that during exploration programs that access roads are designed to 
minimise erosion and to divert run off into settling areas. 

Noise pollution can be a problem in drilling and exploration programs. Noisy 
operations need to be restricted to between 7 am and 10 pm during weekdays. At weekends 
more stringent restrictions apply. Noise from drilling rigs should be minimised by 
wherever possible locating drill holes in gullies, building a fence of either wood or hessian 
around a rig or using vegetation as a noise barrier around a rig. The use of aircraft and the 
use of seismic should be discussed with land owners to avoid any unnecessary disruption 
of stock. 
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CONCLUSION 

An understanding of environmental concerns is important to practising coal 
geologists. It may seem unnecessarily restrictive to adhere to the suggested standards. 
However, the cost to your employer in delays to programs and curtailment of activities 
more than justifies the care and concern a coal geologist should show towards the 
environment. 
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ABSTRACT 

The influence of maceral composition upon gas adsorption characteristics 
of the high and medium volatile bituminous Bulli and Wongawi1li coals seams, IIlawarra 
coal measures, southern Sydney Basin was determined by analyses of surface area, 
maceral and mineraI composition and methane adsorption isotherms. Both maceral 
composition and mineral matter content have an important influence on adsorption 
characteristics as indicated by carbon dioxide surface areas and methane adsorption 
isotherms. Methane capacity at 5 MPa ranges from 15 to 17 cm3 /g with the Wongawalli 
coal having slightly higher methane capacity. The amount of methane adsorbed generally 
increases with vitrinite enrichment (~=O.50). The lowest methane adsorption occurs in 
samples with the highest inertinite and ash contents. Carbon dioxide surface areas of the 
lithotypes range from 115 to 210 m'/g on a raw coal basis. Surface area decreases with 
increased mineral matter content, and increases with increased vitrinite content. The 
increase in adsorption of both methane and carbon dioxide with increased vitrinite 
concentration reflects the predominantly microporous nature of vitrinite whereas 
inertinite is meso- to macroporous. The variation in methane adsorption and surface area 
with maceral composition is significant but is notably less variable than that found for 
some Canadian coals of similar rank and maceral composition. 

INTRODUCTION 

Coals comprise a heterogeneous mixture of organic (maceral) and 
inorganic (mineral) components with markedly differing chemical and physical properties 
including surface area, chemistry, total pore volume and pore size distribution. These 
properties in tum have a marked affect on the methane source and reservoir 
characteristics of coal. The objectives of our ongoing research is to characterize, and 
eventually quantify, the affect of rank and maceral and mineral compositional variability 
on the methane adsorption/desorption characteristics of coals and thus coalbed. methane 
potential. In previous studies the reported affect of coal composition on methane 
adsorption or desorption has been varied. Ettinger et a1. (1966) reported that fusinite 
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has a greater sorption than vitrinite whereas most other studies have found vitrinite to 
have a greater adsorption capability (Lamberson and Bustin, 1993; Crosdale and 
Beamish, 1993). In this paper, we present the preliminary results and interpretations of a 
study of the adsorptive behavior of a suite of isorank coal samples of variable 
composition from the Bulli and Wongawilli seams from the southern Sydney Basin. 

STUDY AREAlMETHODS 

The coals utilized for this study were collected from Appin mine (Bulli 
seam, Rorandom= 1.15%) and Wongawilli mine (Wongawilli seam, Rorandom= 
1.06%), New South Wales. These seams are economically the most important seams in 
the Late Permian D1awarra coal measures of the southern Sydney Basin and are 
characteristically gassy. The Bulli seam is about 3 m thick whereas the older Wongawilli 
seam is up to 9 m thick but commonly includes numerous splits. 

Seven lithotype samples from the Bulli and five samples from the 
Wongawilli seams were selected to illustrate as a wide a range in maceral composition as 
possible. Each sample was analyzed for petrography (maceral and mineral), proximate 
analysis, equilibrium moisture, carbon dioxide adsorption and methane adsorption. 

Volumetric adsorption techniques were used to assess the monolayer 
capacity and surface area of the samples. Methane adsorption isotherms were measured 
using a high pressure adsorption technique, at 30" C, with the coal at equilibrium 
moisture. The volume of methane adsorbed (V) on to the coal for 11 successively higher 
pressure points (P) was determined utilizing pressures ranging from approximately 0.1 
MPa to 11 MPa. The plot ofP Vs V, the adsorption isotherm, was fitted to the 
Langmuir equation (Mavor et aI., 1990). According to the Langmuir adsorption theory, 
a plot of P Vs PN yields a straight line; the reciprocal of the slope of the line fitted to 
the points corresponds to the methane monolayer volume. As is standard practice, the 
isotherm data were calculated to a dry ash-free basis. 

Carbon dioxide surface area analyses were performed using a 
Micromeritics ASAP 20 I 0 low pressure volumetric gas adsorption apparatus at 25°C. 
Monolayer capacities were determined from the Dubinin-Radushkevich equation (Sato, 
1981; Lowell and Shields, 1984; Marsh, 1987). Surface areas were calculated using a 
value of25.3 x 10"20 m2 or the cross sectional area of the carbon dioxide molecule. 

Proximate, sulphur, maceral and vitrinite reflectance analyses were 
performed by standard techniques (Montgomery, 1978; Bustin et aI., 1985). 

RESULTS AND DISCUSSION 

The dominant macerals and proximate analysis are summarized in Table 
1. Brightness, helium density, Langmuir volume, Langmuir pressure, carbon dioxide 
monolayer capacity and surface areas together with the methane capacity of each sample 
at 5 MPa are summarized in Table 2. On a dry ash free basis (daf) the fixed carbon 
content of the Bulli lithotype samples range from about 71 to 77% and for the 
Wongawilli samples from 64 to 76%. All samples are comprised mainly of the macerals 
vitrinite (telocollinite and desmocollinite) and inertinite (fusinite and semifusinite) and 
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mineral matter. Liptinite macerals are rare. In general, the samples with the lowest ash 
yields are enriched in structured vitrinite (mainly telocollinite) and semifusinite whereas 
the higher ash yield samples are higher in inertinite (particularly fusinite) and 
desmocollinite. 

The Bulli samples have mean carbon dioxide surface areas that range 
from 156 to 210m 2/g (Table 2) and monolayer (micropore) capacities range from 23 cm3 

Ig to 31 cm3 Ig (raw coal basis). The Wongawilli samples have mean carbon dioxide 
surface areas that varying from 115 to 186 m

2
/g (Table 2) and monolayer (micropore) 

capacities ranging from 17 cm3 Ig to 27 cm3/g (raw coal basis). For both the Bulli and 
Wongawilli coals there is a positive correlation between percent vitrinite and methane 
adsorption (Fig. I), methane adsorption capacity (r2=O.51), carbon dioxide surface area 
and monolayer capacity (/=0.58 Bulli, /=0.30 Wongawillii and a strong negative 
correlation between ash content and methane adsorption (r =-0.78 Bulli, r2=_.96 
Wongawilli). The micropore size distributions of the studied sample suite are shown in 
figure 2. For all samples the model pore size is around 1.25 nm. Overall the variation is 
gas adsorption characteristics between lithotype samples of the Bulli and Wongawilli 
seams is greater that the variation between the two coals. 

Table 1 Maoefel compo&itJon (dar) 8n:f Prcnrimale Anelyses of Bdli (8) and Wongawili (W) Samples 

Samp. M .. ,., Anatt •• Yolo" 
fusinlte I M ....... """' .. FlxedC .... 

telocoUmlte desmocolllnlte: semifuslnlte (%) (%) (%) ("!oj 

B1 • 2. 3. 33 o. 20.3 6B6 10.2 
B2 11 37 2. 28 0.8 22.0 67.6 9." 
B. '0 3. 37 14 0.7 21 .8 68 .• 8.S 
B4 1S 3. 24 22 0.8 25.' 66.S 7.5 
B6 3() .. 20 '5 0.7 254 84.' 9.8 
B6 39 37 12 11 0.8 26.8 69.2 3.4 
B7 90 0 1 9 0.7 21.8 67.7 9.8 
W, 7 40 4' '2 0.8 18.3 58.S 223 
W2 13 S. 'B 15 0.8 24.6 59.4 '54 
W3 4' 38 13 9 0.8 23.8 43.0 32.4 
W4 62 31 • 3 ' .0 21.7 58.0 19.3 

~ 79 '6 3 2 0.9 250 63.3 10.8 

Table 2. Llll'otype bnghtneu, del"'lSlty, Langmuir (Lang) Press1l'8 (Pr.) ard Volume (Vol.) Methare 
Capacarty and Carbon diOXIde aurtace (s tJl'f ) area and monolayer (Mon. Lay) capaicty of BUl l! (8) and Wongaw ilti Semple 

Samp. L.JtI>o. I Do .. "" I Uno" 
lang YDt eli. Qpldtyl I co, auf. Mon. '"' I "'". (glemJ

) (MPa) (em'/g) e MPa (cml/g) .... nr/g Cap. cmJ/g 

B1 "'" 1.412 209 21 42 1511 1515,01 22.95 
B2 I 139-4 163 2166 15.86 161.70 23.78 
B3 1.377 192 21.71 15.69 164,90 24.2S 
B4 , 352 2.03 22.30 1$.85 173.8-4 25.57 
BS + 1355 1.88 22.26 16,20 166.47 2446 
a. 1305 178 2271 16.75 209.-4D 3() 8' 
B7 bnghI , 386 '69 21.37 1551 171 .3-4 25.20 
W, dul 1 -"93 213 2307 1617 14995 22.05 
W2 • ' 409 231 2-4.78 16.9-4 162.28 23.B7 
W3 , 638 226 2206 1515 11-486 16.89 
W4 145' 210 2387 1882 159.47 23.-45 
W5 bnglt , ... 2.25 2-473 17.05 186.18 27.38 

The results of this study are in agreement with previous studies in that 
mineral matter (ash) contributes little to the total adsorbable methane, carbon dioxide 
monolayer capacity or carbon dioxide surface area (i.e. Meissner, 1984; Lamberson and 
Bustin, 1993). Assessing the importance of maceral composition independent of ash 
content is difficult because of closure (values add to 100% and the system has only four 
variables and seven samples). To explore the relationship between composition and 
adsorption further we have cross-plotted the correlation coefficients of differential 
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volume adsorbed at each pressure and total vitrinite (daf), inertinite (daf) and fixed 
carbon (daf) against the pressure at which adsorption takes place for the Bulli seam for 
which more data is available (Fig. 3). These plots show that at low pressures a positive 
correlation exists between abundance of vitrinite and amount adsorbed and a negative 
correlation between abundance of inertinite and amount adsorbed. At progressively 
higher pressures the correlation coefficients decrease and above about 2.5 MPa there is a 
negative correlation between abundance of vitrinite and differential gas adsorption and a 
positive correlation between inertinite and amount adsorbed. Such results reflect the 
progressive volume filling of the pores and the microporous nature of vitrinite such that 
at relatively low pressures most of the microporosity is filled. This interpretation is 
supported by the generally higher carbon dioxide monolayer capacity of the vitrinite rich 
coals. The difference in monolayer capacity in tum reflects the difference in pore size 
distribution; vitrinite is predominantly microporous, whereas the inertinite -is meso
macroporous (Harris and Yust, 1976, 1979). 

Compared to Canadian Cretaceous, Gates Formation coals of similar rank 
and maceral composition, the Bulli and Wongawilli seams have notably better coalbed 
methane reservoir characteristics. Coals of the Gates Formation have maximum total 
adsorbable methane contents at 5 MPa of about 14 cm3 /g (raw coal. 95% vitrinite, 5% 
ash) as compared to values of up to 17 cm3 /g for coals of this study. Such a marked 
discrepancy between the Canadian and Australian coals probably reflects the affects of 
differential stress accompanying the greater depth of burial and orogenesis of the 
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Canadian coals, which may act to decrease the microporosity. In general a better 
correlation exists between coalbed methane characteristics and coal composition for the 
Gates coals than the coals described in this study. The reason for this is unclear. It is 
suspected that different maceral varieties, in particular semifusinite, have different 
microporosities and surface areas. It is probable that a fraction of the semifusinite is 
microporous similar to vitrinite and thus should be considered analogous with vitrinite 
from a coalbed methane perspective. This is similar to proportioning semifusinte to 
reactive and nonreactive categories for coke stability calculations based on petrography. 
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Figure 2. Miicropore size distribution of Bulli and Wongawilli samples 
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CONCLUSIONS 

The adsorptive capacity of coal has been considered a function of 
pressure (burial depth), coal rank, ash yield and moisture content (i.e. Meissner, 1984; 
Rightmire, 1984). Recent studies suggest that the adsorptive capacity, as well as the 
surface area, is also a function of the maceral composition, and in many coals variations 
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in adsorbable methane as result of maceral compositional differences is just as large as 
that found between coals of different rank (Lamberson and Bustin, 1993). The Bulli and 
Wongawilli seams have a maximum variation of25% in their methane adsorption 
capacity as a result of compositional heterogeneity. Although such a variation in 
methane adsorption is significant it is considerably less than the variation measured in 
Canadian coals of similar rank and composition. The variation in methane adsorption 
and surface area is the Bulli and Wongawilli seams is .positively correlated with 
abundance of vitrinite and negatively correlated with ash content and, to lesser extent, 
inertinite content. 
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INTRODUCTION 

The image of a gold mine as a fast track to great wealth is well known 
and probably well justified. Certainly, it was wealth from the Victorian gold fields 
last century that established Melbourne as the city and f"mancial centre that it is. It 
was the $30 billion worth of gold produced from Kalgoorlie that put Perth on the map 
and still helps to keep it there today. But gold is by no means the only source of 
mineral wealth in this vast country and great as its contribution is and continues to be, 
there are many other reasons to be thankful for the mineral resource endowment of 
this continent. Closer to home, for example, Broken Hill has produced more than 
twice as much in total value as has Kalgoorlie, and given rise to Australia's largest 
company in the process. It is because of Broken Hill that there is a steel industry in 
this country. 

But we do not need to look even as far as Broken Hill if we wish to 
fmd an example of just how much the riches beneath the ground have provided a basis 
for economic growth and prosperity. Every 7 or 8 years the Sydney Basin produces 
as much value, if not profit, as Kalgoorlie has done in its 100 year plus history. This 
value, of course, comes mainly from coal, and if it was money from Broken Hill that 
funded the establishment of the Australian steel industry, it was the high quality 
coking coal of the Sydney Basin that made it technically feasible. The economic 
importance of the Sydney Basin is beyond dispute and is likely to grow even more, 
especially if some of its vast resource of coal seam methane can be produced 
commercially. If we look around us today we can see that it has been Newcastle 
which is perhaps the greatest beneficiary of the natural endowment represented by the 
Sydney Basin. It is therefore very appropriate for the University of Newcastle to 
once again be hosting this, the 29th Newcastle Symposium on "Advances in the Study 
of the Sydney Basin". 

.. 
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THE ROLE OF TECHNOLOGY 

As its title indicates, this paper claims that there is a revolution taking 
place in Australian geoscience. To understand why this is so, and without wishing to 
carry the metaphor too far, it should be pointed out that any successful revolution 
requires access to the best firepower. The armory available to the practising geologist 
today far exceeds that of any of his or her predecessors. In the first instance then, it 
is technology that is driving the geoscience revolution. This may not surprise you, 
because exploration in Australia has always been technology-driven in one way or 
another. Australia's first mineral boom was the gold rush in the middle of the 19th 
century, which took place when a simple but revolutionary piece of technology 
became available, namely the gold-panning dish, which was developed by the '49ers 
in the Mother Lode country of California and brought to this country in the 1850s. 

The great expansion of geological knowledge of the continent and the 
consequent mineral exploration and development that took place in Australia in the 
1950s and '60s was based in large part on the post-war availability of reliable aerial 
photography and four-wheel drive vehicles. During the 1970s and into the '80s, 
geological thinking advanced rapidly and technology delivered new ways of testing 
the latest theories. This included the arrival of satellite imagery and other forms of 
remote sensing, as well as the development of analytical techniques that could provide 
geochemical data in vast numbers and at reasonable cost, to a level of sensitivity 
undreamt of a generation earlier. Reverse circulation drilling made it quick and 
inexpensive to drill test new targets and carbon-in-pulp metallurgy made it quite easy 
to start up a new gold mine. 

There is no doubt that this trend will continue, as explorers are forced 
by competition to tum more and more away from the well exposed parts of the 
continent to the vast areas that are covered by sand, soil, laterite and younger rocks. 
Modem airborne magnetic surveys are a hundred times more sensitive than those of 
just 20 years ago. The information that this incredible sensitivity provides is truly 
amazing. No longer are we forced to use diffuse and fuzzy images but can target 
accurately using sharp detail. With those images today's explorers can begin to see 
through the sand and soil to identify what lies below - to "lift the cover" from buried 
mineral deposits. Even so, the power of modem magnetometers would be of little 
value were it not for another recent advance in technology, namely Global Positioning 
Systems that use satellites to locate themselves to within a few metres anywhere on 
the earth's surface. 

Other examples of new technology being applied in the geoscience 
context could easily be given. Geographic Information Systems, for example, have 
provided the geologist with a hitherto undreamt of capacity to model information in a 
spatial sense and to compare and relate many different types of spatial information in 
an interactive manner on the computer screen. Numerous other examples of 
information technology could be quoted, such as the use of "fuzzy logic" to develop 
analytical models of prospectivity (Suppel et. al., 1995). 

Some of the developments in technology influencing the geosciences 
are less sophisticated but their impact can be quite dramatic nonetheless. For 
example, one of the great levellers when it comes to geological hypothesis making is 
the drill rig. Not only so, but the drill rig is the most fundamental tool applied by 
geologists whether discovering a new deposit or delineating a known one. The 
development of reverse circulation drilling was one of the enabling factors that led to 
the gold boom in Western Australia in the 19805. Further refmements have occurred 
since that time, improving sample recovery and reliability, as well as reducing the 
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cost of drilling somewhat. It is rather surprising, however, that there has been no 
technological breakthrough in drilling technology that has the potential to lower 
drilling costs dramatically, perhaps until now. 

A few years ago I conducted a survey amongst about SO exploration 
companies and mining operations in respect of what they saw as their highest 
priorities for research of benefit to the practising geologist. Drilling emerged as the 
clear winner in terms of technologies where a major improvement in cost 
effectiveness would have a strongly beneficial impact on applied geoscience. For all 
the improvements in targeting, the prospect still has to be drilled if a discovery is to 
be made and the rate of discovery still correlates better with the amount of drilling 
than with anything else. Similarly, in a mining context, improvements in tomography 
or in 3-D modelling do not change the fact that the more drilling there is in an ore 
body, the more reliable is the ore reserve on which the mining operation is based. 

In the course of that study I learned of some research that had been 
done at the U.S. Bureau of Mines into drilling additives and their impact on drilling 
costs (Pahlman, 1988; Pahlman et. a/., 1989; Watson, et. a/., 1990). The U.S. 
Bureau's results indicated a dramatic increase in drill penetration rate and extension of 
bit life when an additive called polyethylene oxide, or PEO, was added to the drilling 
fluid in small quantities. The Department of Mineral Resources' drilling team tested 
PEO with its own rig on some Geological Survey programs and the results were at 
least comparable with those achieved in America (Johnston & Whitehouse, 1994). It 
would certainly appear that PEO has the potential to provide the substantial reduction 
in drilling costs that the industry was so keen on. If that can be brought about then 
drilling budgets will go further, more ore deposits will be found and they will be 
more economic to mine due to better delineation drilling. Sometimes revolutions are 
quiet and unspectacular, but their impact can be far reaching nevertheless. 

CREATIVITY AND GEOLOGICAL THOUGHT 

Not all of the revolution in geoscience can be attributed to the 
technocrats. While it may have been the gold-panning dish or four-wheel drive 
vehicles that made previous gee-revolutions possible, they still only took place 
because some of our predecessors had the energy and drive to go into the field with 
their eyes open and persevere where others had given up, or where others had not 
thought of looking. Today's revolution displays a new round of creativity and 
ingenuity that carries on the tradition of Agricola and Lyell, of Bowen and Lindgren, 
of Mawson and Ringwood. New ways of looking at old problems are successfully 
opening up new opportunities for explorers or are giving us new insights into the 
wonderful geological heritage of this land. Let me give you a few examples. 

Sequence Stratigraphy 

In the 1960s and early 1970s seismic methods in petroleum exploration 
focussed on imaging structural traps. It was recognised, however, that seismic 
reflections are generated by physical surfaces, such as bedding planes and 
unconformities. Seismic sequence analysis is based on the identification of 
stratigraphic units composed of relatively conformable successions of genetically 
related strata bounded by unconformities. These units are known as sequences and 
because they have chronostratigraphic significance, they provide an ideal framework 
for stratigraphic analysis. It was further recognised (Vail et. al., 1977) that 
sequences occur in cycles resulting from the interplay of eustatic sea level changes, 
basin subsidence, sediment supply and climate. Similarities of regional cycles to the 
global cycles are significant in seismic stratigraphic analysis because they introduce 
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predictability into global comparisons of basin development. This allows more 
accurate prediction of age, timing of unconformities, paleoenvironments and 
lithofacies. Differences between regional and global sea level changes indicate times 
of local structuring or errors in interpretation. 

An ability to recreate depositional history and to deduce the geometry 
of sedimentary relationships has revolutionised petroleum exploration by allowing 
targets to be identified in areas that offer the most prospective environment for 
hydrocarbon accumulation. Using these techniques it is possible to locate what are 
typically the most difficult petroleum targets, namely the stratigraphic traps, with a 
minimum of additional seismic or other geological investigation. 

Sequence stratigraphy is now well accepted in the petroleum industry 
but its application to coal geology is both new and challenging to traditional ways of 
thinking. The marine sequcnces that apply in the petroleum context are clearly very 
sensitive to eustatic sea level changes, but in the terrestrial environment the 
connection is not so obvious. Nevertheless, it has been recognised that sea level 
changes do affect coal formation far beyond the actua1 contact between peat and sea 
water. Marine transgression can also affect the quality of the coal itself by, for 
example, increasing the abundance of pyritic sulphur. 

The hope is that a greater understanding of depositional environments 
and of how these environments relate to climatic variations, sea level changes and 
basin subsidence will result in powerful new predictive tools for identifying areas 
where economic coal deposits may have formed. 

Porphyry Copper-Gold Deposits 

During the 1960s and '70s, the Australian mineral exploration scene 
was strongly influenced if not dominated by North American mining companies, 
including some whose core business was the mining of porphyry copper deposits. As 
experts, these companies looked for some time at the Eastern Australian terrain but 
then dismissed it as being too old and too deeply eroded to be able to host economic 
porphyry copper deposits. Now, of course, we have the Northparkes porphyry 
copper-gold mine in production, the Lake Cowal porphyry gold deposit under 
feasibility study and the huge Cadia Hill porphyry gold-copper deposit likely to reach 
that stage soon. Clearly, improved gold prices are part of the explanation for this, 
although in real terms today's gold price may not be much different from what it was 
25 years ago. The main reason for the new generation of porphyry discoveries in 
NSW is a greater degree of creative thinking by today's explorers. with less rigid 
models and a greater understanding of the processes involved, such as the role of 
oxygen fugacity in the solubility of sulphur in igneous melts. 

Diamonds 

Perhaps an even better example of how too rigid a mind set has 
inhibited exploration is the case of diamonds in this state. About 500,000 carats of 
diamonds have been produced historically in NSW and diamonds are known from 
over 120 localities across the state. One might have thought that this would make 
NSW an extremely attractive target for modem diamond exploration and indeed, there 
has been a reasonable amount of work done in recent years. However. most of those 
explorers have conducted their exploration while troubled about the lack of fit 
between NSW geology and conventional wisdom in regard to models of diamond 
formation. It was not until an excellent piece of creative thinking took place in my 
own Department, thanks to Larry Barron, Steve Lishmund and Geoff Oakes, that the 
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light dawned (Barron et. al., 1994). Rather than NSW geology being wrong for the 
right theory, the theory was wrong for NSW geology. As Barron et. al. (1994) 
showed, diamonds could also form at shallower depths, under thinner crust and in 
much younger rocks than is allowed by the conventional model. This creative and 
revolutionary thinking is now leading to a new generation of diamond exploration in 
this state, with real prospects for the discovery of a major new diamond mine. The 
Sydney Basin is one of the key areas in which the new hypothesis can be applied, in 
view of the importance of basaltic diatremes in the model and the abundance of such 
features throughout the basin. 

If there is a common theme running through these few examples it is 
that closed minds are very counter-productive when it comes to advancing geological 
knowledge and especially when it comes to exploring for mineral, coal or petroleum 
deposits. Indeed, we should adopt a revolutionary attitude about our science and 
expect to have our thinking changed on a regular basis. To put it another way, 
progress is in the paradigm shift, not in the rigid, the reactionary adherence to 
traditional models. 

THE RIGHT ATTITUDE 

Attitude is so important in so many areas of life and certainly very 
much so in geology. Mineral deposits are much more likely to be discovered by 
geologists who assume that each rock is mineralised until proven otherwise, rather 
than the reverse. The theory of plate tectonics grew out of some geologists I refusal to 
accept that continental drift was a figment of over-active imaginations, just because no 
driving mechanism could be identified. They assumed that the continents had moved, 
after all it looked that way, and went looking for a mechanism that could drive it. 
With that attitude in mind they were able to appreciate the significance of the 
magnetic stripes that were beginning to be recognised in sea floor rocks and especially 
to see the meaning of the ISO million year upper limit on age for ocean floor volcanic 
rocks. That same revolutionary attitude has led some fortunate geologists to see the 
significance of what others had seen but not appreciated and thus to discover great ore 
deposits. 

There are indeed many examples of how the right attitude has been the 
key factor in the advance of geological science, whether in an economic context or 
not. But it is not just in respect of the scientists themselves where attitude is 
important. For mineral explorers, for example, having a supportive management and 
board is critical to success. Nearly 15 years ago Pancontinental Mining Limited was 
conducting an exploration program on a gold prospect in Western Australia, called 
Paddington. The company at that time was without a cash flow and was still trying to 
gain approval for the development of its Jabiluka uranium deposit in the Northern 
Territory. Things were going badly in that regard but the company had a board of 
visionaries, of people with the right attitude. They allocated a substantial part of their 
remaining funds and allowed another drilling program to proceed. As a result, the 
Paddington gold deposit was discovered, the company was able to do a capital raising 
on the strength of it, the mine was developed and a new mining company was 
launched. 

The key to the Paddington story was the board I s willingness to provide 
funding, from an extremely limited pool, to back an idea that had the potential for big 
rewards. What was proposed, incidentally, was quite revolutionary for the time, that 
is 1981 - that there was a bulk tonnage, open pit gold deposit at Paddington, rather 
than the economically much less interesting, narrow vein style of mineralisation that 
was until then the norm for the Eastern Goldfields. This turned out to be the case: 
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To date Paddington has produced about 1 million ounces of gold and it is still going 
well! The fact is. revolutions cost money and for all the development of new 
technology and creative thinking that I referred to earlier. there would still be little 
progress if it were not for the willingness of those who control the purse strings to 
fmance that progress. 

Just as the board at Pancon supported my colleagues and me back in 
1981 with very hard-to-come-by funding. so more recently has the NSW Government 
provided my colleagues of today and me with equally hard-to-come-by funding to 
pursue something that many people see as a long shot. but which has the potential to 
yield big rewards. The Discovery 2000 initiative is as significant today for NSW as 
the drilling budget that Pancon's board provided back in 1981 was for that company 
in the years that followed. Great credit is due to the NSW Government for coming to 
terms with what is for the layman the difficult concept of exploration risk and the 
need for governments to provide the information infrastructure that lawen that risk 
for explorers and encourages them to come to NSW in the first place. 

Discovery 2000 amounts to a geoscience revolution in its own right. 
but what makes it so much more so is the fact that several other states have also 
committed new funding to the generation of modem. high quality geophysical and 
geological data to encourage exploration. South Australia was the pioneer and is a 
year or more ahead of the game. They are now seeing the benefits of that 
commitment. with greatly increased exploration expenditure. Between us. the states 
of NSW. Victoria. Queensland and South Australia have committed over $100 million 
of new funding for the generation of an enhanced information data base for the 
exploration industry. with 40% of that to be spent here in NSW. Such a commitment 
by state governments is certainly a revolution in itself and it is a clear sign to industry 
that we are carrying the fight to our international competitors. 

THE IMPLICATIONS FOR NSW 

This country has recently gone through the worst recession since the 
1930s. With $100 million of new funding being and to be spent on geoscience by 
state governments. and most of that on outside contractors rather than public servants. 
we can now talk about a geologist-led recovery! Not only is this money providing 
new work opportunities for industry geologists. but also there have been several new 
floats based largely on the new geological opportunities resulting from the various 
exploration initiatives and more may be expected. This augers well for future 
employment prospects in the industry. which is something that will be welcome. 
given the recent propensity for Australian companies to go off-shore to explore. For 
Australian mining it is of some concern that the proportion of exploration expenditure 
by Australian companies being spent in Australia is declining. but I can well accept 
that companies are entitled to take their Australian-based expertise wherever in the 
world the market opportunities are greatest. It makes good business sense for 
Australian gold miners to take their desert exploration expertise to Chile or Namibia. 
or for Australian coal miners to develop mines in Kalimantan. This overseas 
expansionism is a phase our industry must go through. just as the North American 
mining companies went through a similar phase in the 1970s. In those days our local 
scene was dominated by names like Kennecott. Anaconda. Phelps Dodge. Newmont. 
Inco. Utah and Peabody. most of whom have long since gone. although one or two 
have returned in recent years. 

Not only are some of those names of yesteryear starting to return. but I 
am confident that our well-known Australian companies. as well as many not yet so 
well known. will continue to invest in Australia and especially in NSW. The reason 
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for my confidence is that the expenditure of $40 million here in NSW and $100 
million nationally is creating a once-in-a-generation opportunity that no sensible 
mining investor will be able to ignore. The new aeromagnetic maps are pushing back 
the boundaries of the explorable areas and opening up hitherto unknown potential. 
No longer need a cover of sand or soil or even younger rock be such a barrier to 
exploration, and this applies to oil and coal as much as it does to gold and base 
metals! To have available so much new, high quality geoscience information in such 
a relatively short time over such a wide area is indeed a revolutionary thing. In years 
to come, in decades to come, our successors in this industry will look back on the 
1990s and ascribe to them a revolutionary status in terms of the development of 
geological knowledge of the Australian continent and the growth of the resources 
industry. Nowhere will that be more so than in NSW, where Discovery 2000 and all 
that it brings and encourages from elsewhere, will be seen as a water-shed event in 
the scientific and industrial evolution of this state. 
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INTRODUcnON 

Excessive salinity in soils and water supplies is a common problem in arid 
and semi-arid environments, where relationships between rainfall and 
evaporation favour the accumulation of salts near the ground surface. 
Human activities can either exacerbate or ameliorate the problem, according 
to their effects on surface and groundwater hydrology and on soil moisture 
relationships and drainage. Agriculture, being the largest land user on an 
area basis, has probably wrought the greatest changes to soil and water 
salinity in Australia. 

Although the management of salinity in the Hunter River catchment has 
become an issue of major regional concern in recent years, parts of the area 
have long been known to be highly saline. Henry Dangar, one of the earliest 
settlers in the district, wrote of the Liddell area in the central part of the 
Valley in 1828: "This parish affords an excellent tract of open, sound and deep loam 
up-land country; a most desirable tract for winter or spring sheep or cattle grazing, 
but uwing to the waters being impregnated with saline matter, the situation cannot 
be recommended to settle at". Ten years later, Major Thomas Mitchell recorded 
in one of his first expeditions through the Valley: " ... The waters of the lesser 
tributaries on the north bank of the River Hunter become brackish when the current 
ceases". Both of these early writers were observing the effects of a natural 
source of salt which is still the major contributor to salinity in the Hunter 
River and several of its major tributaries. 

The rocks which make up much of the central part of the Hunter Valley 
consist of Permian estuarine and lacustrine sediments of the Wittingham, 
Wollombi and Greta Coal Measures and the intervening marine Dalwood and 
Maitland Groups. Many of these rocks contain connate sea salts, the leaching 
of which has produced high salinity in the surrounding groundwater. Even 
the freshwater lacustrine facies contain evaporites which consist largely of 
sodium and magnesium carbonates. Since the coal seams are frequently the 
most permeable rocks in the sequence, they commonly form the aquifers 
along which this saline groundwater travels, its general direction being 
towards the regional topographic low point, which is the River itself. 

During average rainfall years, the relatively slow rate of accession of 
groundwater to the River is well diluted and masked by much higher 
volumes of better quality surface flows. However, in extended drought 
conditions, surface water flows all but cease and a large proportion of the 
River's "base" flow then consists of saline groundwater accessions. 
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Superimposed upon this natural source of salt have been the effects of human 
activity and intensified land use over the past 200 years. The most significant 
of these, in terms of exacerbating the salinity problem, have been over
clearing of timber and resultant rises in groundwater tables to form salt 
springs and scalds; irrigation which has flushed soil salts into the surface 
water system; point-source discharges from coal mines, other industries, 
sewerage treatment plants and urban stormwater runoff; water consumption 
by and discharges from Pacific Power's Liddell and Bayswater power 
stations;' and regulation of the River itself by the Water Resources 
Department. Each of these has had a significant but variable impact and each 
must be given attention in any regional salinity management plan. 

WATER MANAGEMENT AND DISPOSAL AT COAL MINES: 

The basis of water management at a modern open-cut mine is the separation 
of water on the site into four categories or "streams", as follows:-

1. Runoff from areas of undisturbed land is diverted around and away from 
active mining areas and areas of soil disturbance. This water can be 
discharged from the mine lease during and immediately after rainfall without 
the need for any form of treatment, since its quality is basically no different 
to the runoff from surrounding non-mine land. Dams may be constructed 
however to trap and conserve some of this runoff, to augment the mine's 
water supply. 

2. Runoff from areas where the surface soil and vegetation have been 
disturbed is likely to be contaminated with fine silt and clay particles and 
usually requires treatment in settlement ponds prior to its release from the 
mine lease. The water in these dams may also be used to augment the mine 
supply, in uses such as dust suppression, where high quality is not a 
requirement. Overflow from settlement dams may be released during rainfall 
events, but discharges from such dams at other times requires a licence which 
places a limit on suspended solids content. 

3. Runoff from "hardstand" areas and water used for equipment cleaning 
often contains oils and is passed through a grit and oil separator, while 
effluent from administration buildings and the bath house is passed through 
a sewerage treatment plant. Disposal of sewerage effluent and treated water 
from hardstand areas is normally by use in dust suppression on haulage 
roads, or by irrigation on rehabilitated areas. Offsite discharge of this water is 
usually not permitted by the EPA. 

4. Water which collects within active mining areas, as a result of rainfall and 
groundwater seepage, is collected and pumped to holding dams which are 
isolated from other types of runoff. 
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If the mine workings receive substantial amounts of groundwater seepage, 
this water is likely to be highly saline and priority is given to its use for dust 
suppression purposes, including road watering and spray installations on 
conveyor belts, dump stations and stockpiles. 

Some of the more recently constructed coal preparation plants are also able to 
use saline water in their circuits. 

The development of a practical and effective scheme for disposal of excess 
"category 4" water represents the coal industry's contribution to overall 
salinity management in the Hunter catchment. 

THE CONTRIBUTION BY MINING TO RIVER SALINITY: 

The primary source of saline water at coal mines is interception of 
groundwater in the Permian strata, which is naturally highly saline. 
Relationships between inflow rates to the mine workings and water usage on 
site determine whether and to what extent individual mines need to dispose 
of any excess. 

In calculations made for the NSW Coal Association by Croft & Associates in 
19831 it was estimated that discharges from all mines at that time would 
contribute around 2.4% of the total annual salt load in the Hunter River in 
average years. Adjustment for current mining activity and for a higher actual 
salinity of mine discharges, compared to the figure assumed by Croft, 
indicates that mines currently contribute around 5 to 7 percent of the annual 
salt load. 

Table I Contribution bv Mines to River Salinity at Sinl!:leton: -
Annual Flow Average Salt Load 
(megalitres) Concentration (Tonnes per year) 

(mg/l) 

Hunter River (at 887,000 320 290,000 
Singleton) 

Mine Discharges 4,700 - 6,700 3000 14,100 - 20,100 

%Contribution 4.8% - 6.9% 
by Mines 

Under average seasonal conditions and River flows, natural groundwater 
accessions to the River account for about 7.5% of annual salt load. 
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By far the largest contribution (around 87%) comes from normal surface 
runoff, although seepage and tailwater from irrigation is included in this 
figure. 

Table I is based on the original Croft calculations, updated for the current 
number of operating mines and for the higher measured salinity of mine 
discharges and shows the effect of these on average annual salt loads at 
Singleton, a gauging point immediately downstream of the mining activity in 
the Upper Hunter. 

Because of the potential for mine discharges to affect short term water quality 
for downstream users, studies and management plans developed by the coal 
industry have focused on the establishment of discharge schemes and 
protocols which seek to maintain River water quality within acceptable limits 
in respect of both the natural ecosystem and downstream users. 

DEVELOPMENT OF A PERMANENT WATER DISPOSAL SCHEME: 

During 1993-94, the NSW Coal Association engaged Mackie Martin - PPK 
Consultants to undertake a detailed analysis of the long term behaviour of 
the River in terms of flow regime and flow-salinity relationships. 

The objective of this study wasta determine whether natural "freshes" or 
minor floods in the River would provide sufficient opportunities for mines to 
dispose of their excess water, utilising the high flows as a means of dilution. 
Such a method of disposal had the support of the irrigation farming 
community, since it would ensure that the bulk of mine discharges would 
take place when little use was being made of the River for irrigation. 

Essentially, the consultants were asked to provide a statistical analysis of the 
frequency and duration of opportunities for mine discharges during natural 
River freshes, (defined as flows above 3000 megalitres per day at Singleton, 
with equivalent flows at other key points) while maintaining a "cap" on 
salinity of 900 microsiemens at Singleton and Greta. 

The results of this study were encouraging, as it showed that during the past 
24 years of River records, there were only two years in which the mines 
would not have been able to dispose of all excess water, using naturally 
occurring freshes (based on the total volume to be discharged in 1993). Only 
records from 1969 onwards were used, as earlier data on salinity was scant 
and somewhat unreliable. Moreover, the commiSSioning of Glenbawn Dam in 
1965 caused major changes to the flow (and presumably the salinity) regime 
of the River, making the earlier data irrelevant in the context of current River 
management. 
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Of equal importance, the study showed that properly managed, the River has 
the capacity to absorb some 10 to 15 times the current volume of excess saline 
water from mines. In other words, the system would not be placed under 
stress to accommodate managed discharges and could in fact accommodate 
additional discharges from future mines or other industrial sources. 

As a result of these studies and discussions with representatives of local 
fanning and water user associations, community groups, the EPA and Water 
Resources Department, broad agreement was reached to the adoption of a 
comprehensive mine discharge scheme, which consists of the following 
elements:-

- The first priority for mines is to maxmuse the on-site use and 
recycling of water, so as to avoid or at least minimise the need to dispose of 
any excess. This involves the development of a comprehensive water balance 
and management scheme for each mine. 

- It is recognised by the community however, that not all mines can 
achieve a "nil discharge" situation and provided that discharges to the River 
are managed in a way which avoids unacceptable downstream water quality, 
then discharges should be permitted. 

- The primary method of water discharge under the new scheme is 
high volume/short duration discharges during naturally occurring River 
"freshes" (nominally, 3000 megalitres per day at Singleton, with equivalent 
flows at other points upstream and downstream, ie., substantial flow 
throughout the River's length, but especially at all points downstream of any 
mine discharge point). 

Discharges at flows between 3000 Ml and 10,000 Ml per day will require co
ordination and sharing among the mines, to ensure that salinity does not 
exceed 900EC at any downstream offtake point for irrigation or water supply. 
However, at flows greater than to,OOO Ml per day, dilution effects are so great 
that no restrictions need to be placed on individual diScharges. 

In extended periods of low River flow, the scheme can be augmented by 
utilising dilution provided by special releases of water from WRD reservoirs. 
In some cases, these discharges may be made in co-operation with Pacific 
Power, during releases of water to meet the supply needs of the Upper 
Hunter power stations. In other cases, one or a group of mines might 
purchase dilution water from the WRD. The same salinity "cap" of 900EC at 
downstream offtake points would apply to these regulated discharges. This 
method will provide a back-up during extended droughts, when there are 
insufficient naturally occurring freshes to dispose of all excess water. 
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The above scheme involves quite significant changes for both the EPA and 
mining companies. Firstly, mining companies have committed themselves to 
providing the necessary water management infrastructure. This consists of the 
construction of dams to provide storage volume for a minimum of six 
month's of excess saline water, as calculated for average rainfall years. Outlet 
systems must be installed on these dams to permit rapid draw-down and 
high rate discharges during the appropriate "windows of opportunity" . A 
comprehensive monitoring system for both flow rate and conductivity, will be 
installed at discharge points and this will be connected by telemetry to the 
WRD's computer system at Muswe1lbrook. 

For its part, the EPA has completely revising discharge licences, to remove 
limitations on maximum discharge rates and to provide for the appropriate 
limits on River flow and conductivity for each discharge method. This 
involves a substantial change in the philosophy of environmental protection 
in New South Wales. Traditionally, State laws and regulations have focused 
on the quality (or amount of contamination) in the individual point-source 
discharge. 

The new scheme completely ignores the quality or volume of the individual 
discharge, but focuses on maintaining acceptable quality in the receiving 
waters. As a result, environmental quality is safeguarded and the scheme 
automatically caters for cumulative impacts. 

The new scheme came into effect on 1st January 1995. For the first 12 
months, the scheme will be in "pilot" form, so that adjustments to the 
"numbers' can be made as experience is gained. During that period, there will 
be a need for close consultation and review by all of the stakeholders in the 
region. 

THE SALT CREDITS SCHEME: 

The EPA has decided to introduce a "salt credits scheme" at the same time as 
introducing the new discharge scheme, to test the value of "economic 
measures" for environmental protection. Briefly, this scheme consists of the 
following elements:-

- Each mine has been awarded a number of points, based upon a 
combination of its volume of water "make", its social and economic 
contribution to the region and the nation (measured in terms of its 
annual coal production and full time employment) and its recent 
history of environmental management. 
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- These points equate to a percentage of the total amount of salt 
(measured in tonnes per day) which the mine could discharge during 
any discharge event, as defined in the discharge scheme. (ie. the credits 
allow for conditional water discharges, in accordance with the rules 
laid down in the discharge scheme, which will be specified in EPA 
licences). 

- Salt credits have been initially distributed to mines free of charge, but 
may be traded among mines at will. They may be sold to another 
mine, leased for a period of time or loaned. 

- Credits have been allocated to all mines, regardless of whether they 
actually need to dispose of excess water. The allocation formula thus 
recognises the effort and expenditure which some mines have devoted 
to ensuring they do not need to discharge. 

- During any particular River flow event, each mine can only discharge 
in accordance with its number of salt credits. For example, if a mine 
holds 5% of the total credits, it is permitted to discharge 5% of the total 
tonnes per day which the River can absorb during that flow event. 

The salt credits scheme is a first for Australia, in terms of using economic 
tools as a means of achieving cost effective protection of the environment In 
the field of water quality management, the scheme is possibly unique in the 
world. 
Its principal advantages are its flexibility, which allow for trading among the 
participants while automatically catering for cumulative impacts and the clear 
guidance it provides to mine managers, in deciding whether it is more cost 
effective to purchase credits from someone else, or to install measures on site 
to reduce the mine's need to dispose of excess water. 

The credits scheme also provides a simple and very effective means of 
sharing the available "windows of opportunity" for discharges among each of 
the participating mines, as each mine knows that it can discharge a 
percentage of the total available salt load, in accordance with its share of the 
salt credits. River quality is thus automatically safeguarded during every 
flow/mine discharge event. 

CONCLUSION: 

Both the mine water discharge scheme and the salt credits scheme are simple 
in concept, but their practical operation is fairly complex and requires both a 
comprehensive "real time" monitoring network and sophisticated computer 
software to keep track of River flow and quality during mine discharges. 
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The main reason for commencing the scheme on a 12-month "pilot' basis is to 
allow time for everyone to get used to the operating parameters and to get 
the bugs out of the system. Nevertheless, I believe it is a scheme whose "time 
has come" and it will almost certainly be the forerunner of many similar 
schemes for managing water quality throughout Australia. 

Although the new scheme involves substantial capital expenditure by some 
mines, it will provide some very clear and major benefits :-

Firstly, it dispels once and for all the unrealistic expectation that all mines can 
operate on a "nil discharge" basis and provides a practical alternative for 
those which cannot use all water on site. 

Secondly, it provides a means by which mine management can be assured of 
operating within the law at all times. This could never have been achieved 
under the current licensing regime. Moreover, the monitoring network will 
ensure that the system is transparent and no longer can accusations of illegal 
discharges by made by other parties. This assurance of legal compliance also 
provides a rational basis for the allocation of capital to construction and 
installation of the necessary infrastructure. 

Finally, the scheme provides a logical and scientific means of accounting for 
and managing cumulative effects within the catchment and of providing for 
new players and new projects in the future. 

, 
Water quality in rivers and streams is an issue of major community interest 
andover the next few years, we are likely to see many changes in the areas 
of legislation, regulation and community involvement in relation to 
establishing water quality standards. The introduction of the water disposal 
scheme for mines in the Upper Hunter has very largely pre-empted the 
directions which future regulations may take and should largely insulate the 
coal industry from what may well be a period of great acrimony, uncertainty 
and cost, while the various state and federal government agencies fight over 
their respective administrative territories. 
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INTRODUCTION 

Demands made of the Hunter Valley have placed strains on the environment, raising 
community and government concerns, and underlining the need to formulate, construct and 
apply management tools to resolve issues and place development on a sustainable basis. The 
Valley is a prime agricultural and pastoral region, a tourist destination of both national and 
international standing, and the location of a major proportion of Australia's black coal 
resources. The coal resources have determined the siting of a significant proportion of NSW's 
electricity generation capacity at Liddell and Bayswater Power Stations. 

Supply of water in sufficient quantities to support current and future activities has been a 
major concern of planning authorities. Past emphasis has been on quantity with dams and 
diversion schemes constructed to ensure supply for irrigation development, the generation of 
electricity and to allow flow regulation of the Hunter River. Glenbawn and Glennies Creek 
Dams, and the Barnard River Scheme are major construction initiatives undertaken to ensure 
supply. Focus is now on quality in conjunction with quantity, and recognising that both may 
have to be compromised to ensure high levels of reliability. Water Managers now have to 
move within a triangle of constraint, the verticies being quantity, quality and reliability. 

Salinity has been a problem in the Hunter Valley since it was first settled in 1804. Early 
explorers noted high salinity levels in creeks around the Bayswater area, and names like 
Saltwater Creek mean what they say. Human activity has increased these problems, resulting 
in more than 50,000 hectares of land affected by dryland salinity in the Valley Games, 1993), 
and the salinity in the Hunter River at Denman regularly exceeding 500ECs. 

If salinity is to be managed in the Hunter Valley, its causes and behaviour must be 
understood. Although Hunter Valley hydrology, hydrogeology and hydrogeochemistry 
reqUire further study, there now enough information available to begin the development of 
both temporal and spatial models as valley management tools. Currently the Department of 
Water Resources is developing a model known as Integrated Water Quality and Quantity 
Model (100M). 100M which includes a salinity module is essentially a surface water 
simulation model. It will enable testing of alternate management and operation policies such 
as the Salinity Property Rights Trading Scheme recently introduced by the Environment 
Protection Authority (EPA) to manage salt release from coal mines and power stations. This 
paper overviews the progress made to date on the salinity module for 100M, and outlines the 
geological and hydrogeochemical concepts that have been assembled to support the salinity 
module of 100M. 
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AN INTEGRATED WATER QUANTITY AND QUALITY MODEL - 100M. 

IQQM is being developed as a planning tool for evaluating the impact of water resource 
management policies on the various water users in the valley. It is a generic river basin 
simulation package of processes in a river system at a time step of One day, and can use to use 
smaller time steps to a minimum of one hour for processes such as flow routing. This model is 
capable of application to regulated and unregulated streams, and will be capable of addressing 
water quality and environmental issues, as well as water quantity issues. 

The IQQM development project was preceded by a comprehensive four stage 
investigation process so as to be sure of obtaining a model that would meet the requirements 
with minimum expenditure and as SOOn as pOSSible. At the end of the fourth stage, it was 
concluded that it was necessary for IQQM to consist of four main component groups; in
stream water quantity, in-stream water quality, surface runoff and pollutant export generation, 
and the quantity and quality of groundwater. 

The flow and salinity routing modules available in IQQM make this program ideally 
suited to simulating how the salt release potential available to mines and power stations in 
each reach of the Hunter River varies over time. The simulation would be based on a l00-year 
sequence of daily flows, to give consideration to a full range of climatic conditions. 
Simulations assuming no mines in the valley wiII enable baseline conditions to be estimated. 
This will give operators and water managers information on the Variability, frequencies and 
durations of opportunities to discharge and intervals between these opportunities. 

IQQM could be upgraded to include a component for simulating the behaviour of mine 
wastewater pond over both the medium term and the long term following the introduction of 
the EPA release rules. For this IQQM would be set up to run multiple sequences of, say, 10 
years duration. The results would give individual mine managers information over a range of 
climatic conditions on the size of pond needed. This could predict the need for additional 
pondage, how often the ponds could be expected to overflow, and how often discharge 
opportunities could be traded away. Factors to consider include surface runoff volumes and 
salinity concentrations from the mine area, spoil heaps and surrounding undisturbed 
catchment, groundwater inflows and salinity concentrations, water reuse and evaporation, and 
release discharges. 

Implementation of IQQM in the Hunter has involved a multiple step calibration and 
validation process. This firstly involved flow calibration using data from streamflow gauging 
stations and a known sequence of demands by water users. This was followed by testing the 
functiOning of the algorithms simulating water sharing rules and behaviour of water users to 
ensure satisfactory operation. The final step involved calibration for salinity behaviour. 
Salinity calibration was based on data from a network of 20 salinity probes that has been 
progreSSively established between 1991 and 1994, together with data from industries in the 
valley affected by salinity, and geological data. 

SALlNITY IN THE HUNTER VALLEY 

The Salt Cycle 

Salt in the Hunter Valley catchment comes from rock weathering and from rain fall. The 
movement of salt from the rocks to the ocean is a natural process that is part of the rock cycle. 
If accepted geochemical conventions are used, then the rock and the ocean are the major 
reservoirs for salt in the cycle, rainfall a feedback flux, and surface and groundwater the major 
fluxes that move the salt from the land to the ocean. Because we are considering the salt cycle 
rather than the rock cycle, the rock is a source, the ocean a sink, soil and the landsurface 
reservoirs, and all waters and atmosphere fluxes. 
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Rocks, Groundwaters and Hydrogeochemistry; Salt Inputs from Rocks. 

The prime source of soluble ions is the weathering of rocks. Sedimentary rocks yield the 
most saIt on weathering because they contain elements of their depositing media. Solute is 
released as the rock is leached and the connate (original) waters mix with the leachate 
solutions, normally rainfall. Partly soluble minerals, ego gypsum, dissolve to release saIts 
(Evangelou et aI 1986). Other minerals, ego pyrite, through mineral transformations in the 
weathering zone produce soluble compounds ( Rosenthal and Mandel, 1985). The evaporites, 
a sedimentary rock type, are composed entirely of soluble minerals. On average sediments 
yield about 30 tonnes/km2/yr, but this can rise to over 300 tonnes/km2/yr if there are 
evaporite rocks or rocks with strong marine affinities in the stratigraphy (Alifa et aI 1983;). 

Rock Mean 
Unit as Total 
Defined Desaiption Included Hydrogeo- Dissolved 
by Geological Units chemical Solids 
Kellet Facies mg/l 

CARB Carboniferous ,·olcanoc1ast:ic and Carboniferous Rouchel N .. Mg.-a, 790 
SlociS .... ...run.nts of the sou!hem and Gresford Blocks HCO:1 
New Ensland Fold Belt 

CM Interbedded coal seams and Creta Coal Meuures. Na,Mg,-C. 4.300 
continental sediments of the Greta ~lulbring Siltotone, S04 
Coal Measures, marine sediments of Mw-ee Sandstone, 
the ~laitland and Dalwood Groups. Bran."ton Fon:n.ti~ 

GvafTaft Volcanics. 
Wl2 Lower \ Vittin&Jwn Coal Measures Archerfield Sandotone, Na,-C 5,700 

west of the tttuswellbrook Anticline Vane Subgroup, 
in the North. and near the ,-rW;sic' Saltwater Creek 

t in the south. Fonnalion. 
Wll Upper lVittinglwn Coal Measures Denman Fonnation, jeny No-a- 2,300 

wet of the ~(uswdlbrook Anticline Plains Subgroup. HCO, 
in the North.. and near the 'Triassic" 

t in the south. 
WO Interbedded coaloeams and 1I"0U. .. nbi Coal Measures N .. Mg·a, U170 

continental sediments of the HCO, 
\ "oUombi Coal Measures 

TRIASl/2 Lower Triassic conglomerate, Triassic Narrabeen N .. Mg-a 600 
aandstone, and shale of the Group. South and North 
Nor.been Group (TRIAS I). of the Hunter and 
Narabeen Group O\'erlain in places Goulbum Valleys. 
by Tertiary basalt in the north of the 
Goulbum/Hu.nter Rh'er 
oonf1uencerrRl.-IS 2). 

HFPl/2 AUudwn upotrum (HFPI) and Recent Allu\·iwn,. COiUget Mg.N .. • 650 (HFPI) to 
downstream (HFPl) of the Joediments in the upper HCO. a 840 (HFP2) 
Goulburnl Hunter confluence. Hunter (HFPI) but finer 

in the lower Hwtter \\ith 
couser units at depth 
(HFP2) 

B.t .. 1t Tertiary Basalts within the Hunter All Basaito, but ~dudinS Not Not Known 
Valley the Plateau Basalts of the a..ractmsed 

Goulbum "alley .". Kellett. 

Table 1: Scheme (after Kellett et aI (1989) for desaibing the Geology and 
Hydrogeochemistry of the Hunter Valley. 

The relationships beween rock units and salinity in the Hunter has been a known for some 
time and was first clearly stated by Croft (1983). The sedimentary rocks of the Hunter Valley 
are the result of Permian to Triassic sedimentation that occurred firstly in marine 
environments, then in estuarine/ fluvial, and finally in terrestrial fluvial environments, These 
events occurred in near polar to tundra type climates, similar in many respects to modem 
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Northern Canada. The cold climate spared the area the accumulation of evaporites, common 
when these geological events occur in temperate climates, however, there are appreciable 
volumes of rock with marine affinities in the Hunter Valley. 

The role of tectonism is important in understanding the patterns of salination in the 
Hunter Valley. The development of the New England Block onto the Australian continent 
from the Perrnian was accompanied by a period of intense lateral thrusting that has caused 
folding and faulting. The geology of the Hunter Valley is today characterised by domes 
(anticlinal structures) that bring the marine sequences to the surface. The domes also bring the 
best coal close to the surface. Hence the areas of high salt propensity are around Maitland, the 
Loder dome, and then to the east of Muswellbrook along the Muswellbrook Anticline (Glen 
and Beckett, 1989). 

Hunter Valley faults play an important part in mixing saline groundwater with less saline 
surface water. Water that is in equilibrium with the Willingham Coal measures appears to be 
discharging through the Mt Ogilvie Fault, and there is some evidence that the Hunter River 
just above Jerry Plains may be receiving saline groundwater water through its alluvium. Faults 
generally fracture the rock around them, creating a reservoir for groundwater, so the 
catchments that are traversed by major structures are the catchments most likely to be bleeding 
saline water either into the fresh water, or onto the surface (Kellett et al1989; Creelman 1994b). 

A benchmark study by Kellett et al (1989), has provided a useful classification of water 
types in the Hunter Valley that is related to a Simplified geology This information is presented 
in table 1. The simplified geology and related hydrogeochemistry has been adopted as a basis 
for the first estimates of salt release from rocks (Creelman 1994a). Early work to quantifying 
the salt release from rocks by Bembrick (1993) did not correct the data for rainfall inputs. 
When the corrections are made the salt releases for the Triassic rocks averages 5 
tonnes/km2/yr, for the Carboniferous metavolcanics and glacial sediment 4 - 5 
tonnes/km2/yr, and a similar figure for the Wollembi Coal Measures. The rocks directly 
related the marine sedimentary environments are the Grata Coal Measures average 30 
tonnes/km2/yr, and the Wittingham Coal measures 40 tonnes/km2/yr. Data from the 
generated by Bembrick (1993) indicated that the Saltwater Creek catchment is releasing around 
230 tonnes/km2/yr, an exceptionally high value. 

The Role of Rainwater and Salt Inputs from Rainfall. 

The composition of the salt load carried by rain varies from the coast where the salts 
reflect sea salt compOSitions, to inland where inputs reflect continental salt balances, more 
enriched in bicarbonates and sulphates, calcium and magnesium at the expense of sodium and 
chlorine (Ayers and Manton, 1991; Ericson et al1986). Based on a 1987 project (NERDDP 
Project 690, 1987)that measured rainwater chemistry for a two year period, estimates of salt 
from rainwater at the coast are up to 30 tonnes/km2/yr, but drops back to 3 tonnes/km2/yr in 
the Upper Hunter. A contoured map is presented in figure 1. Effects of pollution from power 
generation, increases in the oxides of sulphur and nitrogen in the form of sulphate and nitrates, 
are evident in the data. Spontananeous combustion of coal waste dumps are also contributors, 
and data from Murrurundi in the Upper Hunter shows the effect of natural coal combustion 
at Burning Mountain (Creelman, 1994a). 

Acidity in Hunter Valley Rainfall is evident in the data, and more recent data produced 
by the NSW EPA (pers. comm., 1994). Organic acid content of rainwaters, an important topic 
in current atmospheric research (Keene and Galloway, 1988), is not a factor in Hunter Valley 
salination because the acetic and formic components are very short lived. A more significant 
component is sulphate from coal burning which may be contributing up to 1 tonne/km2/yr 
into the Upper Hunter landscape (Creelman 1994a). 
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Figure 1. Contour Map of Hunter Valley of Salt input& from Rainwater 

Mechanisms of Salt Movement 

Salt is available for release only when in solution. There is a salt "cake" in every 
catchment that dissolvt'S into the surface water /low. The size of the salt cake is dependent on 
the salt from rain infiltration, the salt from rock weathering, and the seepage rates from faults 
onto the surface or into water courses, and the configuration (geometry) of the catchment. Salt 
moves from the catchment by surface and groundwater. The rate of groundwater /low to the 
ocean sink is extremely slow compared to that possible by surface water. However salt in 
groundwater is more concentrated. Groundwater can deliver salt to the surface when 
groundwater flows out onto the surface. The salt accumulates in the soil, or on the surface by 
evaporation, where is redissolves in rainwater. Groundwater delivers salt into surface water 
by injection of groundwater into surface flows. It is suggested that salt injection from 
groundwater into the Hunter River is occurring where the Mt Olgivie Fault cuts the Hunter 
above and below Denman (Creelman, 1994b). 
In times of high rainfall, catchments flush out their salt. The surface salt is the first available, 
then follows the salt in various niches such as the soil, the higher levee banks, weathering 
rock on the slopes, and contributions from rising ground waters. The first flush of salt, seen as a 
high conductivity spike on the salinity probes, is the most available salt being released. The 
salinity spike is not the point in time when the most salt is being released. That occurs after 
the first flush event when the more voluminous salt in niches such as soil, and weathered rock 
are dissolving and releasing. It is easier to understand salt movement if data is presented as 
salt loads rather than plots of conductivity and /low. 
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It is observed that salt concentration, and therefore salt load increases with distance 
downstream from Glenbawn Dam. Figure 2 shows patterns of salt release in the period July to 

September 1993. These four salt load curves show the increase in volume downstream, 
Muswellbrook is the lowest curve (foreground) and Singleton the highest ( background). 
Notable is the similarity of the curves, with time delays, for the four stations. Also notable are 
salt spikes such as that at Liddell on 14/9/93, representing a strong salt injection from possibly 
catchments around the Muswellbrook Anticline. This shows the passage of "slugs" of salt out 
of the valley. 

7!XXl 

am 

Figure 2. Salt discharge Patterns in the Hunter River in the Period July to 
September 1993. 

DISCUSSION 

Agriculture and Salinity 

Agriculture in the Hunter Valley relies mostly on surface water, but in drought 
groundwater supplements surface water uptakes. It is surface water that is the main conduit 
for salt release into the ocean, consequently the level of salts in the Hunter River must be 
carefully monitored to maintain water quality and agriculture production. Previous studies 
(Croft 1983) suggest that there is some latitude in the amount of salt that could be carried by 
the Hunter, but later studies (AGe, 1992) indicate that salt from all sources is probably greater 
than Croft originally estimated. 

By supplementing irrigation with ground water agriculturalists are delivering more 
saline ground waters onto the surface and hence into the surface water system increasing the 
salt load the river is forced to carry. There are some instances where specific salts particularly 
nitrates are accumulating in more intensive irrigation areas. 

Intensive animal husbandry because of their need for large volumes of water inherit a salt 
problem as they supplement their surface water with ground water. Feed lots become 
relatively intensive sources of salinisation compared to other more diffuse sources 
(DANPORK, 1993). 

• 
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ATMOSPHERE 

Figu..-e 3. A conceptual model of the salt cycle in the Hunter Valley. 

Mining and Salinity 

Coal will not yield salt on weathering. The interburden and the enclosing siltstones and 
mudstones are the salt producers. However, the coal measures are the major aquifers and 
therefore carry groundwater which contains the salt from surrounding rock units (AGe 1984). 
For geological reasons the best coals are hosted by the rocks with marine or esturine affinities, 
as a consequence the ground waters the mines deal with are the most saline ground waters in 
the Valley. This is an unfortunate juxtaposition of a cost and benefit. Mines either retain this 
water (non-release mines), or they discharge water with its contained sail. Staged discharges 
of mine water are now in operation (AGe-Woodward Clyde, 1992; DWR Hunter Region pers. 
comm 1994), and the EPA salt credits scheme is now operating. 

Waste dumps at coal mines accumulate waste rock, and waste dumps leach salt because 
the comminution of the rock in the course of mining increases the weathering rate of those 
rocks, increasing specific surface area and exposing more rock surface, releasing more salt. If 
waste dumps are rehabilitated so that they are finally below the permanent water table, then it 
is expected that they will regain an equilibrium appropriate to those specific rock types. 
Currently it is known from water infiltration calculations that the voids created by mining and 
rehabilitation will take over 100 years to refill. 

Electricity Generation and Salinity 

Power generation requires approximately a third of the flow of the Hunter Valley for 
cooling and other purposes. As the power stations remove this quantity of water they are also 
removing its contained salt. The salts related to scaling, calcium and magnesium carbonates, 
have to be removed from uptake water and are accumulating on site. 

For every 80 megalitres of water that enters the cooling towers 74 ML is vented into the 
atmosphere as steam leaving all salts. These salts, chlorides and sulphates, are currently 
removed in a water treatment plant and the water returned to the cooling towers and the salt 
accumulated in a dam on site. Power generation pays a price in that they have an 
accumulating salt load on site. If they could uptake water with less salt they would 
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accumulate less salt, and would save on water treatment. However if salinity increases at their 
uptake point they will be forced to handle greater volumes of salt. Lakes Plachett and Liddell 
are major storage buffers, but are unfortunately located in catchments that are particularly salt 
prone. 

A Model of The SaIt Cycle in the Hunter VaIley 

Figure 3 is a representation of a conceptual model of the salt cycle in the Hunter Valley. 
The environmental concerns caused by salinity and salination are very short term, almost 
instantanoeus, perturbations on a geological time scale, but they are serious displacements 
from equilibrium on a human time scale. 

Human activities, Agriculture, Mining and Power generation stand in the way of, and 
generally accelerate the egress of salt from the source rocks to the ocean. The management of 
salt in the Hunter Valley will be improved if all stakeholders in the Valley, agriculturalists, 
miners, power generators and townspeople have a detailed appreciation of the Salt Cycle. 
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THE IMPACT OF URBAN & INDUSTRIAL 
DEVELOPMENT ON THE HUNTER RIVER 

TC INGLETON & GF BIRCH 
Dept. Geology & Geophysics, Sydney University 

INTRODUCTION 

Pon Hunter in Newcastle is the third largest pon in Australia and it is the 
world's largest coal exporting harbour. The lower Hunter River supports one of 
Australia's most extensive industrial (iron and steel, petrochemical, pharmaceutical) 
bases, and it is also an extensive urban and commercial centre. The largest coal mining 
region of New South Wales is situated in the upper Hunter River valley. The estuary 
plays an imponant recreational role for the large urban and rural population and supports 
a fishing industry. The Hunter estuary is thus subjected to extensive anthropogenic 
stress, with obvious conflicts of interest and multiple usage - typical of many modern
day estuarine environments. 

Previous heavy metal contaminant studies on the Hunter estuary are 
limited to analyses of sediment associated with dredging (Hunter Ports Authority, 1992). 
The main objective of the current study is to determine the spatial and temporal 
distribution of heavy metals throughout the estuary and to establish background and 
enrichment values for this highly developed region. Possible sources and dispersion 
pathways are investigated, whereas the potential bioavailable fraction is estimated for a 
small number of select samples. Organochlorin and pesticide levels are determined for 
areas of maximum heavy metal concentration. 

METHODS 

Most of the 134 sample sites on the Hunter River estuary were taken on 
cross-channel transects, usually of between three and five sites per transect (Fig. I). The 
majority of samples (109) were recovered using a stainless steel grab, with sediment 
being removed well away from the walls of the device. Depth profiles were obtained 
using a 40cm polycarbonate corer (14 samples) deployed from the boat. 

All sampling utensils and storage containers were of polycarbonate, 
cleaned in pyroneg and soaked for 24 hours in 10% nitric acid before repeated rinsing in 
deionised water. Sediment was stored at 4°C, and all samples were size-
normalised«63Ilm) by wet-sieving with ambient water through a nylon sieve. 

Surficial sediment from 134 sites and 30 subsamples from seven cores 
were digested using a 2: 1 mixture of HCIO.:HN03 analysed for nine trace elements (Cd, 
Cr, Co, Cu, Fe, Mn, Ni, Pb, and Zn) on a Perkin Elmer (Model 3100) Flame Atomic 
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Absorption Spectrometer. Precision, determined by replicate analysis (10 samples) of a 
local estuarine sample, is better than 5% for Cu, Ni and Pb and better than 10% for other 
elements, all expressed as relative standard deviation (RSD). Compared to Standard 
Reference Materials (Mag-I), all elements fall within recommended values, except Pb 
which was 14% high. Internal standards and blanks were run on each batch of 
dissolutions and analyses. 

RESULTS 

Textural Characteristics 

The dredged parts of Port Hunter,the Williams River and some small 
offch?JlOel embayments are mantled in predominantly muddy sediment. In the main 
channel, the mud content of the surficial sediment is higher in the straight reaches of the 
river than on the bends, and is higher on the tidal and intertidal banks than in the'central 
channel. The upper reaches of tributaries (eg. Throsby Creek) exhibit wide ranges of 
mud concentration, whereas in mangrove environments and in some offchannel bays, 
the variation in mud content is due to biological aggregation of fine material and variable 
waterflow. 

Sand is predominantly located in the centre of the main channel and in the 
undredged parts of the harbour. Sand is usually coarser in the upper reaches of the 
estudI)', especially where the river is narrow. Medium sand-size material is most 
abundant in the lower estuary, but coarsens toward the deeper, central part of the main 
channel. 

There are several recognisable sedimentary facies in the Hunter estuary. 
In the undredged parts of the lower estuary, sands are mainly Fe-stained, medium sand
sized, sub- to well-rounded quartz, probably of marine origin. Sediment in the dredged 
parts of the harbour comprise olive to brownish-grey mud with only very minor sand 
which is mainly faecal pellets, or organic fragments with minor quartz, rock fragments 
and coal particles. Immature, lithic sands typify the sediments of the upper and middle 
estuary. These sediments comprise angular to sub-angular quartz, mafic minerals, shell 
debris and rock fragments and are probably fluvially derived. Leached middle estuary 
sands are mixed with lower and upper estuary facies, whereas the Williams River is 
characterised by high organic matter. 

Heavy Metals 

Cd concentrations are below 2ppm throughout the Hunter estuary, except 
in South Channel (one sample) and in Throsby Creek where concentrations reach a 
maximum of 8ppm. 

Cr concentrations decrease upstream from South Channel and the 
dredged parts of the harbour to Raymond Terrace, whereas the upper estuary has 
consistently low values. Highest Cr concentrations are located in the undredged parts of 
Throsby Creek. 

Co values range from about 5 to 50ppm, with a baseline at 20-25ppm. 
High Co concentrations occur at the entrance to Fullerton Cove and in the upper reaches 
of South Channel, whereas the dredged parts of the harbour and Throsby Creek exhibit 
low Co values. 
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Cu concentrations vary between 20 and 2S0ppm, with highest values in 
Throsby Creek and the lower section of South Channel (Fig.2) . Cu values exhibit a 
general downstream declining trend in Throsby Creek. with the highest concentrations 
located in an inner city storm water drain. In the North Channel and in the upper estuary. 
Cu concentrations are consistent. with a baseline range of between 30 and 50ppm. Cu 
values in Fullerton Cove are consistently below baseline. 

Fe concentrations vary between 2.75 and 12%. with the highest values 
occurring in localised sites in the lower estuary. Dredged parts of the harbour have 
consistent Fe contents of between 4.S and 5.S%. whereas the highest values are located 
in coalifereous samples from lower South Channel. The upper estuary. above Hexham, 
has a slightly lower baseline range (3.9-5.0%) than the lower estuary. 

Mn concentrations are highly variable (280-3000ppm) and are generally 
highest in the upper estuary, especially in Williams River. Irregular. high Mn 
concentrations occur in upper and lower South Channel and between Raymond Terrace 
and Mai tland. 

Ni concentrations range between 40 and 200ppm and are highest in 
Throsby Creek. Dredged parts of the harbour exhibit lower and consistent Ni values, 
whereas undredged areas are more irregular and higher in Ni content. With the exception 
of the dredged parts of the harbour. Ni concentrations throughout the Hunter estuary 
vary little (60·80ppm). with the lowest values occurring in Fullerton Cove. 

Pb concentrations vary between 25 and SOOppm and the highest values 
occur in Throsby Creek (Fig.3). In South Channel sediments, Pb values decrease 
downstream and also from the eastern to the western side of the waterway. Pb is highly 
(>280 ppm) enriched in two coal-rich samples from the lower South Channel. Pb values 
decline regularly upstream from Mayfield to Hexham. but sediments of the upper Hunter 
estuary have a consistently low Pb content (25-50 ppm). 

Zn concentrations range from 30 to 3600 ppm and displays a simular 
spatial distribution to Pb (Fig. 4). Highest values are located in Throsby Creek and Zn is 
moderately enriched (200-500 ppm) in South Channel with maximum (>1400 ppm) 
values adjacent BHP Steel. Zn values are consistently low «300 ppm) in the upper 
estuary and in the North Channel. 

Biologically Available Metals 

Maximum extractable Cd. Pb and Zn using EDTA for Throsby Creek and 
South Channel sediments is approximately 70% and is up to 90% for Pb. 

DISCUSSION 

Background concentrations were established for the Hunter estuary 
through an analysis of downcore data and spatial distributions of surficial sediment from 
the upper estuary. Maximum enrichment is: Cd 7.Sx; Co 3.0x; Cr 19.5x; Cu 8.8x; Fe 
2.2x; Mn 8.4x; Ni 3.0x; Pb 19.5x and Zn 32.4x. Highest enrichment occurs in Throsby 
Creek. followed by sections of the harbour and the southern part of South Channel. Cd, 
Cu, Pb and Zn in these areas also exceed current criteria used by the Commonwealth for 
contaminated sediments. Because Throsby Creek drains predominantly light industry, 
commercial and urban areas. whereas lower South Channel captures specifically large 
steel-based industries, the metal signatures of these two areas may be expected to be 
different 
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An examination of the metals data indicates Cr, Cu, Pb and possibly Ni 
are substantially more enriched in sediments of Throsby Creek than in South Channel, 
whereas anomalously high Cr characterise Throsby Creek sediments and exceptionally 
high Fe concentrations typify southern South Channel. The more diverse mix of metals 
associated with Throsby Creek probably reflects the varied nature of potential sources in 
that catchment 

Coaliferous material in a core adjacent to BHP steelworks is exceptionally 
enriched in Zn, Pb and to a smaller extent Cd. Trace metal concentrations in NSW 
bituminous coals are low compared to world averages (Swaine, 1977), but are 
substantially higher in Cd, Cu, Pb and Zn for coal slag. Several cores taken adjacent to 
the BHP smelter furnaces may indicate a restricted area of dumped slag waste in lower 
South Channel 

An extensive part of the harbour is almost continually dredged and 
sediments in this area are homogeneous olive-grey muds with a consistently low metals 
content. In comparison, adjacent sediments in Throsby Creek and in South Channel are 
considerably enriched. The largest coal-exporting operation in the world, as well as other 
substantial ship loading activities are conducted in these parts of the harbour. Heavy 
metal concentrations are probably low in these areas because of the continual filling of 
dredged areas by fine sediment emanating from the less impacted upper estuary. 

A limited (5) number of organochlorine and pesticide analyses were 
undertaken on selected samples in the lower estuary. The pesticides halochlorinated 
biphenyls (HCB) and lindane are below detection, or absent in all tested samples and 
aldrin, chlorane-a and DOD are detected in Throsby Creek and in South Channel. 
Results from three analyses in South Channel indicate below detection values, or very 
low concentrations for all organic contaminants, whereas Throsby Creek samples are 
markedly enriched in these toxicants. Chlordane reaches levels several orders of 
magnitude above maximum ER-M concentrations determined by.Long and Morgan 
(1990). Maximum values are1.8x ER-M for PCB; 11.5x for dieldrin; 28x for chlordane; 
1.8x for ODE; 0.6x for DOD; and 22x for DDT. 

Prior to the current study, concerns had been raised as to the possible 
detrimental effects of sedimentary contaminants on the prawn fishing industry in the 
middle Hunter estuary. Prawn fishing in lower South Channel and in the harbour 
became uneconomic with catches of fish and crustaceans continually being deemed unfit 
for human consumption due to industrial effluent being discharged directly into the 
estuary (Ruello, 1976). The environmental health of the river currently being trawled, ie. 
the North Channel and the Hunter River between Raymond Terrace and Hexham, was 
therefore of concern. Metal concentrations generated in the current study for these parts 
of the river are less than three times background and well below ER-M criteria of Long 
and Morgan(1990). Heavy metals are therefore unlightly to pose a problem for the 
fishing industry in the middle Hunter River, however, widespread agriculture in the 
upper and middle Hunter valley would require organic contaminants, including 
pesticides, to be tested. 

CONCLUSIONS 

Heavy metals are enriched in sediments of South Channel due to the 
proximity of extensive heavy industry and the largest coal-loading facility in the world, 
but more metals exhibit far higher concentrations in Throsby Creek which drains the 
central city light industry of the central city. Heavy metal concentrations are temporally 
and spatially low in the dredged parts of the harbour, probably due to the continual 
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homogenisation and removal of sediment from these areas and because the muds being 
deposited there are probably sourced from the less impacted regions of the upper 
estuary. The heavy metal concentration of sediment in the upper Hunter River estuary are 
close to background for most elements, except Mn. 

The limited number of organochlorin and pesticide analyses indicates that 
sediments of South Channel are low in these contaminants, whereas Throsby Creek is of 
concern. 

In terms of heavy metals, the fishing industry in the middle Hunter 
estuary and in North Channel is not under any environmental threat. 
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THE ENVIRONMENTAL STATUS OF A LARGE 
NSW ESTUARY UNDER THREAT -
THE HAWKESBURY RIVER SYSTEM 

N SHOTTER, M O'DONNELL, P STEETSEL & GF BIRCH 
Dept Geology & Geophysics, Sydney University 

INTRODUCTION 

Most major population centres throughout the world are located along the 
foreshores of estuaries - areas prized for their natural beauty and natural resources. The 
relationship between such aquatic systems and human activity is one of continual 
conflicting interests. As human interaction with the estuarine system increases, the initial 
beauty and resource - that is, the original attraction of the system - steadily deminishes. 
The Hawkesbury River System is just such an example of an environment under threat. 

Rapid urban expansion of Greater Sydney, both northward and 
westward, is placing the Hawkesbury River System under increasing pressures. Effluent 
from sewage treatment plants (STPs) industrial waste, urban and agricultural run-off, 
airborne particles and leachate from tips and landfills are increasing potential sources of 
pollution for the estuary. The Hawkesbury River is extensively mined for sand and 
gravel; it is New South Wales third largest oyster producer; and it supports a large 
recreational industry. 

In recent years, the need for information on contaminants has been 
highlighted by several cases in which toxic heavy metal levels have been found in 
seafood and other living organisms. It is thus the primary objective of the current work 
to establish the status of heavy metal levels in this estuary. This will provide basic 
information which can be used in the formulation of environmental strategies in advance 
of impending massive urban and industrial growth in the north west sector. Spatial and 
temporal distributions will provide background and baseline levels for the entire estuary. 
Potential sources and dispersion pathways are investigated, whereas organochlorine and 
pesticide analyses are determined for a limited number of sediments. 

METHODS 

Of the 481 sample sites occupied between Broken Bay and Windsor, 
sediment from 246 sites were analysed for a suite of nine heavy metals (Cd, Cu, Cr, Co, 
Fe, Mn, Ni, Pb and Zn) (Fig. 1). Samples were recovered mainly in cross-river 
transects of two to nine sites using a polycarbonate corer taken by a diver, or operated 
from the boat, or by use of a stainless steel grab. 

Polycarbonate storage containers and sampling equipment were cleaned in 
pyroneg and soaked for 24 hours in 10% nitric acid before repeated rinsing in deionised 
water. Sediment was stored at 4°C and all samples were size-normalised«63 11m) by 
wet-sieving with ambient water through a nylon sieve. 
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Samples were digested in a 2:1 mixture of HCl04:HN03 and analysed on 
a Perkin Elmer (Model 3100) flame atomic absorption spectrometer(AAS). Although 
analyses of the fine «63~m) and coarse(63-2000 11m) fractions of the sediment were 
undertaken, only the fine fraction is reported in the current work. Precision, determined 
by repeated analyses of an local estuarine sample, is better than 10% relative standard 
deviation (RSD) for all elements. Internal standards and blanks were run on each batch 
of dissolutions and analyses. 

RESULTS AND DISCUSSION 

Because, in general, the distribution of the major heavy metals - Pb, Zn 
and Cu - follow simular spatial trends and the spatial relationships of the other elements 
(Ni, Co, Fe and Mn - Cd is below detection) are complex, only the distribution of Cu 
w:!! be described in detail in the current manuscript (Fig. 2). 

. 
In order to understand the significance of metal distributions, it is 

necessary to determine background element values for the Hawkesbury River sediment. 
There are a number of methods whereby this value can be estimated, ie. average shale, 
or average lacustrine concentrations; soil values from the catchment; and core data from 
the river. The latter method is preferable, but only limited deep core data are available for 
the Hawkesbury River, whereas substantial information has been collected for the 
adjacent Parramatta River (Irvine, 1990). For Cu, the average lacustrine and shale 
values are 45 ug/g, whereas deep (> l.5m) core data for the Parramatta and Hawkesbury 
Rivers are 10 and 20 Ilg/g, respectively. Low concentrations for the bottom of short 
«4Ocm) cores and from surficial samples from the Hawkesbury River arel7 to 19 ~g/g 
Cu. It is clear that average shale and lacustrine values are excessive and that background 
lies between 10 and 20 ~g/g for sediments of this river. Background is thus set at 15 
~g/g Cu for this work. 

The distribution of Cu exhibits two general spatial patterns - the main 
river channel and some tributaries. The Cu content of sediments mantling the bed of the 
main Hawkesbury River channel is regular, generally varying only between 20 and 25 
to 30 ~g/g Cu (Fig.3). A more subtle, generaIly increasing trend(up to approximately 35 
Ilg/g) is evident in the upper reaches of the river. Base level, ie. the range of 
concentrations beyond which values rarely faIl, and a range which is sometimes equated 
with low level diffuse contaminant sourcing, is therefore placed at 20 to 30 ~g/g for the 
Hawkesbury River. This range is markedly lower than that for the Parramatta River/ Port 
Jackson estuary which is approximately 30 to 50 ~g/g. This probably reflects a lower 
non-point source contribution to the Hawkesbury system. 

The upper reaches of many tributaries exhibit elevated Cu concentrations 
(Fig.3). Pittwater, which opens into Broken Bay at the mouth of the Hawkesbury River, 
has Cu values which increase from slightly above (approx. 35 ~g/g) base level near in 
the north through 40 to 50 ~g/g. in the central mud basin, to over 100 ~g/g in the south 
eastern end of the bay. Maximum concentrations are found in proximity to dense 
moorings, multiple marinas, and a creek draining a region of light industry. 

Cowan Creek has slightly (40 ~g/g) elevated Cu concentrations in the 
central mud basin and maximum enrichment in the vicinity of Bobbin Head where 
recreational and boating facilities are well established. Akuna Bay, in Coal and Candle 
Creek (a tributary off Cowan Creek), provides an excellent opportunity to observe the 
probable effects of a marina facility on a pristine environment, as it is entirely 
surrounded by the Kuringa-Chase National Park (est. early 20'" C.) and is serviced by 
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Dne minor road. Cu concentrations increase from approximately 38-40 llglg for the 
Cowan mud basin to 60-80 Ilglg at the head of the creek near the marina with a 
maximum of over 100 llglg adjacent to the facility itself. 

Berowra Creek, a trPlUtary coming under increasing environmental 
stress, was investigated in some detail in the current project. Cu concentrations in the 
lower mud basin are within base level (ie. 20-27 Ilglg), but they begin to increase 
steadily (30 to 60 Ilglg) upstream from about 1.5 km. below Berowra Waters to a 
maximum adjacent to the ferry, before declining again funher upstream. High density 
sampling in Waitara Creek in the vicinity of the Hornsby Heights and West Hornsby 
STPs show maximum concentrations of Cu (> 100 llglg), but values decline rapidly 
downstream and are close to base level at the estuarine limit. Sampling on the Calna 
Creek shows simular, but less marked trends, probably also associated with STP input. 

Because of recent concerns regarding organic contaminants in Bc;rowra 
Creek, organochlorine, pesticide and nutrient analyses were carried out on a small 
number(l I) of selected sediments from Waitara and Calna Creeks near the STPs and 
from the estuarine section of Berowra Creek. No PCBs, HCB, lindane, p,p-DDD, and 
p,p-DDT were detected in any samples analysed. Sediments near the Wiatara Creek STP 
contain Aldrin, Dieldrin and Chlordane, whereas the sediments near the Calna Creek 
STP contains only Aldrin and Dieldrin. Most concentrations are in excess of the medium 
effects threshold of Long and Morgan (1990). Highest nutrient loads are recorded in 
sediments near the Berowra Creek ferry and from one sample near the Waitara Creek 
STP. 

South Creek, draining an extensive and growing industrial/urban 
catchment, carries, especially under low flow conditions, a high proponion of sewage 
effiuent. Unlike many other environmental parameters (nutrients, organics, etc.), heavy 
metals concentrations are seldom above base level. Only below one (St Marys) of the six 
STPs in the catchment were anomalously high (>70 Ilglg) Cu concentrations detected. 
Generally low Cu concentrations may be the result of regular flushing, or a reflection of 
the relative low (9) sample density in this creek. Catti Creek, another stream coming 
under increasing environmental pressure in the same area, likewise exhibits negligible 
Cu enrichment. 

Tributaries entering the Hawkesbury River from the nonh, ie. Mangrove, 
Mooney Mooney and Mullet Creeks, contain sediments at the lower limit of base level 
(20-25 Ilglg). 

Few large towns are located on the banks of the Hawkesbury River in the 
section studied during the current investigation. Windsor, the largest town in this sector, 
has a barely detectable impact (Cu values range between 32 and 42 llglg) on main 
channel sediments. Similarly, Brooklyn, which supports a reasonably large maritime 
industry on the banks of a restricted offchannel embayment, exhibits minimal Cu 
enrichment (av. 38 Ilglg Cu) in surrounding surficial sediments. Wiseman's Ferry, 
located on an open well-flushed section of the river, shows no observable elevated Cu 
trends. 

CONCLUSIONS 

An extensive data set (about 450 sample sites) has established the 
regional distribution of heavy metals in the Hawkesbury River System between Windsor 
and Broken Bay. 
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The main Hawkesbury River channel sediments contain a low (20-30 
I!g/g) , uniform Cu concentration(base level), which is only slightly elevated above 
background (estimated at 15 I!g/g). Maximum Cu values are observed in the upper 
reaches of some tributaries, and are related to marina/boating activities, recreational 
facilities, STPs, or industry. Tributaries that are most impacted by these activities are 
Pinwater, Cowan, Coal and Candle, Berowra, Waitara and Calna (tributaries of Berowra 
Creek) Creeks, whereas South, and Catti Creeks exhibit minor impact in terms of Cu. 
Creeks entering the Hawkesbury River from the north (Mangrove, Mooney Mooney and 
Mullet) show no Cu enrichment. Likewise, towns (Windsor, Wiseman's Ferry) on the 
banks of the river appear to have had minimal effect on sediment quality in terms of 
heavy metal concentrations. 

A small number of samples in the estuarine section of Berowra Creek and 
near STPs on Waitara and Clan Creeks (tributaries of Berowra Creek) contain Aldrin, 
dieldrin and chlordane, as well as nutrients in low to moderate concentrations. 
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UNDERSTANDING URBAN & INDUSTRIAL 
IMPACT BY COMPARING TWO MAJOR NSW 
ESTUARIES 

K McCLEOD & GF BIRCH 
Dept. Geology & Geophysics, Sydney University 

INTRODUCTION 

Over the last four years the Environmental Geology Group at Sydney University, 
Geology and Geophysics Department, has been conducting geochemical surveys of 
bottom sediments in Sydney's four major estuaries (Parrarnatta River/port Jackson; Port 
Hacking; Georges River/Botany Bay and Hawkesbury River), as well as the Hunter 
River estuary. Consistent sample collection, storage, pretreattnent, and analysis 
throughout the programme has insured compatibility of all data. The extensive heavy 
metals inventory generated as a result of this work is now available for compilation into a 
regional contaminant framework for the central NSW area. It can also be interrogated to 
provide information regarding potential sources and to possibly 'fingerprint' different 
geochemical environments. 

The database is being used in the current work to better understand the nature of urban 
and industrial impact on Sydney estuaries by comparing heavy metal disttibutions from 
two estuaries - one containing extensive industry within its catchment (Georges 
River/Botany Bay), and the other supporting mainly urban development and natural 
parkland (Port Hacking). 

METHODS 

OCthe 190 samples collected in Georges River/Botany Bay estuary, 133 were taken using 
a polycarbonate core either by a diving geologist (119); from the boat (6); or by hand (8); 
and the remaining 57 samples were recovered with a stainless steel grab (Fig. 1). The 74 
samples recovered from Port Hacking were mainly taken by stainless steel grab (63), 
whereas 3 were retrieved by a corer operated from the boat and the remaining 8 samples 
by hand corer (FigA). Although a suite of nine elements (Cd, Co, Cr, Cu, Fe, Mn, Ni, 
Pb and Zn) are routinely analysed, only Cu, Pb and Zn are considered in the current 
work. Samples are digested in a 2:1 mixture of HClO~:HN03 and analysed on a Perkin 
Elmer (Model 3100) Flame Atomic Absorption Spectrometer (AAS). All samples were 
size-normalised (63Jlm) and although both fine «63Ilm) and coarse (63-2000 j.lm) 
fractions were analysed for heavy metals, only results of the fine fraction are reported 
here. Precision, determined by repeated analyses of a local estuarine sample, is better than 
10% relative standard deviation for the three elements. Internal standards and blanks were 
run on each batch of dissolutions and analyses. 
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RESULTS 

The main channel of the lower Georges River/Botany Bay estuary contains sediments 
with generally less than 50 Ilg/g Cu, whereas concentrations increase steadily upstream 
(Fig.2). Three distinct point sources of Cu, as well as the other two elements, are clearly 
evident Cooks River and Salt Pan Creek have Cu concentrations of consistently over 200 
Ilg/g, whereas Prospect Creek exhibits values generally between 70 and 120 Ilg/g. Cu 
concentrations in sediment of Port Hacking increase from 30 to 40 Ilg/g in the lower 
section of the main channel to between 50 and 75 Ilg/g in the upper reaches of the main 
channel and at the ends of the off-channel embayments in the north (Fig.5). A maximum 
value of 140 Ilg/g is recorded in the northern end of Gunnamatta Bay. 

The sediments within the main channel of Georges River/Botany Bay estuary generally 
contain less than 300 Ilg/g Zn, with isolated areas comprising up to 380 Ilg/g (Fig.3). 
The point sources of Cooks River and Salt Pan Creek consistently exhibit values in 
excess of 1000 Ilg/g and up to 2500 Ilg/g in parts of Cooks River. Prospect Creek Zn 
concentrations are more variable, ranging from 100 to 1300 Ilg/g, but are generally 
bracketed between 600 and 1000 Ilg/g. Sediments in the main channel of Port Hacking 
estuary contain less than 200 Ilg/g Zn, whereas Zn values in the upper reaches of off
channel embayments in the north, attain maximum concentrations of up to 230 Ilg/g Zn 
(Fig.6). 

Main channel sediments of the lower Georges River/Botany Bay estuary contain Pb 
concentrations of a little less than 100 Ilg/g, increasing to up to 150 Ilg/g in the upper 
reaches (Pb distribution is not shown in this manuscript). Pb concentrations in Salt Pan 
Creek and Cooks River are generally over 400 Ilg/g and reach a maximum of over 900 
Ilg/g in the latter river. Pb concentrations in Prospect Creek are variable, but generally fall 
between 250 and 350 Ilgig, with maximum values of about 400 Ilg/g. Lower Port 
Hacking estuary is mantled in sediment containing less than 100 Ilg/g Pb, whereas 
sediments in the upper reaches of the main channel and in the northern off-channel 
embayments have Pb concentrations between 100 and 190 Ilg/g (Fig.7). Maximum Pb 
values of 290 Ilg/g are attained in the head waters of Yowie Bay and North West Arm. 

DISCUSSION 

In considering the distributions of these elements, it is clear that the discrepancy between 
the two estuaries is markedly different for Zn and Pb, but for Cu the differences are not 
so distinct. It is also clearly apparent that the distribution of these three heavy metals in 
the two estuaries is influenced to a large extent by point source supply. Cooks River and 
Salt Pan and Prospect Creeks in the Georges River/Botany Bay estuary are clearly very 
strong sources of metallic contaminant, whereas rivers draining into the head waters of 
the northern off-channel embayments of the Port Hacking estuary are supplying levels of 
contaminants marginally above those in the main channel. Discharge from the Cooks 
River has a marked influence on the adjacent sediments of Botany Bay and a 'plume' 
extending to the southeast is clearly visible in the surficial sediments mantling the floor of 
the bay. However, discharge from Salt Pan and Prospect Creeks appears to have had no 
affect on the heavy metal concentrations in the main channel of the Georges River. Heavy 
metal concentrations in the main channel of both estuaries are generally quite consistent, 
perhaps with a slight up-estuary trend of metal increase. The concentration of metals in 
these channel sediments is typically slightly greater than background and are regarded as 
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'base level' values, ie. a range of concenttations beyond which values seldom occur, for 
any specific system. Base level concenttations are associated by some with diffuse 
sources of contamination. 

Main channel metal concentrations in the two estuaries differ only slightly. Comparing 
Georges River/Botany Bay with Port Hacking: - Cu values are 50 to 30-40 Ilg/g; Zn 
values are 300-350 to about 200 Ilg/g; and Pb values are 100-150 to <100 Ilg/g. 
However, when comparing the difference in the magnitude of point source 
concenttations, very large discrepancies are apparent. Again comparing the Georges 
RiverlBotany Bay estuary with that of the Port Hacking estuary:- Cu values in Salt Pan 
Creek and Cooks River are four times greater than channel sediments, or base level, but 
only twice that of the highest Port Hacking Cu value, whereas Prospect Creek 
concenttations are barely elevated above base level. Point sources(Cooks River, Salt Pan 
and Prospect Creeks) of Zn in Georges River/Botany Bay estuary (600 to 1000 Ilg/g and 
up to 2500 Ilg/g) are three or four times base level and four to ten times the equivalent in 
Port Hacking. Similarly with Pb, where Cooks River and Salt Pan Creek sediments are 
elevated about three to five times above channel sediment concenttations; they are four to 
nine times the equivalent for Port Hacking point sources. Prospect Creek is anomalous 
with regards to Pb, as these values are only barely above base level for Georges River 
sediments. 

The catchment of the Georges RiverlBotany Bay estuary is predominantly (>90%) urban 
with extensive industrial development and minor natural bushland. Cooks River and 
Prospect Creek drain extensive industrial areas, yet the trace element geochemistry of 
their bottom sediments are quite discrete. Salt Pan Creek also drains an extensive 
industrial region, but in addition, it contains in its head waters a large municipal dump 
which has contributed significant leachate to the sediments of the tributary. In contrast, 
over 90% of the Port Hacking catchment comprises the Royal National Park (est. 1898) 
and the remainder, in the north, is occupied by urban sprawl. Rivers draining into the 
head waters of the northern off-channel embayments have very small catchments which 
capture mainly storm runoff from roads and other pavemented areas. These catchments 
would probably be dominated by airborne contaminants associated with vehicular traffic 
which may explain the relatively high enrichment in Cu and Pb relative to Zn in the Port 
Hacking estuary, compared to that of the Georges River/Botany Bay estuary, which is 
dominated by industrially-derived pollutants. 

CONCLUSIONS 

The above data indicate that for Zn and Pb, point source contributions to the Georges 
RiverlBotany Bay and Port Hacking River estuaries are markedly different, but that for 
Cu, differences are not so great. The data also show Prospect Creek to be characterized 
by relatively minimal enrichment for Cu and Pb compared to the other Georges 
RiverlBotany Bay point sources, whereas Cooks River is typified by significant 
enrichment in Zn and Pb compared to other point sources in that estuary. 
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NATURAL & ANTHROPOGENIC HEAVY 
METAL DISTRIBUTION IN SURFICIAL 
SEDIMENTS ON THE CENTRAL NSW 
CONTINENTAL SHELF 

C MATTHAI & GF BIRCH 
Dept. Geology & Geophysics, Sydney University 

INTRODUCTION 

The distribution of trace metals in surficial sediments on the central NSW 
continental shelf has been the focus of several previous investigations (de Forest et al. 
1978; Davies 1979; Batley & Brockbank 1990; Davey 1991; Gray 1992; Fenton 1993), all 
of which used bulk sample analysis to determine spatial distribution patterns. An 
exception is Fenton (1993). A different approach, using grain size normalization, was 
undertaken in the current study, on the assumption that the majority of the anthropogenic 
material is associated with the fine fraction (Ackermann 1980; Benoliel et al. 1988; Tessier 
and Campbell 1988; Barbanti and Bothner 1993). Three texturally distinct shore-parallel 
zones of surficial sediment are located on the central NSW continental shelf, namely inner 
shelf quartzose sands (0-60m), mid shelf muddy sands (60- 120m) and outer shelf 
calcareous sands (>120m) (Davies 1979). Since textural control is a major factor 
determining the trace metal concentrations in these surficial sediments, such textural 
diversity makes the grain size normalization approach an attractive proposi tion (Klamer et 
al. 1990). In order to assess the anthropogenic contribution to the bulk sediment, it has 
been found beneficial to interrogate the two size fractions separately. Major objectives of 
the current work are the development of a regional trace metal contaminant framework for 
the central NSW shelf, to assess whether the urban conurbations of Sydney and 
Wollongong have discrete heavy metal contaminant signatures, and to determine processes 
controlling heavy metal enrichment in these surficial continental shelf sediments. 

METHODS: 

The December 1993 R.Y. Franklin cruise FR 9/93 collected 139 surficial 
sediment samples from 24 transects between Shoalhaven Bight (34°47'S) and Broken 
Bay (34°27'S), using a Smith-McIntyre grab, and analysed for Cu, Pb, Zn, Ni, Cr, Co, 
Fe and Mn. All grab samples recovered during the cruise were stored at 40 C and size-
normalized by wet-sieving through 63Jlm nylon mesh, 'using seawater to avoid loss of the 
easily exchangeable phase (Barbanti & Bothner 1993). The fine and coarse fractions were 

dried at 6QO C and the >63Jlm fraction was subsequently separated into sand (63Jlm-2mm) 
and gravel (>2mm) by dry sieving. All laboratory glassware, polycarbonate equipment 
and containers were pre-cleaned for 16 to 24 hours in 10% ni tric acid and washed in 
deionized water. 

A strong mineral acid digestion involving a 2: I mixture of concentrated 
analytical grade perchloric and nitric acids was performed at 1600 C for 16 hours, and both 
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fine «63jJ.m) and coarse fractions (63jJ.m-2mm) were analysed by flame atomic 
absorption spectrometry (Perkin-Elmer Model 31(0). The tWo fractions were recombined 
arithmetically to calculate the total element concentrations in the gravel-free bulk sample. 
The >2mm gravel fraction was not analysed as it is considered to act as a diluent (Barbanti 
& Bothner, 1993). 

Quality ControV Quality Assurance (QC/QA) involved digestions of blank 
samples, USGS reference marine mud (Mag-I), and a size-normalized fine fraction of an 
estuarine mud (Internal Laboratory Standard) in each batch of 21 samples (Table la and 
Ib). Replicate sample analyses were also performed on a select number 'of samples to 
assess precision of the digestions and the analyses. Relative standard deviations (RSD) are 
less than 10 % for Cu, Pb, Zn, Fe and Mn, whereas for Co and Ni the values are up to 
12.7 and 18.0 %, respectively, for the 48 sample analyses of the internal laboratory 
standard. The higher RSD's for these two elements are due to element concentrations 
being close to the detection limit of the flame AAS technique. Although reproducible, Cr 
has low recoveries (approximately 30-40%) with respect to International Standard 
Reference materials, due possibly to the formation of insoluble chromite complexes during 
the digestion process. Because of strong spatial distribution trends, especially in the 
coarse fraction, it is included in the subsequent discussion. 

Mean Ippm] RSD [%] recom. conc. [ppm] 

CU 29 +/-3 5.4 30 +/·3 

Pb 26 +/-5 9.1 24 +/·3 

Zn 137 +/·11 3.9 130 +/·6 

Fe [%J 4 .68 +/·0.40 4.2 4.75 +/·0.21 

Mn 720 +/·130 8.9 760 +/·70 

Cr 27 +/-13 23.8 97 +/·8 

Co 20.0 +/·1.4 3.4 20.4 +/·1.6 

NI 50 +/·6 5.7 53 +/·8 

Table la) Mean element concentrations, relative standard 
deviations (%) and recommended mean concentrations of 18 
analyses of International Standard Reference Malerial Mag· 1. All 
concentrations ppm dry weight of sediment, except for Fe which is 
in %. 

RESULTS AND DISCUSSION 

Mean [ppm] RSD [%] 
Cu 52 +/·4 4.1 
Pb 59 +/·11 9.4 
Zn 100 +/. 10 5.2 
Fe [%] 2.2 +/·0.2 6.7 
Mn 101 +/·18 8.7 
Cr 19 +/·11 29.0 
Co 4.2 +/·1 .0 12.7 
NI 10 +/·4 18.0 

Table Ib) Mean element 
concentrations and relative standard 
deviations (%) of 48 analyses of an 
estuarine mud (Internal Laboratory 
Standard). All concentrations ppm dry 
weight of sediment, except for Fe 
which is in %. 

Since the majority of heavy metals are associated with the fine fraction component of these 
sediments, it is best to first consider the spatial distribution of the mud fraction of the 
surficial sediments on the central NSW continental shelf (Fig. I ). The mid shelf contains 
mud concentrations of between 10 and 50%, with the noteable exception of the mid shelf 
between Pon Jackson and nonh of Botany Bay. Here. bedrock morphology and a more 
rugged topography may have restricted the formation of a mid shelf mud belt (Clark 1985, 
Albani et al. 1988). The inner shelf surficial sediments comprise mainly well·soned 
siliceous sands generally with less than 5% fine fraction, typical of a high energy 
depositional environment. 

Fine Fraction Metal Distributions 

Cu, Pb and Zn display an approximately shore-parallel declining trend with 
increasing water depth, with the highest concentrations in the nearshore environment 
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around Sydney and Wollongong/Port Kembla. Zn is presented to exemplify these trends, 
with values declining from approximately 500 ppm to 60-80 ppm across the shelf 
(Fig.2a). The Cr distribution for the fine fraction shows that the higher concentrations are 
also generally found in the nearshore environment around Sydney. The Ni fine fraction 
distribution shows the nearshore shelf sediments to have low concentrations (20 ppm), 
with a general increase to over 30 ppm on the mid and outer shelf. Fe and Co 
concentrations show no strong trends in this size fraction and appear to be relatively 
uniform across the shelf. Mn is higher in the inner shelf sediments, with the highest 
concentrations around Wollongong, whereas the mid shelf sediments display generally 
lower Mn concentrations. 

Coarse Fraction Metal Distributions 

The coarse fraction metal concentrations display an offshore increasing 
trend for all elements. The highest coarse fraction concentrations of Zn, Cr, Ni, Fe and 
Mn were found in the outer shelf sediments off Wollongong and Sydney. This enrichment 
is possibly due to offshore dumping of dredged materials, or maybe the result of natural 
coprecipitation processes associated with coarse-grained siliceous and calcareous sands 
and authigenic phosphorite and glauconite concretions and nodules observed in outer 
continental shelf and upper continental slope sediments off northern NSW (von der Borch 
1970; Kress & Veeh 1980; Cook & Marshall 1981; Marshall 1983; O'Brien 1984; 
O'Brien er al. 1990). Fe concentrations range from less than 1 % to 5% across the shelf 
(Fig.3). Zinc, which is used to illustrate this offshore increasing metals trend in the 63~m-
2mm fraction, exhibits the highest concentrations on the outer shelf (Fig.2b), with 
substantially lower concentrations on the inner shelf. An exception is the nearshore 
sediment around Wollongong, for which concentration values of between 30 to over 50 
ppm are observed. 

The calculated gravel-free total element concentration ranges determined in 
this study are in general agreement with the ranges determined by de Forest et al. (1978), 
Davies (1979), Badey & Brockbank (1990) and Gray (1992) (Table 2). Preliminary work 
by Fenton (1993), who used the grain size normalization technique, produced similar 
spatial distribution trends for the fine and coarse fraction element concentrations. The 
current study, however, benefits from a far superior sample density and better spatial 
resolution. 

de Foreste! 01. (1978) Davies (1979) B.t1~ & Brockbank (1992) Gray (1992) Manhai (1995) 

Cu 4.0·1S 2.5·20 0.1-17.S 6.6·20.0 0.4-16 

Ph 4.0·S3 2.5-20 0.9-36.6 12.9-21.7 2.3-26 

Zn 2.0·144 0-140 1.8-66.2 30.3-12S.6 3.5-72 

Fel%] 0.1-4.3 0.1-8.7 - - 0.I-S.2 

Mn - 5.0-380 8.0-165 SO.5-74.6 6.7-272 

Cr 5.0·125 - - 16.4-24.8 1.2-52 

Co 2.0·16 2.5-25 - 12.8-22.1 0.l-4.4 

Ni 1.0-24 2.5-35 0.4-27.6 11.8-17.1 0.6·20 

Cd 0.2·2.5 - - - bd «0.5) 

Table 2) Trace element concentration ranges for bulk sample analyses of surficial 
sediments of the central NSW continental shelf. 

Arithmetically combined mean total element concentrations, reported on a 
gravel-free basis, show the mid shelf to be a sink for heavy metals since the mud 
concentration there is generally higher than in the inner and outer shelf sediments (FigA). 
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Both Cu and Pb display higher mean total concentrations in the 
mid shelf, as compared to the outer shelf, whereas for Zn, Cr, Ni, Co and Fe, the outer 
shelf displays slightly higher concentrations. Even though the concentrations of the 
calculated total sediment are mostly coincident with the coarse fraction concentrations in 
terms of their spatial distribution, it is important to demonstrate that it is the abundance of 
the fine fraction which is the principal factor of the total metal loading. The spatial element 
concentration trends for the fine and coarse fractions and recombined total sediment are 
given in Fig. 4. The data show that the Cu, Pb, Zn and Cr trace element concentrations in . 
the flne, coarse and calculated gravel-free total fractions follow mutually exclusive spatial 
distribution trends which are confounded by bulk sample analyses. Whereas the mean fine 
fraction concentrations for these elements decrease by up to a factor of 2 with distance 
from the coast and with water depth, there is an approximately threefold concentration 
increase in the coarse fraction from the inner to outer shelf. 

Inner shelf sediments off Wollongong and Sydney display elevated 
concentrations for Cu, Pb and Cr in the fine fraction, whereas relative to Sydney, Zn and 
Mn appear to be enriched in nearshore sediments off Wollongong only. More work is 
currently being undertaken on the distribution of these two elements to determine whether 
they could be used to "fingerprint" discharge from these two cities. Zn and Pb display 
elevated concentrations in the coarse fraction off Wollongong, whereas the inner shelf off 
Sydney appears to have slightly higher element concentrations for all elements in a parallel 
longshore wne at water depths of 60-80m between south of Port Jackson and Botany 
Bay. . 

Even though the bulk of the trace metals are contained in the sand fraction 
in terms of total loading, it is the fine fraction distribution which displays 
anthropogenically induced source and dispersion trends. The importance of the fine 
fraction has been underemphasised because of its low dry weight percentage in nearshore 
and inner shelf sediments, especially around Sydney, where the mud fraction generally 
constitutes less than 5% of the dry weight of the bulk sediment. However, the very high 
fine fraction to coarse fraction element concentration ratios of typically 20 to 60 and even 
up to 120 in the case of Cu, infer that even a low fine fraction weight percentage can 
contribute substantially to the bulk sediment metal loading (Fig.5). In the mud-depleted 
inner shelf sediments the total metal loading associated with the fine fraction can be up to 
40% of the total for Cu, even though it typically does not exceed 20%. However, these 
total percentage values are often an order of magnitude higher than the actual fine fraction 
percentage contained in the sediments. An example of this are the the inner shelf sediments 
east of Botany Bay where the 3% of fine fraction in the sediment contains 45%, 20%, 
30% and 25% of the total Cu, Pb, Zn and Cr, respectively. 
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CONCLUSIONS 

The spatial distribution of heavy metals in the fine and coarse fractions of surficial 
sediments displays different trends across the central NSW continental shelf. The fine 
fraction concentrations decrease with increasing water depth, whereas the opposite trend is 
observed for the coarse fraction. These tr~ds are supressed in bulk sample analyses of 
the sediments, making grain size normalization an important tool for determining the 
anthropogenic contribution. 

Heavy metal concentrations are generally elevated in nearshore shelfal sediments adjacent 
Wollongong/port Kembla and Sydney. However, Zn and Mn was found to be 
anomalously enriched in the fine fraction offWollongong, whereas surficial sediments off 
Sydney display elevated concentrations for all elements. 

Outer shelf sediments show evidence of heavy metal enrichment in the coarse fraction, 
possibly related to authigenic phosphorite formation. The mid shelf is a sink for heavy 
metals because of high mud concentrations, whereas mud on the inner shelf, although 
sparse, is more enriched in heavy metals. 
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EAST AUSTRALIA HEAVY MINERAL 
COASTAL SANDS 
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ABSTRACT 

Data sets of Sensitive High Resolution Ion Micro Probe (SHRIMP) ages from 
detrital zircon and monazite in east Australia coastal sands are used to generate age 
population distributions. The age distributions are plotted and deconvolved using finite 
mixture modelling to discern component populations derived from separate 
provenances. In three zircon samples along the east Australia coast, an 'exotic' Pacific 
Gondwana component of 550-600 Ma is dominant combined with varying proportions 
of younger components probably from the Lachlan Fold Belt in the south, and the New 
England Fold Belt in the north. A middle Proterozoic component with rare Archean 
grains is also present in all three samples. The monazite samples are almost completely 
dominated by the Pacific Gondwana component, with no younger grains having been 
found. These results confirm the suspicions of earlier workers about a distal 
Precambrian proto source for the heavy minerals on east Australian beaches. The 
varying proportions of Paleozoic components indicates that regional patterns due to 
significant local contributions may exist. 

INTRODUCTION 

In east A ustralia, the origin of the heavy minerals in the coastal sands have been 
discussed by various workers, primarily based on mineralogical studies (e.g. Gardner, 
1955; Whitworth, 1956). A lack of correlation between river and coastal sand 
mineralogy was noticed, leading to the suspicion of a distal ProterozoiclPalaeozoic 
protosource with intermediate sedimentary repositories for the heavy minerals along the 
east Australia coastline. This model is succinctly summarised by Colwell (1982), and 
Fig. 1. Some of the mineralogical differences can be explained by the long term littoral 
processes occurring during eustatic sea level changes (Roy & Thorn, 1981). The long 
term reworking of fluvial sand in the littoral environment has produced a mature heavy 
mineral suite in which any fluvial 'signature' is overwhelmed by the total volume of 
coastal sediment (Hamilton, 1990). 

However the question of the protosource of the heavy minerals in the littoral 
system remains, and this paper presents a preliminary assessment of provenance studies 
of east Australia coastal sands using the SHRIMP. 
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METHODS 

FIGURE 1: Summary of provenance pathways for heavy minerals 
along the east Australia coast. Afler Colwell, 1982. 

The two principal heavy minerals used for SHRIMP geochronological analysis 
in this project are zircon and monazite. The ion probe analysis and data assessment of 
zircon is well established, and that of monazite is also becoming routine. Samples were 
collected from the sites illustrated in Fig.2. Heavy minerals were extracted from bulk 
samples using standard heavy liquid and electrostatic separation techniques, then 
handpicked and mounted for ion probe analysis. Standard ion probe analysis and data 
reduction techniques were used during and after analyses. 

Ideally, at least 60 randomly chosen individual grains are measured to 
statistically ensure that there is only a 5% chance of missing any component population 
with a frequency of one grain in 20 or less in the total population. Ages are calculated 
using standard SHRIMP data reduction methodology for zircon, with minor 
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modifications for monazite. Age populations were compiled using 207Pb-corrected 
206Pbj238u measurements for concordant grains less than 1500 Ma, and 204Pb-corrected 
207Pbj206Pb ages for grains over 1500 Ma. From these ages and their errors, age 
population probability spectrums are plotted assuming each individual analysis is 
Gaussian and encompasses an equal area in the plot. An accumulation of the individual 
analyses produces plots as seen in Fig. 3. 

The age population probability spectrum p'lots provide a useful visual reference 
to discern possible component populations. The finite mixture modelling approach of 
Sambridge and Compston (1994) is used to funher deconvolve component populations 
and their relative proponions. This method provides a measure of statistical 'misfit' 
which indicates the point at which the maximum likely solution has been reached to 
avoid over interpretation of the data set. 

Although measuring of the age of single grains is in effect directly measuring 
that of the protosource, the limitations of conventional heavy mineral studies due to 
processes during weathering, transportation, deposition and diagenesis (e.g. Monon, 
1985) are also applicable here. For instance, due to density differences, the provenance 
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strucLure and locaLion of heavy mineral samples. 
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of heavy minerals such as zircon and monazite does not necessarily represent that of 
bulk sediment components like quartz. The composition of a heavy mineral. while a 
direct reflection of the protosource. may cause bias in the sample. e.g. high uranium 
zircons are more likely to be lost during transportation due to radiation damage. Thus 
some potential protosources may be under-represented in the age population spectrum, 
while others are over-represented. 

North Stradbroke Island 
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57 grains, 1:20 

h J\"" J'I. 1 
Mallacqola 

84 grains, 1:29 
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Figure 3: Age populalion probabilily distribulion 
diagrams for three sileS along the caSl Australian coaSl. 
Number of analyses, and the largesl proportion of a 
componenl populalion lhal could be missed al5% 
probabilily are indicated. 

RESULTS 

The coastal samples show strong 
dominance of an Early Cambrian/Late 
Proterozoic population (Fig.3). Late 
Carboniferous and Devonian age 
components are also prominent, with 
lesser contributions of Middle 
Proterozoic ages with rare grains of 
Archean age. 

The Devonian and Carboniferous 
components can be broadly compared 
with the ages of potential protosources 
within the Lachlan and New England 
Fold Belts respectively. The Early 
CambrianlLate Proterozoic population is 
considered an 'exotic' contribution to 
the east Australian orogenic belt, and is 
a common feature of other southwest 
Pacific Gondwana sediments (Ireland et 
aI., 1994). The protosource for this 
population component remains 
undetermined, as does the protosource 
of the smaller Middle Proterozoic 
component. 

In a transect of three samples 
along the east Australia coast (Fig.2), 
the dominance of the Pacific Gondwana 
component varies with younger 
components potentially sourced from 
the Lachlan and New England Fold 
Belts, with the Lachlan component 
stronger in the south at Mallacoota. and 
the New England component stronger in 
the north at North Stradbroke Island. 
These younger components are 
seemingly absent at Tomago. The 
Middle Proterozoic component is 
weakly present in all samples along with 
rare Archean grains. 

The dominance of the Pacific Gondwana component is continued in the monazite from 
Tomago and North Stradbroke Island where ages almost exclusively occur in a 500 to 
700 Ma range. No younger grains have been found. 
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CONCLUSIONS 

The distal Precambrian protosource of zircons along the east Australia coastline 
is confinned, with strong prominence of the exotic Pacific Gondwana component,. 
This prominence is almost complete in monazite samples, with no components that may 
be expected from younger fold belts being seen. The dominance of this component in 
the zircon coastal samples varies with younger components probably from Lachlan and 
New England Fold Belt protosources. This suggests that, on a continental scale at least, 
there is some regional differences in provenance proportions. The possible regional 
differences also have implications for the evolution of the heavy mineral suite in the 
east Australia littoral system, with a significant local contributions from potential 
source areas. 

Work continues in resolving a number of issues: 
• Why is the Pacific Gondwana component so prominent in age populations? 
• Particularly with the monazite analyses? 
• What is the extent and prominence of regional variations in age populations? 
• How sensitive is this approach to local variation? 
• Are these patterns seen in samples from inland and fluvial heavy mineral suites? 
• What age population distributions exist in the sediments of the Sydney Basin 

and other intennediate sedimentary repositories? 
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INTRODUCTION 

This paper contains results from an ongoing study of pervasive secondary 
mineralisation within Late Permian coals from the Hunter Valley Coalfield (Figure J). Sr
Ba-Ca group carbonate minerals, not previously recorded in such an environment, have 
been identified. Strontianite [Sre03], witherite [BaC03] and alstonite [CaBa(C03)2] 
were among the range of epigenetic coal cleat and fracture carbonates present in samples. 

Sampling concentrated on rare coal core (not bulk sampled) within the 
Whybrow and Redbank Creek seams of the Jerrys Plains Subgroup (Beckett 1988). Five 
wells were sampled from the Hunter Valley Coalfield {HVC} (Figure 1). Table 1 
displays the total distribution of samples studied as well as depth, seam name, vitrinite 
reflectance and cement identified. Depths of the samples collected varied from 184-554 
metres with vitrinite reflectance (Ro max) of the coals ranging from 0.577 to 0.71. 

The various minerals were identified using X-ray-diffraction (XRD) and 
Scanning Electron Microscopy (SEM) analyses of in-situ cleat/fracture mineralisation. 
Samples were from whole coal cores that were hand broken to display fresh 
mineralisation. Elemental composition of the minerals under SEM were obtained using an 
energy dispersive (ED AX) system. Backscatter electron viewing of the samples was used 
during the identification process. 

SECONDARY MINERALISATION 

The mineralisation studied in the sampled cleats and fractures is typically 
authigenic. Minerals infilling the cleat/fracture system include Fe-Mg-Ca carbonates, Sr
Ba-Ca carbonates, dawsonite (NaAI[C031[OH12), kaolinite, quartz and pyrite. 

Typically the Fe-Mg-Ca carbonates comprise 6 mineral species; siderite, 
ankerite, ferroan dolomite, dolomite, ferroan calcite and calcite. These cements display 
typical carbonate morphologies, namely, calcite "nail-head spar", scalenohedral "dog
tooth spar", and dolomite rhombohedra. These carbonates differ morphologically from 
the second group of carbonates, the Sr-Ba-Ca carbonate group, which comprise 
strontianite, witherite and alstonite (Tarabbia 1994). Strontianite typically displays a 
unique spear-shaped morphology. In contrast witherite and alstonite could not be 
identified morphologically and could only be identified using EDAX. Dawsonite is a 
fibrous to acicular diagenetic cement. 
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Within the cleats, matting of the dawsonite crystal fibres is stronger or denser in the 
flow direction of the pore fluid, while acicular and splayed forms grow into voids 
previously devoid of mineralisation (Tarabbia 1994). Druse quartz and pyrite are present 
as authigenic cements. 

Emplacement of mineralisation 

During the emplacement of mineralisation, factors such as the amount of 
original void space available, pressure and temperature conditions, and the fluid 
chemistry interaction with the coal all influence the final product. Using a combination 
coal core logging and the use of SEM with EDAX and XRD, four stages of fracture/cleat 
evolution and mineral emplacement are recognised (Figure 2): 

A) Early horizontal to sub-horizontal fractures form in susceptible intervals. These 
horizontal fractures are possibly produced by Fe-fixing bacteria, precipitating Fe 
carbonates on boundaries between the bright and dull coal. Early development of vertical 
fractures and cleats is the result of hydrofracturing from overpressure building in the 
seams (Figure 3). As fluid pressure in the seam exceeds the lithostatic pressure, fractures 
propagate vertically within bright or vitrinite-rich coals. These openings fill with 
mineralised fluid derived from the coal measures. Precipitation of Fe-Mg-Ca carbonates 
is believed to have occurred upon pressure relaxation within the seam, with carbonate 
formation assisted by desorption of C02 from the coal. Mineralisation within 
hydrofractured cleats and fractures display no characteristic crystal morphologies. 
Mineralisation forms as a cast of the coal maceral banding. 

B) Sequences of over-pressuring and subsequent fracturing in the coals allows fluids, 
still derived from the coal measures, to infiltrate. Earlier formed fractures and cleats re
open to fluid flow or new ones occur. As pressure falls after each phase of fracturing, 
precipitation of Fe-Mg-Ca carbonates and later formation of Sr-Ba-Ca carbonates takes 
place. Mineralisation within fractures and cleats display multiple precipitation events and 
good crystal morphology. Note that the dull or inertinite-rich coal still does not allow the 
propagation of fractures as it disperses the energy. 

C) Uplift of the basin occurs. Fractures and cleats now develop as tectonic re-adjustment 
warps the coal measures. Changes in temperature, pressure and fluid chemistry now 
favour dawsonite development within fractures and cleats. Dawsonite either occupies late 
butt cleat development if it is present or cleat inter-mineralised void space that was 
previously devoid of mineralisation. 

D) Development of large-late stage vertical fractures crosscutting previously developed 
fracture and cleats, possibly produced by igneous intrusions, are filled with Fe-Mg-Ca 
carbonates. Sr-Ba-ea group carbonates are not observed in these fractures. Druse quartz 
and kaolinite are the last cements observed in the cleat and fractures. 

From the observations made, a diagenetic sequence was established 
(Figure 4). Secondary mineralisation observed in HVC coals may have occurred under an 
open or closed hydrological system within the region. 

Source of Mineralising Fluids 

In a discussion of open vs closed hydrological systems for the source of 
mineralising fluids, it is important to examine the entire sedimentary sequence for 
evidence of fluid migration. 
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The lithiclastic sandstones within the sequence may have acted as early 
aquifers, allowing migration of fluid from the compacting coals as they underwent 
coalification. The sandstones are now tightly cemented by Fe-Mg-Ca carbonates, the first 
cements observed in the coals and it is proposed that the sandstones were cemented prior 
to fracture development in the coals. It is a well known fact that claystones or siltstones 
form excellent seals. The coal measure sequences in the HVC are bounded by these 
rocks. The diagenetic sequence is also quite uniform throughout the basin with no 
dissolution of cements observed. Hence the process of a precipitate continuum in a 
hydrologically closed system within the coal sequence may explain the evolution of 
cements observed (Figure 4). 

Under this system, minerals of the Fe-Mg-Ca group would have 
precipitated first as they are the first cements observed in the cleats and fractures. With 
the eventual depletion of these anions, the precipitation of the next group of minerals 
identified, namely the Sr-Ba-Ca carbonates would have occurred. As these anions were 
removed from the waters of the coal measures, the remaining anions would include Na, 
AI, K and Si. The last minerals to precipitate from the evolving pore fluid would contain 
these anions, resulting in the formation of dawsonite, kaolinite and quartz. It is believed 
that the bulk of the minerals were precipitated in such a closed system. 

The Hunter Valley is however too structurally and tectonically 
complicated to have solely operated as a closed hydrological system. Local pockets of 
mineralisation may be influenced by any of the models described in Figure 5. The 
resolution of open vs closed hydrological systems should be resolved by laser ablation 
isotope studies currently under way. 
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Figure 1 _ Regional map displaying the outcrop of the Jerrys Plains subgroup in the 
Hunter Valley Coalfield. the surface exposure of igneous intrusions. several structural 
features and the well locations. 

Note: The coal measures dip to the SW beneath the Triassic sediments. JPll=Jerrys 
Plains DDHll; WYl=Whybrow DDHl; WY2=Whybrow DDH2; WK8=Warkworth 
DDH8; DC9=Doyles Creek DDH9. 
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Face and Butt 
Cleat Diagrams 

Half Split 
Coal Core 

- Horizontal looking fractures on 
boundaries between bright and 
dull coal 

- Hydrofracture of coals and 
migration of mineralised fluids 
through cleats 

- Fe-Mg-Ca carbonates 
precipitating within vertical 
cleats 

- Several hydrofracture events 
where coal measure pore fluid 
pressure exceeds mhostatic 
pressure 

- Fe-Mg-Ca carbonates 
precipitating within cleats 

- Sr-8a-Ca carbonates 
precipitating within cleats 

- Dawsonite development infilling 
open porosity within 
cleat/fractures 

- Large vertical fractures possibly 
due to tectonic uplift or intrusions 

- Kaolinite development 

- Druse quartz development 

Figure 2 - Fracture/cleat evolution stages observed in coals of the Hunter Valley 
Coalfield. Note: Core diagrams are based on visual observations. 
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Figure 3 - Diagrammatic representation of observed hydrofracture of coal core. Note: 
Fine hair-like branching of fractures and en-echelon development. 
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Figure 4 - Diagenetic protile of mineralisation found in cleats and fractures of Hunter 
Valky coals. 
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Figure 5 • Schematic section perpendicular to the Hunter T-hrust of the Hunter Valley 
Coalfield showing possible mechanisms for fluid source and migration. 

Table 1 Cements present in cleats/fractures within coal samples of the Hunter Valley Coalfield. 

Depth lm Sa~ Seam Ro mOl Aisl Ank Cal Oaw Oot Feat FOot Sid Slro Wit K Qt, Pv 
I B4.00 WY1·3 Whvbrow 0.702 x x x x x 
190.35 WKB·3 Whybrow 0.679 x x x 
190.BO WK8·5 Whybrow x x x x 
191.41 WKB·6 Whybrow x x x 
192.33 WKB·7 Whvbrow 0.624 x x 
193.55 WK8·9 Whvbrow x x x x 
238.51 WKB·14 Whybrow 0.7 1 x x x x x 
238.90 JPll·2 Whybrow x x 
240.79 WK8·16 Redbank Creek x x x 
241.10 WKB·17 Aedbank Creek 0.667 x x x x x x x 
242.01 WKB·1B Rect>ank Creek x x x 
243.B4 WK8·21 Redbank Creek x x x x x x 
247. I 0 JPll·3 Aedbank Creek x x 
247.44 JPll·4 Aedbank Creek x x x 
247.45 JP11·5 Redbank Creek 0.631 x x 
247.46 JPll·6 Aedbank Creek x x x 
248.56 WKB·25B Redbank Creek x x x x x x 
24B.72 WK8·25C Redbank Creek x x x x x x 
249.00 WY1·13 Aedbank Creek x x x x x x x x x 
354.63 OC9·2 Redbank Creek x x x x 
356.01 DC9·3 Redbank Creek x x 
357.23 OC9·4 Aedbank Creek x x x x x 
547.20 WY2·2 Redbank Creek 0.577 x x x 
554.80 WY2·5 Aedbank Creek 0.62 x x x x x x 

Alsl=Alslonile; AnkcAnkerile; Cal=Calcite; Daw=Dawsonite; 001= Dolomite; F Cal=Ferroan Calcite; 
F Ool=Forroan Dolomite; Sid=Siderile; Slro:::Slronlianite; Wil=Wilherile; K=KaoIinile; Otz=Quartz; Py=Pyrile. 

Sample name made up of well and coal sample eg WK8-21=Warkworth ODH8-coaJ sample 21 

\. l~plp.!WnIS l~omr.nl idr.nlilir.c1 wilhin cleal/fractures. 

x 
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ABSTRACT 

Carbonate mineralogy is described for the stratigraphically equivalent 
Hoskissons, Bayswater and Woonona coal seams at four widely spaced localities. The 
carbonate phases have been identified and analysed using scanning electron microscopy 
and electron microprobe techniques. Four carbonate types were observed in all three 
seams: syngenetic siderite nodules, magnesian siderite infills, ankerite iQfills and calcite 
cleat infillings. It is suggested that these phases formed in the order given above, with 
increasing time of diagenesis and maturation. The siderite nodules are associated with 
dull rather than bright coal sections of the Hoskissons seam. 

INTRODUCTION 

In recent years we have characterised carbonate minerals in many 
Australian bituminous coal seams and examined regional variability in these phases in 
the Baralaba and Rangal Coal Measures (patterson et al. 1944a,b,c), as part of broader 
studies on the suitability of bituminous coals for use in integrated gasification-combined 
cycle (IGCC) power generation technologies. Carbonate minerals in the coal provide 
natural fluxes which lower ash fusion temperatures and slag viscosities for use in 
slagging gasifiers. Coals which are rich in carbonates relative to clay minerals and 
quartz are thus more favoured for IGCC use. The above work has characterised the 
carbonate types which are often observed in Australian coals: siderite nodules in coal 
and claystone, magnesian siderite infills and cleats, calcian siderite infills, ankerite 
infills and calcite as cleats in coal. It is generally considered that siderite nodules are 
syngenetic and formed very early in diagenesis whereas ankeritic and calcite cleat 
infillings are epigenetic and formed much later in coal maturation (Kemezys and Taylor, 
1964 and Ward, 1986). The formation of carbonate minerals during diagenesis and 
maturation has been examined for Japanese and British coals (Matsumoto and Iijima, 
1981, Spears and Caswell, 1986) . 

• 

The Hoskissons seam and its correlatives, . including the Woonona seam 
in the south and the Bayswater seam in the Upper Hunter Valley are petrographically 
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unique in the Sydney and Gunnedah basins (Hunt et aI 1986) and this provides the 
opportunity to examine carbonate mineralogy in stratigraphically equivalent coal seams 
formed over a wide area of the basins. These coal seams were formed following a 
widespread and shallow marine transgression of the basins and are characterised by 
relatively low vitrinite and high inertinite (particularly inertodetrinite) contents. Hunt et 
al. (1986) suggest that the inertinite rich coal was formed by a progressive elevation of 
the peat and a consequent lowering of the water table, resulting in substantial sub-aerial 
oxidation and degradation of the plant material before permanent burial beneath the 
water table. 

This paper examines the carbonate mineralogy of the three seams and 
explores the possibility that siderite may be an indicator of the environment during early 
diagenesis. It suggests a sequential order of formation for the four main carbonate 
mineral types observed in all three seams. 

EXPERnMENTALPROCEDURES 

The identification and analysis of carbonate minerals using scanning 
electron microscopy and electron microprobe analyses has been described elsewhere 
(Patterson et al 1 994a). Polished grain samples were available from earlier CSIRO 
work and provided a full stratigraphic coverage of the Bayswater, Woonona and 
Hoskissons seams. Locations of the four boreholes examined are shown in Figure 1 and 
relevant information for the seams examined is given in Table 1. 

Table 1 Boreholes and Seams Examined 

Borehole CSIRO Seam Locality Plies 
Location Report. examined 

Gollins DDH16 392 Hoskissons Gunnedah 12 
DDHRC58 358 Bayswater Ravensworth 12 
BarixDDH5 IR841R Bayswater Mitchells Flat 2 
DMNo.61 331 Woonona Camden 10 

RESULTS AND DISCUSSION 

Compositions of the carbonate minerals observed at the four locations 
are given in Figure 2. The results obtained are very similar for all three seams and at 
three of the four locations. Thus the carbonate mineralogy is broadly consistent for the 
stratigraphically equivalent Hoskissons, Bayswater and Woonona seams over a wide 
area of the Sydney and Gunnedah basins. 

Four carbonate types were observed in all seams and three of the 
locations as follows: siderite nodules, magnesian siderite cleat and other infillings, 
ankerite infillings and calcite cleat infillings (Figure 2). The carbonates were generally 
intimately associated with the coal, and the compositions and modes of occurrence are 
essentially as previously described (Patterson et aI 1994a,b,c). Scanning electron 
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microscope (SEM) images of the main carbonate types and associations are shown in 
Figure 3. The individual electron microprobe analyses shown in Figure 2, have been 
averaged and structural formulae for the various carbonates calculated (Table 2). The 
results suggest four separate stages of carbonate mineralisation during diagenesis and 
maturation of the coal seams as follows: first the formation of siderite nodules, then 
magnesian siderite infills in coal and cleats, then ankerite in veins and cleats and finally 
calcite in cleats. The evidence for this is discussed below. 

Table 2 Structural Formulae for Carbonates 

Carbonate 

Siderite 

Mg-siderite* 

Ankerite· 

Calcite 

Seam 

Hoskissons 
Bayswater (Rav.) 
Bayswater (M.Flat) 
Woonona 

Hoskissons 
Bayswater (Rav.) 
Woonona 

Hoskissons 
Bayswater (M. Flat) 
Woonona 

All seams 

Average Structural Formula 

FeO.94Mgo.02Cao.02Mno.02C03 
FeO.8sMgO.04Cao.06Mno.02C03 
FeO.92Mgo.Ol Cao.04Mno.03C03 
Feo.ssMgO.04Cao.06Mno.02C03 

FeO. 74MgO.21 Cao.04Mno.Ol C03 
FeO.79Mgo.1SCao.03Mno.Ol C03 
FeO.69MgO.23Cao.OS C03 

Ca(MgO.S8FeO.34Cao.OSXC03)2 
Ca(MgO.69FeO.21 Cao.1O)(C03)z 
Ca(MgO.64FeO.22Cao.14XC03)2 

Cao.98SFeO.01MgO.00SC03 

• Averages show larger standard deviations for iron and magnesium contents, reflecting 
variability in composition. 

Siderite nodules - Nodules of siderite were observed in many coal plies at all four 
locations. The composition of these nodules showed only minor differences at the 
different locations (Table 2), presumably reflecting very similar pore fluid chemistry 
during crystallisation. Typically the siderite comprised >SS% FeC03 with 2-3% 
MnC03 and minor amounts of magnesium and calcium carbonates. Siderite nodules 
are characterised by high iron and manganese levels relative to magnesian siderites. 

SEM images of siderite nodules are shown in Figures 3a,b. Clearly, 
these nodules were formed early in diagenesis prior to compaction of the coal, since 
bedding planes are often deformed around the pre-existing nodules, as shown in Figure 
3a. This is consistent with the observations of Kemezys and Taylor (1964) and 
ourselves for many other Australian coal seams. Thus textural evidence suggests that 
siderite nodules are the first carbonate phase to form in the coal seams examined, and 
indeed in most Australian bituminous coals. Siderite of similar composition has been 
reported to be formed under freshwater conditions in the first stage of diagenesis and at 
burial depths ofless than SOO m by Matsumoto and Iijima (1981). 
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In general terms siderites are considered to form under conditions of low 
sulphide availability and under freshwater, rather than marine influenced conditions. 
Garrels and Christ (1965) have outlined thermodynamic stability fields and concluded 
that siderite formation required a very low dissolved sulphide concentration, high 
dissolved carbonate, near neutral pH, moderately reducing Eh and a high Fe2+/Ca2+ 
ratio. 

The present coal seams were generally formed under freshwater 
conditions with some marine influence at the base of the seam, reflecting the underlying 
Kulnura Marine Tongue. There is also the suggestion of sub-aerial oxidation of the peat 
prior to permanent burial beneath the water table (Hunt et al 1986). Both of these 
environmental factors would favour the formation of siderite in the upper (and dull 
inertinite-rich) sections of the seams, consistent with the present results. Dull coals 
were observed throughout the Woonona and Bayswater (Ravensworth) seams and 
siderite nodules were also observed throughout both stratigraphic sections. The 
Hoskissons seam contained siderite nodules in the dull inertinite rich coals to a depth of 
about 70 m and no nodules occur in the bright vitrinite-rich coals which predominate 
below this level. Thus, in this case the observations support the association of 
syngenetic siderite nodules with the dull rather than bright coal plies and this might well 
indicate that crystallisation occurred during or as a result of periods of sub-aerial 
oxidation of the peat, prior to the establishment of permanent burial beneath the water 
table. Conditions at such times would appear to have met the intermediate Eh and other 
conditions described earlier. However, when the coal remained below the water table 
reducing conditions were maintained throughout diagenesis, vitrinite was not oxidised 
to inertinites and siderite nodules did not form. 

Magnesian Siderite Infillings - These were observed at three of the four locations and 
are chemically characterised from nodular siderite by high and variable magnesium 
contents and by lower manganese contents of 0.5-1% MnC03 (Figure 2 and Table 1). 
Mg-siderites were observed as infillings in coal (Figure 3c) and cleats (Figures 3d,e,t). 
Individual infills showed variable compositions (Figure 2). Formulae calculated from 
average compositions are given in Table 2. 

Evidence that Mg-siderites formed after siderite is provided by the 
observation of Mg-siderite overgrowths on siderite nodules in the Piercefield seam 
(Patterson et al 1994a, Figure Sf). The observations that Mg-siderite was not always 
associated with ankerite (Figure 2c and Figures 3c,d) also suggest formation during a 
separate time episode. In a number of instances Mg-siderite was associated with 
ankerite in cleats (Figures 3e,f) and in such cases, the Mg-siderite shows crystalline 
morphology and is uniformly surrounded by ankerite. This suggests that Mg-siderite 
crystallised first and was free to grow within the cleats. The ankerite then completely 
infilled the cleat at a later time. 

The crystallisation sequence proposed above is supported by the work of 
Matsumoto and Iijima (1981). Their high Ca-Mg siderite shows similar compositional 
variation in magnesium content with only slightly higher calcium contents. They 



98 

CARBONATE MINERALOGY OF HOSKISSONS SEAM EQUIVALENTS 

propose that it formed progressively during their second stage of coal diagenesis at 
burial depths between 500 and 2000 m. Furthermore they also reported that it formed 
prior to ankerite crystallisation. Their sequence of carbonate crystallisation for Japanese 
coals is: siderite, Ca-Mg siderite, ankerite, and finally calcite. 

Ankeritic Injillings - T\1ese were observed at three of the four locations (Figure 2), and 
the chemical composition was more uniform than that observed in a number of other 
NSW coal seams. While the average compositions given in Table 2 show quite large 
standard deviations for magnesium and iron content, the phases are typically near the 
boundary between ferroan dolomite and ankerite. Ankerite was observed as infillings in 
veins (Figure 3b) and cleats (Figures 3e,f) in the coal as aJready discussed. In the 
present work ankerite was not observed to be associated with calcite cleat infilling, 
although this has been observed rarely in other Australian coal seams (patterson et al 
1 994a). This supports separate episodes of ankerite and calcite cleat infilling. 
Matsumoto and Iijima (1981) and Spears and Caswell (1986) have made particular 
studies of the origin of carbonate cleat infillings in coal, and concluded that infilling by 
ankerite preceded that by calcite. Thus it is likely that ankerite also preceded calcite 
infilling in Australian coals. 

Calcite Cleat Injillings - In the present work calcite was observed in all three seams and 
at three of the four locations. As previously reported for almost all Australian coal 
seams the calcite is essentially pure calcium carbonate (Figure 2 and Table 2). As 
already discussed, overseas workers agree that calcite cleat infilling is the last phase to 
crystallise after most maturation has been completed, often filling parallel extensional 
cracks in vitrinite-rich bands. The present work on crushed coal samples does not allow 
such observations since in most cases the calcite has been liberated during crushing. 
However, for Australian coals it is generally considered that calcite cleat infilling results 
from the percolation of calcium rich solutions from the overlying sediments, after the 
coal has been compacted and undergone most of its maturation (Kemezys and Taylor, 
) 964, Shibaoka, 1970 and Ward, 1986). 

CONCLUSIONS 

1. The same carbonate mineral suite occurs in the stratigraphically equivalent 
Hoskissons, Bayswater and Woonona seams over a wide area of the Sydney and 
southern Gunnedah Basins. 

2. These carbonates appear to have crystallised in different episodes and in the 
following sequence: first siderite nodules, then Mg-siderite infills, then ankerite 
veins and cleats and finally calcite cleat infilling. 

3. Siderite nodules are concentrated in dull inertinite rich coal plies, probably 
resulting from the effects of aerial oxidation of the sediments early in diagenesis. 

4. The many similarities with carbonates observed in other Australian bituminous 
coal seams strongly suggest that the present results are more broadly applicable. 
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(a) Siderite nodules (bright) in mineralised 
coal 

(c) Mg-siderite infilling in coal 

(e) Mg-siderite (bright) and ankerite (grey) 
in cleats 

(b) Siderite nodules (bright) and ankerite 
veins (grey) in coal 

(d) A liberated Mg-siderite cleat infilling 
. (bright). 

(f) Mg-siderite crystals (bright) within 
ankerite cleat (grey). 

Figure 3 Scanning Electron Microscope Images of Carbonates. 
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ABSTRACT 

The Barrett Coal Member in the Howick Opencut Mine. Hunter Valley. NSW is a 
high-volatile bituminous L'oal that forms the basal seam of the Upper Pennian Foybrook 
Fonnation of the Wirringham COllI Measures in the Howick area. Detailed petrographic 
analyses of the coal reveal cycles of peat fonnation defined by variations in the ratio: 
structured vitrinite/unstructured vitrinite (=Tissue Preservation Index, or TPI); and the 
percentage of liptinite macerals. These cycles also correspond to coal plies that are separated 
invariably by dirtbands. The II-alkane distribution of the aliphatic hydrocamon fraction of the 
Barrett Coal extracts are similar to other analysed coals of the Sydney Basin, the Lower 
Carboniferous coals from Nigeria and the Permian East Bokaro coals of India, suggesting 
commonality of II-alkane distributions for Gondwanan coals of similar rank and depositional 
setting. The petrographic cyclicity of the Barrerr Coal is also manifested by a corresponding 
stratigraphic cyclicity in the biomarker composition of the aliphatic hydrocarbon fraction. The 
cyclic pattern of the TPI within each ply is mirrored by the absolute concentration of 
triterpanes, steranes, and parameters such as Camon Preference Index (CPI), Pr/nC17 and 
Ph/I/C". All these changes are evident in a coal member only 2.2 m in thickness. The 
petrographic and geochemical evidence suggest that the environmental affinity of the Barrett 
Coal is that of a delta-plain depositional setting. 

INTRODUCTION 

Coal is composed wholly or predominantly of compacted and indurated carbonaceous 
material derived from variously altered vegetable remains and is fonned either ill sitll or as an 
accumulation of allochthonous or hypautochthonous plant debris. At the onset of, or even 
prior to deposition. its organic constituents are affected by the surrounding environment: e.g. 
temperature. humidity. water-table. clastic input. oxicity. lnicrobial activity, etc. Within this 
complexity, "fingerprints" or infonnation regarding the nature of the depositional system are 
incorporated in the accllmulating sediment. Information on the physical and chemical 
conditions during the deposition and accumulation of peat in a particular mire can be obtained 
by coal petrography. Moreover. biomarker.; in the solvent-extractable fraction of coals can 
provide details regarding the tlora and faunll which contributed to the peat and to the 
geochemical conditions during coal formation (Heppenheimer et lI/ .• 1992: Disnar & 
Harouna. 1994; Allan & Laner. 19R2). 

Coals are very hetemgennlls sediments on txlth the maCfll- and micnl-scale. Slight 
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variations in organic-matter input lead to different lithotypes and different geochemical 
characteristics of the coal. In order to more fully undel1itand variations in organic-matter 
input and depositional conditions. coals need tn be sampled stratigraphically at very closely 
spaced intervals. Although some intra-seam variation in the extract-chemistry of coals may 
relate to the migration of hydmcarbons (Allan & Latter. 1983: Heppenheimer er al., 1992), 
most variation is likely to be due to changes in the precursor organic-matter input. In this 
paper. a combined petrognlphit' and geochemit".tl OIppmach is taken in order to understand the 
composition and variation in depositional conditions and nrganit: facies over a 2.2-m-thick 
coal.. namely the Barrett Cnal Member of the Foybrook Formation. Wittingham Coal 
Measures (WCM). in the Hunter Coalfield. northem Sydney Basin. NSW. The data reponed 
here for the Barrett Coal constitute a "progress report" of similar research work currently 
underway",; a number of coal members of the WCM. 

METHODOLOGY 

Representative coal samples of the Barrett C,lal were taken fnllD the Wilton Pit (Strip 
12. Block I). and Nonh Pit (Strip 14. Block I). Howick Dpencut Mine. nonhem Sydney 
Basin. NSW (Fig. I). Sample locations are documented on a modified brightness-profile 
stratigraphic log measured in the Wilton Pit (Fig. 2). The petrographic and geochemical 
analyses reponed here refer specitically to the samples fmm the Wilton Pit. 

Whole samples were split into representative fractions for maceral and geochemical 
analyses (as welJ as for palynological analyses in a comparison project by N. Casareo; see 
below). Geochemical investigations were on a whole-rock basis and utilise the <250pm 
powdered fraction. Gross composition of selected 100 mg coal samples in terms of 
percentages of C. Hand 0 nn a dry-aSh-free basis were detennined using a Leco CHN 600 
elemental analyser. Subsplit 7 mg samples were extmcted exhaustively by the Soxhlet 
method for 120 hr using CHCI.1 and CH,OH (87: 13) as the solvent. with activated pre
extracted Cu turnings for elemental sulfur removal. Extract time was standardised for the 
purpose of quantitative comparison of extractable organic matter (EDM) between samples 
(Waples. 1981). The EDM was deasphaltised. then funher fractionated into aliphatics. 
aromatics and polar compounds by column chromatography using a 4.5 mm x 400 mm glass 
column with silica over alumina (3: I) as stationary phases. Procedures for elution are 
outlined elsewhere (cf. Philp & Gilbert. 1980). Total amounts of the various compound 
classes were detennined gravimetrically. Absolute concentrations of aliphatics were 
calculated with reference to a known weight of squalane added to the fraction prior to gas 
chromatography (GC) and GC-mass spectmmetry (GC-MS). 

GC of the aliphatics was carried (Jut 011 a HP-5730A fitted with a flame ionisation 
detector (frO) and a SGE-5OQC3IBP 1-0.5 column. GC-MS was carried out on a Finnigan 
3200 interfaced to a HP-5730A gas-chromatograph using the same column. Mass 
chromatograms were obtained by electron impact (El) ionisation and selected ion monitoring 
(SIM) using the m/z 191. III/~ 217 and m/z 85 fragment ions. Quantification of triterpanes and 
steranes is based on SYM data. The concentration of triterpanes is based on the amount of • 
C,.a~-norhopane with respect to the standard while the t'oncentration of steranesldiasteranes 

is based on C,.aaaR with respect 10 the C"Ja~-norhopane and a response factor of 1.7. 
Verification of compound identitkation was through the analysis of mass chmmatograms 
obtained from full scan analysis on some of the samples using a Krallls MS25 GC-MS. The 
II-alkane concentration was based on GC traces and used a response factor of 1.4. 
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RESULTS 

The Barrett COlli ti.Jnn~ the basal coal member of the Upper Permian Foybrook 
Fonnation of the WCM (Beckett. 1988). It has a mean maximum vitJinite reflectance (R.max) 
of 0.71 with a standard deviation of 0.047 (AJ.R. Bennett. per.;. comm .. July 1994) as 
measured on a sample taken fmm the North Pit. This therefore categoJises it as a high
volatile bituminous coal (Stach <'I (fl .. 1982). The coal member is generally vitrinite-rich 
(averaging 739!- excluding stony coals). in which there are variable proportions oftelo- and 
detro-vitrinite. It contains minor lImounts of liptinite (avemge= 79!-). the abundance of which 
generally varies in the order sporinite > cutinite > resinite > Iiptodetrinite. Gross chemical 
composition data show that the Barrett Coal is highly enriched in asphaltenes and polar 
compounds. Aromatics are two to three times more abundant than aliphatic hydrocarbons. as 
is commonly the case for vitrinite-rich coals ( e.g. Radke el til.. 1980). Gas chromatograms 
(GC's) of the aliphatics reveal a uniform II-alkane distribution in all samples. Relative to other 
alkanes. the II-alkanes increase in abundance from the top to the bottom of the member. The 
Carbon Preference Index (CPI~~ ..• .l reflects a distinct odd II-alkane predominance over the 
molecular weight range. The II-alkanes from IIC" tOIlC" were detected and have a skewed 
Gaussian distribution with an abrupt drop in abundance above IIC2f,' The II-alkanes are most 
abundant over the range IIC"-IIC,, and have maxima at either IIC" or IIC". Compounds with 
<15 carbon atoms are depleted due to the work-up pmcedure. One notable feature of the 
GC's of all the samples is the prominent pristane peak. As a consequence, pristaneiphytane 
ratios are very high (>8.5). Branched alkanes generally occur as very low intensity peaks 
between the II-alkanes in the GC traces. The exceptions are samples FC019 and FC017 
which contain anomalously high amounts. Mass spectral data suggest that these branched 
alkanes are most likely iso-(2-methyl) and lUlteiso-(3-methyl) alkanes containing 18 to 26 
carbon atoms. Other branched alkanes present are 2.6. IO-trimethyl alkanes with 15 and 16 
carbon atoms. 

The distribution of triterpanes has little variation between samples, the main isomers 
detected being the C19• C ,,,. C." and C" homologues. with an abundance of the C29af3 
norhopane and C3(la~ hopane. Very little if any 18a(H)-trisnomeohopane (Ts) could be 
detected. The total concentration of triterpanes varies upsection through the member, being 
highest at the top and in the middle (Fig. 3). 

GC-MS analyses reveal the presence of C" aaa and a~~ steranes and C19 a~ 
diasteranes with the steranes being more abundant thall the diasteranes. Only trace amounts 
of Cn and C1K steranes and diasteranes are evident and these were not identified. The 
preponderance of C" steranes and diasteranes indicates a predominant terrestrial contribution 
to the mire. Triterpane/sterane ratios vary from 2 to 10 except for samples FCOIO and FCOl9 
which have ratios of 22.9 and 24.6 respectively. Bicyclic and tricyclic diterpanes are present 
in trace amounts in all of the samples. The diterpanes consist of C'4 to C'6 bicyclics with C" to 
C,,, tricyclic diterpanes. Ubiquitous among the samples is homodrimane, with the stable ~a 
contiguration. This compound. together with traces of 8~(H) drimane. imply precursors of 
microbial origin (Noble ('T al .. 1985) or microbial degradation of hopanoids (Raymond et al. 
1989). 

DISCUSSION 

The Barrett Coal is said In be part of a migrating "en-echelon" stratigraphic complex 
of similar coal members assndated with the development of a river-dominated delta system 
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(Becket!, 1988). Diessel (1986) suggested that coal facies can be chamcterized by a plot of 
the Tissue Preservation Index (TPI) against the Gelitication Index (GI). The affinity of the 
Barrett Coal can be characterized on this basis as a wet forest-swamp peatland. A high TPI 
value in the lowennost part of the coal member and the presence of Vertebraria roots of 
G1ossopterids in the top of the basal clastic unit immediately beneath the lowermost coal ply 
(Pickett. 1990) suggest ill situ peat fonnation where the groundwater table was above the peat 
surface and thus prevented sUli"are oxidation. but not so high above it so as to preclude 
growth of plants in the Itlin~ral-soi/ substrate. 

Shibaoka & Smyth (1975) used markovian properties of petrographic data on the 
Wittingham (fonnerly Singleton) Coal Measures to classifY the Barrett Coal as having formed 
under conditions of rapid subsidence which led to the cyclical nature of the coal. This cyclic 
deposition is manifest in the Barrett Coal Member by patterns of either upward decrease or 
upward increase in the vitrinite. Iiptinite. and inertinite gmup of macerals (Fig. 2), and as TPI 
cycles (Fig. 3). Field investigation reveals that these cycles are bounded by fining-upward 
layers/dirtbands of medium- to very-fine-grained feldspathic sandstone and siltstone that 
probably constitute airfall tuffs that shallowly inundated the forest-swamp. These 
volcanoclastic layers separate the roal plies of the Barrett Coal, and hence terminate or 
punctuate the coal-petrographic and geochemical cycles that characterize these plies. Above 
each tuffaceous dirtband. the tendency of the TPI in the coal ply is to increase upwards. 
Exceptions are the lowennost and uppennost plies where the TPI exhibits an upward
decreasing trend. If the TPI is a measure of tree density or the amount of "woody" tissue (cf. 
Diessel, 1986). then this upward pattern reflects an increasing contribution to the 
accumulating peat by woody (Le .. tree-) tissue with time. and hence a progressively increasing 
tree density after each influx of siliciclastic sediment into the mire. 

As well as indicating the pmportion of woody tissue in coal, the TPI also measures 
the degree of humification the vitrinite-precursor undergoes; hence. as TPI values decrease, 
the degree of humification increases or the tree density decreases. Because humification is 
initiated during deposition by <lerobk micmorganisllls as groundwater fluctuates to a level of 
oxygen enrichment. and continues after deposition in anaerobic conditions. it follows that the 
total amount of triterpanes should increase as the degree ofhumification increases. For the 
Barrett Coal, there is some evidence of an inverse correlation between TPI and the triterpane 
concentration profiles (Fig. 3). suggesting that greater humification is associated with bacterial 
lipids (cf.Rohmer et al .. 1992). Furthennore. there is an upsection decrease in the ratio of 11-

alkanes/total alkanes with decreasing TPI within each ply. This delnonstrates that as the plant 
tissues undergo biodegradation during or prior to peat formation, removal of II-alkanes or 
their precursors occurs. thus concentrating the hopanes. diasteranes and steranes. 

The isoprenoidlll-alkane ratios can provide information on biodegradation, maturity 
and diagenetic conditions. Low-molecular-weight II-alkanes are more susceptible to 
biodegradation than pristane and phytane (Peters & Moldowan. 1993). With TPI as an 
indirect petrographical measurement of biodegradation. an inverse relationship exists with 
Pr/IIC17 and Ph/lie". The effect of thennal maturity on these ratios is disregarded because the 
Barrett Coal has a thickness of only '2.2 m and must therefore have had a unifonn isothermal 
history. as is also suggested by the two hopane maturity parameters (C ~,~a/a~ and 
C,j22S/22R) which were calculated. The isoprenoid/II-alkane mtio is highest in three adjacent 
samples (FeDI5, FeOl7 and FCOIIJ) in the fourth ply and these smnples have variable 
maceral composition. suggesting that in these samples the peat underwent mild 
biodegradation during and after deposition. However. thr extent of this alteration was not 

• 
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great as the higher-molecular-weight II-alkanes in these samples are unaffected. These three 
samples also contain higher amounts of (/I/tdso- and i.(o-alkanes than samples from the rest of 
the member. The distribution of these compounds is similar to the saturate fraction of oil 
from the t .4-1.7-Ga-old Velkerri Formation of the McArthur Basin of Northern Australia 
(Jackson et al .. 1986) and perhaps may suggest the same prokaryotic origin. Iso-alkanes have 
also been detected as cellular pflxlucts or intennediate metabolites isolated from 
thennoacidophilic bacteria such as Themwplasnlll and Slllfolobus (Holzer et al., t 979). 
Although the precun;or Slllll'!:e Ill' the (ullei.w- and iso-alkanes in the fourth ply of the Barrett 
Coal is unclear. it is likely tn be related to some plllticular bacterial alteration of the newly 
deposited peat. 

GC of the aliphatics reveals a distinct distribution pattern for the II-alkanes. This 
pattern is quite different to many northem hemisphere coals (e.g. Radke et al.. 1980; Littke & 
Ten Haven. 1992) which typically have high amounts nf C ly to C30 /I-alkanes. Studies by 
Mukhopadhyay (1977) un the Permian coal basins of India and by Disnar& Harouna (1994) 
on the Lower Carboniferous Gondwana coals of Nigeria show noticeable similarities in n
alkane distribution with the Barrett Coal. <IS well as with other analysed Pemtian coals of the 
Sydney Basin of similar mnk. Bend (1992) discussed the occurrence of coal provincialism 
brought about by palaeogeography and palaeoclimate and concluded that these factors 
influence the precullior materials fl'llm which coals are formed. It seems likely that the /1-

alkane distributions with maxima at IIC ... in Gondwana coals are typical of the Gondwana 
flora, comprised predominantly of the pteridospenn Glossopteris associated with Pemtian 
glacigene conditions. This is in contrast to the northern hemisphere's diverse lycopod
pteridospenn assemblage which developed in a tmpical climate during the Carboniferous 
(Thomas, 1982). It is possible that the large pmportion of II-alkanes within the region IIC13-

/lC>~ is attributable to the presence of hydrophobic cuticles. a climatic adaptation which 
protects the plants from dessication (Thomas. 1982: Hollerbach & Dehmer, 1994). An 
alternative hypothesis is that the II-alkane distribution is influenced by the sporinite present. 
Analyses of solvent extrJcts and pyrolysates of isolated sporinites from a north American 
vitrinite-rich high-volatile bituminous coal (vitrinite = 82 .7~. liptinite = 6.2%, inertinite = 
11.0%) reveal a greater prepondemnce of straight-chain-moieties from the sporinites than 
from the whole coal (Kruge et al .. 1991). Thus the type and amount of sporinite in the Barrett 
Coal samples may have a strong influence on the II-alkane distribution, even if the sporinite is 
present in small quantities «7.5o/r) . 

. The high amount of pristane in the Barrett samples is explained by the generation of 
this isoprenoid during the coalification stage. reaching a maximum in high-VOlatile bituminous 
coals (Brooks et aI..1969). A further increase in maturity/rank would result in a decline in the 
amounts of pristane. 

The CPI variation within the Barrett Coal is a reflection of the changing proportions of 
higher plant and lnicrobial organic maner. An elevated CPI indicates well preserved plant 
tissues and proportionately mure plant- than microbial organic-matter-input. resulting in a 
high TPI, whereas a low CPI indicates more microbial input to the peat than the plant material 
input. 

Preliminary investigation uf the palynology IIf the Barrett Coal reveals the presence of: 
spores indicative of Ptel'llphytes: and disaccate pollen and monocolpate pollen indicative of 
gymnospenns (N. Casareo. Macquarie University. pers. cmnlll .. October 1995). These types 
of plants are possible sources for the precursor cnmpounds of the tetmcyclic diterpanes: 
phyllocladane and ('III-beyerane. These lalter l'Ompounds may be incorpora!ed in the coal as 
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polycyclic diterpenes in the fonn of phyllocladene. ellt-kaurene and hibaene. either in leaf 
resins or heartwood resins - as suggested by Thomas (1969) for the Allcariaceae species 
Agatllis allstralis - or in spores (Kruge et al .• 1991). These alkenes may then undergo 
diagenetic reduction of the double bonds to fonn 16a(H) phyllocladane and ellf-beyerane 
(Noble et al .• 1985). 

Various geochemical parameters throughout the coal member clearly suggest its 
origin through the accumulation/influence of exclusively terrestrial organic matter in the mire 
which has undergone some microbial alteration: such panneters include the high amount of 
C,,a(H) trisnorhopane (Till) with very little Ts: the dominance of C,. steranes; the average 
CPI of 2.22 with minimal variation through the coal member (Fig. 4): and the high 
hopane/sterane ratio. The polycyclic ditetpanes suggest additional contribution from 
diagenetically-reduced resin-derived. sporinite. or bacterial compounds. There is no evidence 
of marine incursions in the Barrett Coal. as has been described for the topmost part of the 
Greta Coal Member of the Kitchener Fonnation. Greta Coal Measures. of the northern 
Sydney Basin (George el lIl .. 1994). 

CONCLUSIONS 

Vertical petrographic variation within the Barrett Coal Member of the Foybrook 
Fonnation as defined by the TPI suggests cyclic intervals of peat fonnation separated by 
minor pulses of clastic sediment influx. Accompanying this vertical petrographic variation are 
changes in the concentrdtions of tritetpanes. steranes. diasteranes and II-alkanes. Parameters 
such as Pr/IlC17• PM, C" and the concentration of tritetpanes suggest variable degrees of 
biodegradation of the peat. as also indicated by the trends in TPI. The degree of preservation 
of the plant tissues seem~ to have a slight effect on the CPI as a consequence of the presence 
of microbial organic matter. The Barrett Coal Member was fonned in a wet forest-swamp 
environment situated in an upper delta-plain setting with no detectable marine incursions and 
with contributions from Gondwana G1ossopterids. The association ofthe flora with Permian 
glacigene conditions influences the II-alkane distribution. manifested by ma~ma in the region 
"C,; to nc....l and an abrupt decline from nC,. onwards. This pattern is consistent with other 
published II-alkane distributions of soluble extracts from other Sydney Basin coals. from 
Lower Carboniferous coals of Nigeria. and from Permian coals of India (East Bokaro). all of 
which are Gondwanan coals of likely similar environmental affinity and rank. The tetracyclic 
ditetpanes: phyllocladane and elll-beyerane. are most likely also derived from this same flora. 
The abundance of high-molecular-weight II-alkanes (IIC,) to ~1c,,<) may possibly be a 
manifestation of the necessarily water-<:onserving nature of the plants which lived under 
Permian glacigene conditions. The unique presence of higher quantities of iso- and nnteiso
alkanes at one stratigraphic level in the Barrett Coal manifests a different type of microbial 
alteration of the newly deposited peat. These alkanes may have a prokaryotic origin similar to 
the precursors of monomethyl alkanes documented for the Proterozoic oil of the McArthur 
Basin of northern Australia. 
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Figure I. Location map of th~ Hawick 0rencut 
Mine, nonhem Sydney Basin, NSW: map modified 
from Mclennan & Lohe, 1992. 
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RECOVERY OF COALBED METHANE USING 
HYDRAULIC FRACTURES -
THE ROLE OF GEOLOGY 

MW REHFISCH & W VLAHOVIC 
Pacific Power 

INTRODUCTION 

Pacific Power has been actively involved in the investigation of coal bed methane in NSW 
since 1988. The objective is to identifY and evaluate resources of methane within coal seams 
and to develop technology for coal bed methane recovery. 

Hydraulic fracture stimulation is an important methane recovery technology. A series of 
tests was undertaken at Munmorah Colliery in order to evaluate hydraulic fracture 
stimulation technology u(lder Australian conditions and in order to assess the impact, if any, 
of the local and regional geology. 

BACKGROUND 

Hydraulic Fracture Stimulation 

In the USA, methane is recovere.d from coal seams by means of vertical wells drilled from 
the surface. A key element in the commercial exploitation of methane from coal seams is 
the ability to liberate and recover the methane from within the coal. The most common 
method of methane liberation involves a process known as hydraulic fracture stimulation, 
in which long vertical fractures are generated within a coal seam by injecting fluid into a 
borehole at extremely high pressure. The fractures formed are subsequently kept open by 
the injection of a sand slurry prior to the release of pressure. The sand serves to prop the 
fracture open, forming a permeable pathway through which the seams can be dewatered, 
allowing methane to be produced. 

Pacilic Power I CSIRO Program 

In Australia hydraulic fracture stimulation has yet to be proven commercially successful, 
although pilot development activity has taken place in the Bowen Basin of Queensland 
(Jeffrey et al. I 992). 

In 1992, Pacific Power commenced a collaborative research agreement with CSIRO to 
investigate hydraulic fracture stimulation of coal in NSW. Work undertaken to date 
involves the completion of three hydraulic fracture stimulations in vertically drilled boreholes 
located in the southern part of the Newcastle Coalfield. 

In all three cases, a cored hole was drilled from the surface to beneath the Great Northern 
seam at Munmorah Colliery. CSIRO used its own pilot-scale system to generate hydraulic 
fractures in the seam. The pre existing natural fractures and post-stimulation induced 
fracture systems were initially inspected at the borehole using a downhole camera and then 
mapped in detail some months later when the fractures were exposed during mining. 
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GEOLOGICAL SETTING 

Munmorah Colliery is located in the northeastern part of the Sydney Basin, within the 
southern part of the Newcastle Coalfield. 

Stratigraphy 

1be Late Permian sequence of interest in the Newcastle Coalfield is the coal bearing Moon . 
Island Beach Subgroup at the top of the Newcastle coal Measures. The seams of principal 
interest are the Vales Point and the underlying Wallarah, Great Northern and Fassifern 
seams. Within the mine area, the Vales Point to Fassifern sequence is 80 metres thick and 
occurs at a depth of 170 metres. The sequence contains coal seams interspersed with 
clastic conglomerate and sandstone (Bocking et a1., 1988). The Awaba Tuff; a 
volcanoclastic claystone unit up to 10 metres thick, occurs between the Great Northern and 
Fassifern seams. 

Overlying the coal measure sequence is the Triassic sandstone, conglomerate and mudstone 
units of the Narrabeen Group. 

Folding 

Regional dips in the Sydney Basin modified by gentle folding and faulting along mostly 
northerly axes. In the Nev.-castle Coalfield the regional structure is dominated by the 
Macquarie Syncline, which is a broad, gentle fold trending north-northeast to north-south 
and plunges 1_2° to the south with dips on the limbs of3-4° or less. Munrnorah Colliery is 
situated on the eastern flank of the southerly extension of the Macquarie Syncline. 

Faulting 

In the Newcastle Coalfield faults are dominantly normal ari'd occur in two well defined 
directions, northwest to north-northwest (3100-320o.l and north-northeast (0200-025~ (Lohe 
et al.,1992). The faults typically have moderate to steep dips and vertical displacements 
generally less than 6 metres (Crapp & Nolan, 1975). Some reverse faults are also present. 

Joints 

The dominant regional joint directions in the Newcastle Coalfield are a conjugate set 
oriented 320° and 020° (Lohe et aI., 1992). 

Mine Geology 

Munmorah Colliery is located approximately 30 km to the south of Newcastle (Figure I). 
The coal seam currently mined at Munmorah Colliery is the Great Northern seam. The 
colliery uses a bord-and-pillar operation which initially leaves unmined pillars of coal 
surrounded by 5.5 metre wide by 2.4 metre high roadways (bords). 
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The Great Northern seam occurs at a depth of230 metres and contains up to three metres 
of bituminous coal of medium ash and vitrinite reflectance of 0.80%Ro..... The seam 
consists of dull and bright coal with bright coal as bands generally less than 10 cm thick and 
making up only 10 percent of the coal. Two hard, thin (up to 2 em thick) tuffaceous bands 
occur in the middle to lower sections of the seam. The roof rock consists of sandstone 
and/or conglomerate and the floor consists of tuffaceous claystone. The working section 
at the colliery is the top 2.5 metres, a 0.5 metre coal floor is left above the tuff to assist mine 
trafficability. _ .... 

..... ..... 
,-"" 
. ,:, ... -

M : Mwunorah Power Station 

V: Vales Point Power Station 

E : Eraring Power Station 

..... 

/ 

/ 
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Figure 1. Locality map ofMunmorah Colliery, south of Newcastle. 
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~RAULIC FRAcrURE TREATMENTS AT MUNMORAH 

Site Characterisation 

Each hydraulic fracture test included a site characterisation phase during which seam and 
rock thickness, reservoir, stress, geotechnical and geological parameters were measured. 
Micro-hydraulic fracture stress tests and a series of well tests were run by CSIRo. in the 
Great Northern seam as well as in overlying and underlying strata. Th~ data gathered from 
these exercises was used in the treatment process design and also used to predict the 
fracture geometry (see beloW). 

Geology 

Underground mapping by the authors at Munmorah Colliery in the vicinity of three test 
bores, has disclosed a dominant well-developed face cleat system trending northwest in 
both bright and dull coal plies (Figure 2). A butt cleat system was not found. Second8/)' 
carbonate mineralisation coats face cleat throughout the mapped area. 

Figure 2. 
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Rosette plot of all cleat and joint strike data from underground mapping 
(After Ieffrey et al. 1994). 

Joint mapping from mine workings in the area has revealed a full seam joint set striking 
northwest, parallel to face cleat, and dipping steeply to the northeast and occasionally to the 
southwest. Ioints were observed to be mostly closed and filled with second8/)' carbonate. 
Table 1 summarises average cleat and joint measurements, based on underground mapping. 
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Borehole Av. Strike Dip (") Freq. (no1m) Freq. (nolm) Type 
(GN) Bright Dull 

PHKM1 306 81 236 56 cleat 

PHKM1 305 81 1.2 1.2 joint 

PHKM2 309 81 - - cleat 

PHKM2 303 79 1.2 1.2 ioint 

Table 1. Cleat and Joint statistics based upon underground mapping. 

High angle normal faults striking northwesterly and dipping 700 to the northeast have b~n 
mapped by colliery staff throughout the workings. Faults show slickensided surface traces 
indicating dip-slip movement of between 0.2 and 5.0 metreS. 

In-Situ Stress Determination 

The in-situ stress field in the roof and floor rock and within the coal seam is determined 
using a micro-hydraulic fracture tool and impression packers. The stress measurements are 
made by inducing small hydraulic fractures in short straddle packer intervals. The fracture 
initiation, reopening and shut-in pressures are interpreted to obtain information about the 
in-situ stresses including an estimate of the minor principal stress magnitude and the major 
principal stress orientation. A vertical hydraulic fracture will eldend in the direction of the 
major principal horizontal stress. An impression packer is used to obtain the orientation of 
the fracture created on the borehole wall and by means 'of a downhole compass and from 
this impression, the orientation of the horizontal stress field is determined. If a horizontal 
fracture is initiated before a vertical fracture, then only the magnitude of the vertical stress 
can be determined. 

The in-situ stress determinations at Munmorah Colliery showed that, in the roof and floor 
strata of the Great Northern seam, the minimum principal horizontal stress was higher in 
magnitude than the overburden stress. The minimum principal horizontal stress in the Great 
Northern seam was less than overburden at all three sites. Also noted was the change in the 
orientation of the horizontal stress field from roof to floor, from approximately north
northeast to north-northwest in the Great Northern seam (Jeffrey et al., 1994). No 
measurements of the orientation of the horizontal stress field was undertaken in the Great 
Northern seam because of the pre existing natural fracture pattern in the coal. 

Predicted Fracture Geometry 

The geometry of the hydraulically induced fracture system determines how effectively 
methane can be eldracted from a surface borehole. A fracture must be of sufficient width 
to allow the ready movement of methane to the borehole and of sufficient eldent to 
effectively drain the gas contained in the coal volume bet,ween adjacent vertical boreholes. 
It is accepted that vertical fractures are more efficient than horizontal fractures because 
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vertical fractures intersect the whole coal seam including low-permeability coal plies. 
Horizontal fractures suffer from the Jact that stone bands and low permeability coal plies do 
not offer an easy gas flow path throughout the whole coal seam. 

A total of three hydraulic fracture tests have been carried out in the Great Northern seam 
from borehole, Pacific Power Hawkesbury Munmorah (PHKM) 1,2 and 3. Boreholes 
PHKM 1 and 2 were drilled together and PHKM 3 later, to coincide with underground 
operations so that the hydraulic fractures could be mined through and fracture geometry 
mapped within 6-12 months of the fracture experiment. 

As of October 1994, PHKM 1 and PHKM 2 have been mined and mapped. Treatments in 
both boreholes resulted in treating pressures that exceeded the vertical stress magnitude. 
The bottom hole pressure decreased during the treatment in PHKM 1. This data implies the 
extension of a horizontal fracture. In PHKM 2 the pressure was constant until the proppant 
was started and then increased through the treatment. This treating pressure response may 
well correspond to propagation ofa T-shaped fracture (Jeffrey, 1993). 

The third test in PHKM 3 is predicted by CSIRO to be vertical, based upon the data 
obtained during the hydraulic fracture treatment. 

Actual Fracture Geometry 

The first fracture in PHKM 1 was mined through in June 1993 and the second in PHKM 2 
in September 1993. Both proved to be quite a success in that vertical fractures were 
generated outwards from the borehole. A vertical fracture is the desired result for 
commercial gas production. 

The fractures created by the stimulations in the boreholes were mapped as the underground 
coal mine drives advanced through the in-seam locations of the boreholes (Figure 3). 

The fracture in PHKM 1 was intersected at six ribside locations. The fracture produced was 
predominantly vertical and extended for over 50 metres from tip-to-tip, parallel to face cleat 
and the joint direction in the seam. A minor amount of horizontal extension of the fracture 
extended into the coal-roof interface, indicated by the presence of propp ant. There was no 
vertical growth of the fracture into the roof or floor. However, only 11% of the sand 
pumped was accounted for in the mapped fracture. According to R. Jeffrey (pers. comm.) 
an unmined horizontal fracture may have formed in the roof strata above the seam. 

The fracture treatment in PHKM 2 was intersected in cut throughs at the borehole and 20 
metres to the northwest of the borehole. Again the fracture exposed was mostly vertical 
with a small amount of horizontal extension into the coal-roof interface indicated by the 
presence of proppant. Two fracture channels spaced 10 to 80 cm apart were propped. 
There was no vertical growth of tlie fracture into the roof or floor. 

Initial inspection of the post fracture treatment in PHKM 3 via a down hole camera has 
revealed the presence of a vertical fracture system as predicted by CSIRO. 
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Figure 3. Location of the hydraulically treated boreholes in the Great Northern seam 
workings, Munmorah Colliery. 

Discussion 

It has been observed that the PHKM 1 fracture was generated along a pre-existing joint in 
the coal seam. The fracture mapped in PHKM 2 on the coal face at the time of the 
minethrough also followed in-part a slickensided natural fracture or fault. 

At both sites, gas continued to bubble and hiss from the fractures for several weeks after 
mining. The rate of this gas emission higher than what is normally encountered from major 
joints mapped in the vicinity in the coal. Gas production after mining of the borehole and 
fracture at PHKM 2 was especially vigorous. 

The role of geology is seen as fundamental in the feasibility of extracting methane using 
down-hole hydraulic fracture stimulation. If a pre-existing joint/fracture system can be 
tapped into on a regular basis, then the value of hydraulic fractures will be increased. 
Geological studies continue in the underground workings. 
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PRELIMINARY OBSERVATIONS ON THE 
MINEABILITY OF DEEP COAL RESOURCES 
IN THE SOUTHERN COALFIELD, 
SYDNEY BASIN 

M ARMSTRONG & SJ COZENS · 
NSW Department of Mineral Resources 

INTRODUCTION 

The Southern Coalfield of the Sydney Basin is the only source of hard coking coal for 
both the domestic and export steel industries and as such is of major strategic 
importance. This resource is finite and due to the wide variability in coal quality and 
mineability there is a possibility that only a small percentage of the remaining resource 
will be available for extraction. 

The purpose of this paper is to present some of the factors which will influence the 
mineability of the remaining reserves of coking coal in an area north ofMenangie, 
Camden and The Oaks. 

PREVIOUS INVESTIGATIONS 

The Coal and Petroleum Geology Branch of the NSW Department of Mineral Resources 
has undertaken exploration programs within the Southern Coalfield since the Southern 
Catchment Reserve Drilling Program in the late 1960s. 

Recent work in the north of the Coalfield has been carried out in response to the rapidly 
increasing south-westerly expansion of Sydney's metropolitan area and the incrementa! 
effect of residential and rural-residential development associated with Local Government 
initiatives. Preservation of access to the coal and gas resources underlying the Macarthur 
South and South Creek Valley urban planning areas, identified by the Department of 
Planning as future areas for urban development, became a priority for resource 
evaluation by the Department of Mineral Resources in 1988. 

Between 1988 and 1990 the Camden Drilling Program, Stages I and IT (Alder, et al, 
1992) basically outlined a high potential, prime coking coal resource that continued 
beyond the northern limit of exploration. The South Creek Valley and most recently the 
West Campbelltown Drilling Programs have helped to define this limit within the Bulli 
seam and confirmed the presence of a significant resource of medium ash, low 
phosphorous coking coal in the Balgownie seam. 
Coal reserve figures are now available to Inferred Class One category for an area 
extending from the northern boundaries of existing company titles, northwards to 
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Bringelly and Campbelltown. It is noted that the spacing of these drillholes is such that 
only general inferences can be made about future mining conditions. 

EXPLORATION AND MINING TITLES 

North of the Tahmoor, Tower and Appin colliery holdings, exploration titles are held by 
Kembla Coal and Coke (Authorisation 410) and BHP (Authorisations 248 and 442). 
The remaining unallocated reserves to the north are contained within Authorisations 6, 
28 I and 424, held by the Department of Mineral Resources. 

The region is also covered by a Petroleum Exploration Licence (PEL2) held by Amoco 
Australia Petroleum Company. Amoco are currently evaluating the potential for 
developing the coal seam methane resources of the area. 

EXPLORATION RESULTS 

Departmental drillholes Nepean DDHI to DDH6, Weromba DDlD, Cook DDHI and 
DDH2, and Varroville DDHI and DDH2 have provided coal quality, geotechnical data, 
downhole geophysics and detailed information on gas content and composition over an 
area extending northward from the current coal mining leases. This information has been 
combined with existing drillhole and seismic information to provide the best 
interpretation of the potentially mineable resource. 

Depth of Cover 

Depth of cover to the Bulli seam varies from 600 metres near Menangle up to a 
maximum of 820 metres near Bringelly. Although the depth increases generally towards 
the north, the Bulli seam occurs at a depth of up to 800 metres underlying the Razorback 
Range in the south-western sector of the study area. 

Seam Thickness 

The Bulli seam working section thickness reaches a maximum of5.0 metres beneath 
Narellan and generally ranges in thickness from 2.0 to 4.5 metres over the area 
encompassing the coking coal resource. 

The Balgownie seam attains a workable thickness beneath Cawdor, south of Camden. 
This seam maintains a workable thickness of2.0 to 3.4 metres throughout the Camden
Oran Park area. 

Bulli to Balgownie Interseam Thickness 

Where the Balgownie seam working section becomes mineable, the separation between 
the Bulli and Balgownie seams ranges from between 10 metres in DM Nepean DDHI to 
over 40m in DM Cook DDH2, 15 kilometres to the north-east. 
Coal Quality 
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Results show that the Bulli seam could be washed to an average 90% yield coking coal 
product ofless than 10"10 ash with CSN of2 to 6.5, total vitrinite content of up to 61 % 
and phosphorous content of 0.035% to 0.070"10. 

Seam Gas 

For the Bulli seam gas content ranges between 10 and 17 cubic metres tonne (daf at 
NTP). Gas composition is generally greater than 90"10 methane with less than 5% carbon 
dioxide and up to 7% ethane. 

For the Balgownie seam gas content ranges between 7 and 13 cubic metre tonne with 
composition of88% to 92% methane, 2% to 4% carbon dioxide and up to 7% ethane. 

Sorption isotherm determinations were made on samples from the Bulli and Balgownie 
seams in DM Cook DDH2 and the results indicate that the seams are saturated. 

The Balgownie seam could be washed to an average of 90% yield coking coal product of 
less than 9% ash with CSN 3 to 8, total vitrinite content of 58% and phosphorous 
content of 0.003% to 0.010%. 

The utilisation potential of the washed product from both the Bulli and Balgownie seams 
range from prime coking to domestic thermal. The potential of the Bulli seam decreases 
towards the north and the Balgownie seam increases towards the northeast. 

Although information is limited, there does not appear to be any economic potential 
within the underlying Wongawilli or Tongarra seams. 

IMPACTS ON THE MINEABILITY OF THE RESOURCE 

Coal Thickness and Quality 

Approximately five kilometres north ofNarellan the utilisation potential of the seam 
deteriorates from a coking coal to an export thermal coal. This is mainly due to the 
progressive northwards development of a siltstone interbed within the seam. 

The Balgownie seam attains a minimum working section thickness underlying Camden. 
The coking coal characteristics improve towards the north and appear to continue 
beyond the limit of current exploration. 

Geotechnical Results 

Throughout this northern part of the Coalfield the Bulli seam roof usually consists of 
laminated siltstone and claystone with some fine grained, laminated sandstone present in 
some areas. This unit varies in thickness between 2 and 25 metres and exhibits a low 
strength. Some of these laminated units contain claystone beds which are highly reactive 
and become incompetent when exposed to air and water. 
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The formation above this laminite, commonly having an erosive contact, is a massive 
sandstone. This unit is strong to very strong in both diametral and axial point load 
testing. 

The floor of the seam is typically transitional into carbonaceous claystone, weakly 
laminated to massive and exhibiting a low diametrical point load index. This floor may 
result in dilution or contribute to convergence where transferral of vertical stress 
components occur. 

The Balgownie seam maintains a consistent roof comprising medium grained, lithic 
sandstone. This sandstone tends to be massive. Point load tests and fracture logging 
indicate that this is likely to be a strong, relatively homogenous roof. The impact on this 
strata may be either lessened or intensified depending on the interseam thickness between 
the Bulli and the Balgownie seams and the intensity of fracturing associated with the 
abutment pressure arch of previous longwall extraction in the Bulli seam. 

The floor of the Balgownie seam is generally a weak silty laminite with a sharp contact. 
This unit ranges from 0.5 metres to over 1.5 metres thick. Mining activities across such a 
floor would possibly result in some run-of-mine dilution. The thick competent sandstone 
underlying this laminite could exacerabate loading conditions on pillars and coal ribs in 
areas where the overlying seam has not been extracted and the strata destressed 

Rib support is likely to be required due to the proportion ofvitrain bands and the 
resulting brittle nature of the coal, particularly in the Balgownie seam. 

Interseam Separation 

Detailed investigations will be required to determine the minimum interseam separation 
necessary to enable coal extraction to occur in the Balgownie seam subsequent to 
completion of mining in the overlying Bulli seam. 

Subsidence 

Where seam separation between the Bulli and Balgownie seams is sufficient to permit the 
extraction of both seams, surface subsidence, for the combined working sections of up to 
7 metres, could be 2 metres (Mine Subsidence Board, 1993). The resultant impact upon 
the I: I 00 Year flood limit would be considerable and carries important implications for 
land-use planning within the Nepean River Floodplain. Total extraction will not be 
permitted under areas, such as Camden, which are either currently subject to flooding or 
would become affected subsequent to mining. 
Regional Structure 

North-west striking normal faults have been interpreted across the area based on 
petroleum seismic data and the observed strike of dykes, including the Luddenham Dyke 
(Cozens et ai, 1992). These faults have resulted in horst and graben or half-graben 
structures within the upper coal measures. Vertical throws of as much as 90 metres have 
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been interpreted along these faults. These structures are superimposed on the Camden 
Syncline which dominates the area. 

The spacing between these structures can range up to 4 kilometres. Although this is 
sufficient to permit longwall extraction, there may be additional intervening structures 
which have not yet been detected due to limitations in seismic resolution. 

To the west and nothwest of Camden the prime coking coal resources are bounded by 
the north-south trending Nepean Structural Zone . 

. Stress 

A combination of stress relaxation and remnant palaeomagnetic orientation of core has 
been used by CSIRO's Division of Exploration and Mining to provide stress directions 
from core of the Bulli seam from DM Varroville DDH2. The results do not indicate a 
predominant horizontal stress direction. Strain relaxations of the order Of7OIlJll were 
observed. 

In areas where the Bulli seam has been extracted, the impact of stress concentrations on 
subsequent Balgownie seam operations from remnant pillars and unmined blocks of coal 
in the overlying seam will need to be taken into consideration. 

Seam gas 

High gas contents can be expected both within seams and in the overlying Narrabeen 
sandstones. 

Gas blowouts have occurred within the upper Bulgo Sandstone during drilling 
operations. Gas flows of up to 71,000 cubic metres per day were recorded in AOG 
Camden PDH 7. The fracturing associated with the formation of the longwall goafmay 
create a connection to these reservoirs and result in significant inflows of gas to the 
workings. These sandstones exhibit low permeability and are therefore not ideally suited 
to pre-drainage techniques. 

Gas levels within the Bulli and Balgownie seam are up to twice the levels experienced in 
current mining operations and pre-drainage will be essential before extraction can take 
place. 

Within the area where both the Bulli and Balgownie seams are potentially mineable, the 
major underlying gas reservoir, the Wongawilli seam, usually consists of 1 to 2 metres of 
coal. North of this area, where the Bulli seam becomes unmineable, the effect of post
mining gas incursions into the Balgownie seam will be exacerabated from the overlying 
Bulli seam and the reappearance of a substantial reservoir in the Wongawilli. 

Although no permeability data is available for this area, cleating within the Bulli seam is 
well developed and exhibits some minor carbonate infilling. The Balgownie seam also 
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exhibits good cleat development with less infilling. The Balgownie seam characteristically 
contains abundant fine, disseminated mineral matter. 

Geothennal Gradient 

The geothermal gradient in DM Varroville DDH 2 at depths between 700 and 800 
metres indicates that the in-situ temperatures of seams will range between 450 C and 
480 C. These temperatures may necessitate the need for refrigerated ventilation. 

Land Use Conflicts 

The fact that mining will occur in a northerly direction is in juxtaposition to the 
southward expansion of the Sydney metropolitan area. This can be readily observed in 
the rapid urban expansion that is currently occuring in the Campbelltown-Camden
Narellan areas. In addition urban development proposals such as Macarthur South and 
South Creek Valley could have a major impact on the viability offuture coal mining 
operations in the region. 

The major impacts of these urban developments would be to restrict the availability of 
sites for future colliery surface facilities and transport/utility corridors. Other areas of 
potential conflict include the impact of mine subsidence on flood-prone land, particularly 
in areas of existing and proposed urban development, and drainage/sewerage 
infrastructure in areas oflimited topographic relief. 

Another area of potential conflict is the requirement by coal mining and petroleum 
companies for access to the surface for exploration. Although individual components of 
exploration programmes do not involve significant periods of time, the pre-development 
programmes are undertaken over a number of years and a number of exploration 
methods are incompatible with urban development. 

One mechanism to minimise conflict with urban development is to ensure that these 
developments are located in areas with no underlying coal and gas resources. Further 
exploration needs to be undertaken to define these limits, particularly in areas where coal 
resources are, as yet, unallocated. Restricting development in this manner will enable 
coal mining and gas production activities to occur and reach completion whilst urban 
development is occuring in areas not affected by underlying resources. Urban 
development can then occur in areas where resource extraction has been completed. 
Conflict can therefore be minimised through the use of this sequentiallanduse 
mechanism. 
CONCLUSIONS 

With the increase in depth of cover to the north-east, mining is likely to be established in 
a gradual progression as "leap frogging" of new mines would require considerably higher 
operating costs to be absorbed initially. 
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Coking quality coal in the Bulli seam has an apparent limit some five kilometres north of 
Narellan which coincides closely with the northerly thickening shale parting that occurs 
towards the middle of the seam. 

The Balgownie seam, however, maintains strong coking properties combined with low 
phosphorous content and low to moderate ash levels in a broad zone trending north-east 
from Camden at least as far as Leppington. 

The attractiveness of a large resource of natural gas located close to Sydney has been 
recognised for quite some time. The possibility of exploiting this potential gas resource is 
still being investigated. When mining proceeds into this region the pre-drainage of seam 
gas will be imperative. 

The difficulty of mining the remaining coal resources in the Southern Coalfield will 
increase with depth. Although more detailed investigations are required to determine the 
exact nature of these impacts, the effects on the economics of future mining operations 
will be lessened by conducting operations under gradually increasing depths of cover. 
This limitation may lead to an increased risk of resource sterilisation due to the rapidly 
encroaching urban development in the north. 
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THE SYDNEY-NEWCASTLE RAILWAY: 
19th CENTURY ENGINEERING GEOLOGY? 

DFBRANAGAN 
Dept. Geology & Geophysics, University of Sydney 

THE RAIL LINK 

The construction of the Sydney-Newcastle rail link was carried out in the 18805, 
probably as a result of public pressure on politicians. Newcastle was attaining dominance 
in growth and business over Maitland, and road access to the Humer Valley region was 
still essentially directed towards Maitland, Newcastle being linked by sea to Sydney. 

However the difficult terrain of the Hornby Plateau, and particularly the crossing 
of the Hawkesbury River, were major obstacles. Road access had been initially via Putty 
and Howes valley in the 1820s, then via various versions of the Great North Road, 
constructed under Thomas Mitchell's direction, the major challenge being the descent to, 
and ascent from Wiseman's Ferry on the Hawkesbury River (Upton, 1932). Mitchell's 
solution on the northern side of the river was typically bold, but effective, replacing the 
first ascent route surveyed by Surveyor Heneage Finch (Figure 1). 

The road from Hornsby to Peats Ferry came much later, as isolated settlements 
were established along the rather rocky and relatively unfertile plateau, but this difficult 
route was established in 1844, providing a land route to Gosford. Even in the 1880s 
there was little land access north from Gosford, it being essentially via the west side of 
Lake Macquarie, and in the early 1840s Ludwig Leichhardt had a very difficult trip on 
horseback from Gosford along the coastline back to Newcastle (Branagan, 1994). 

Surveys were made during the late 1870s, considering sites from the coastline as 
far west as the Bulga road. Surveyor Stephens was sent by John Whitton, first Engineer
in-Chief of the New South Wales Railways to find a suitable crossing of the Hawkesbury 
River about 1875. This seemed too difficult, so an alternative route from Windsor to 
Singleton was sought by Surveyor Hoyle. But this route apparently also required a 
number of bridges and was rejected. An alternative route via the Colo River and Mudgee 
was also seriously suggested, and naturally enough supported by the Member for 
Mudgee. Finally a viable route was established, along the present corridor. Whitton 
himself designed a bridge for the Hawkesbury crossing, although there was talk of a train 
ferry to overcome the problem. To the north of the river Surveyor Cummings surveyed a 
line on the west side of Lake Macquarie then via Wallsend to Waratah (Preston, 1983). 

The southern part of the route from Sydney was by no means easy, as there was 
then no crossing of the Parramatta River east of Parramatta itself, and the ascent to 
Hornsby was quite steep. Initially Public Works engineers were advised to plan road 
bridges crossing the local rivers to be available also for railway use. One trial survey 
involved a route from Redfern to Pearce's Comer crossing the Lane Cove River about the 



126 

D.F. BRANAGAN 

site of the present De Burgh's Bridge (Singleton, 1965). 

However, in 1880 the Public Works Loan Act authorised the construction of the 
"Homebush to Waratah" Railway. Homebush was of course on the much older Western 
(and Southern lines), and Strathfield station (the actual takeoff point, first named 
Redmyre) had not then been built. It should, of course be remembered that the Newcastle 
to Maitland Line (named the Great Northern Line by Governor Denison, when opening 
it) had been in operation since 1857, and had been extended to Quirindi by 1877, and 
was continuing to Wallangarra, the intention being to link Sydney and Brisbane by rail 
(Preston, op.cit.). 

Parliament rejected Whitton's recommendation that the line be duplicated from the 
beginning, but he (and his successor, Henry Deane) either ignored the order, or had it 
modified, as all the tunnels and major bridges were built for two lines. This was 
fortunate, as duplication began after only three years, and was complete after only 
nineteen years. 

The works were carried out under four different contracts: Strathfield to 
Hawkesbury River, Hawkesbury River to Gosford, Gosford to Hamilton (not Waratah), 
and a separate contract for construction of the Hawkesbury Bridge. The major geological 
problems were undoubtedly with construction of the Hawkesbury Bridge, and the section 
north of the river to Gosford caused some interesting problems. However there were a 
few matters on the other two contracts which deserve mention. 

STRATHFIELD • HAWKESBURY 

The Parramatta River crossing seems to have been accomplished without major 
problems using a very large labour force (some 300 navvies), the piers being founded on 
rock (deepest 90 ft below the bridge rail level). The contractor for this section of railway 
was Amos and Company, also the contractor on the Gosford to Waratah portion. Henry 
Deane, arrived from the V.K.only in 1881, was appointed Resident Engineer for the 
Homebush to Hawkesbury section in 1884 (Coltheart and Fraser, 1987). 
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Figure 2. Thornleigh ZigZag and 
Quarry site. 

Figure 1. Mitchell's Great North Road Figure 3.Sandstone from Mosman 
Wiseman's Ferry (1. Willis, 1882, Mitchell Library) for Parramatta Bridge abutments. 
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The measure of progress can be seen in the beginning of cylinder sinking on 27 
April 1885, the superstructure begun 4 January, 1886, the whole work completed on 14 
August, 1886: somewhat speedier than, say, the present Glebe Island Bridge. A quarry at 
Ryde provided shale for brickmaking, bricks being largely employed for lining tunnels, 
and for construction of culverts, under and overpasses. Although the engineers did not, 
apparently, trust the Hawkesbury Sandstone in situ for tunnel support, they were happy 
to use it for two purposes, abutments and ballast. 

The abutments of the Parrarnatta Bridge were made of sandstone blocks cut from 
a quarry above the shore at Mosman, the stone being carried by funicular to a stone 
wharf, thence by barge to the site (Figure 2). Sandstone was also the preferred material 
for ballast, and there was a major source, a quarry at Thornleigh, one hundred feet 
vertically below the railway elevation, reached by a small zig-zag railway, which operated 
also during the duplication work in the 1890s (Figure 3). During the duplication work (at 
least) a quarry was also operated from a siding at Cheltenham. 

At Meadowbank, on the north side of the Parrarnatta River, the route cuts through 
sandstone, in which a quite complex stratigraphy/structure, consisting of Hawkesbury 
Sandstone and Mittagong Formation, with several faults, is exposed, before climbing a 
westerly extension of the Roseville Warp (Branagan, 1985), on which dipping Ashfield 
Shales are exposed. In general the route through the shales, including the large 
'Denis tone Cut' seems to have been relatively free of trouble, but there must have been at 
least a few slope failures over the years, while cuttings containing dykes, such as that 
near Pennant Hills station, needed treatment in due course. Shale from cuttings was used 
in the local fill areas, and the degree of weathering, which was variable, from very fresh 
to quite weathered, affected compaction. Culverts at Terry's and Devlin's Creeks were 
built of brick, the latter, on a 20 chain (400m) curve being 30ft high. This creek was used 
for watering the engines in the early years (Singleton, op.cit.). 

The climb from the Parrarnatta River to the Hornsby Plateau level, a rise of 554ft 
(l6Om?) was achieved in 21miles (34km), and this section of line was opened on 17 
September 1886. 

Although not officially part of the "Short North" or "North Coast Line", mention 
should be made of the North Shore Line, built some years later from North Sydney to 
Hornsby, and a proposed St. Leonards to Epping link, which was replaced in the 1940s 
by the Epping Highway, and called, at the time, "Spooner's Folly", (for the politician 
who pressed for its construction) as it would never be used to any extent! Edgeworth 
David used some of his travel time from Waitara to North Sydney observing the 
stratigraphy and structure, and recognising the Roseville Warp, in an unpublished cross
section (David, n.d.), although he does not seem to have written anything about this 
work. 

The route from Hornsby to Cowan almost entirely on Hawkesbury Sandstone, 
literally took over the site of the Peats Ferry Road, and the road was diverted mainly to 
the west. The descent to the Hawkesbury River (or rather the climb south) was to be a 
continuing major problem for steam trains, and involved a number of tunnels and a quite 
large fill zone (220000 cubic yards, reaching a maximum height of 105ft.). Much of the 
area at Brooklyn was built on fill, available from cuttings and tunnel excavations. The 
Strathfield - Hawkesbury section was completed by 7 April 1887. 

HA WKESBURY RIVER TO GOSFORD 

This section, built under the contractor George Blunt, (who earlier had built the 
section from Muswellbrook to Scone, 1869-71) included the construction of Australia's 
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longest tunnel, 5871 ft long, driven under a maximum cover of 360 ft (11 Om). The Woy 
Woy Tunnel involved the excavation of 124 500 cubic yards of sandstone, (Hawkesbury 
Sandstone and Tenigal Formation), the placing of 10 million bricks, 10000 casks of 
cement, 110 tons of blasting powder and 10 tons of dynamite(!), as well as large 
quantities of compressed air for rock drills and ventilation. Access to the tunnel portals 
involved the removal of large quantities of rock in cuttings, and the bricks were 
apparently from Sydney's 'North Shore', and shipped to the site. Blunt employed 800 
men on the project, 300 men on each of the main shifts, working at first from the eastern 
(Woy Woy side) portal, and requiring an inclined rail system to bring materials from the 
waterside to the tunnel portal. Begun in March 1884 it was officially opened on 17 July 
1886. Apparently the work was tedious but not interrupted by any major poor geological 
conditions. Presumably bricking followed immediately after rock blasting and removal of 
spoil (Daily Telegraph, 1886). Four courses of brick were used for support, according to 
Neville (1995). This difficult project was achieved without any loss of life, or indeed, 
serious accident. 

While this was a difficult and time-consuming job it was not the greatest problem 
encountered by Blunt This proved to be the placement of fill along Mooney Mooney and 
Mullet Creeks. These creeks are an extension of the Hawkesbury drowned valley system, 
and the mudbanks apparent at low tide were rather precariously perched on the shoulders 
of the incised inner valleys of the valIey-in-valIey system. Consequently loading of these 
muds with embankment fill often caused slope failure and mini gravity currents, with the 
consequence that fill placed had often disappeared by the following morning (Singleton, 
op.cit.). Thus a proposed tunnel along Mullet Creek was replaced by a deep cut, as the 
extta material of the tunnel roof was hastily excavated to supply additional fill. A number 
of mud islands in this area are probably the result of deflection of material during fill 
emplacement more than a hundred years ago. 

There were a number of em bankments that continued to cause problems, one at 
Mullet Creek before entering the Woy Woy Tunnel and another on Brisbane Water. The 
heavy fin at Mullet Creek deflected considerably, sinking in the middle, and even after 
building up the track by 9ft (in the early 1900s) the original grade was not achieved. 
Blunt's work on several bridges also proved difficult. The Woy Woy Creek bridge 
crossing a stream only 10-15 feet deep turned out to require foundations at depths 
between 42 and 58 feet, far in excess of expected depths. It was no surprise therefore that 
his contract, begun in 1884 was not completed until January 1888, more than a year after 
its original proposed completion. There were later changes on this section. Noteworthy 
was a siding and private rail link just east of the Woy Woy Tunnel to a basalt quarry 
(Raggatt, 19??)(now Woy Woy rubbish dump), opened in September 1928, but which 
failed to produce much quality material, and the operating company went into liquidation 
in January 1931. 

Sandstone quarries were established at Wondabyne in the 1920s and a siding put 
in, and good quality sandstone was obtained from this site. Whether quarrying operations 
were to blame is uncertain, but there were a number of rock falls along Mullet Creek in 
1952, causing the line to be realigned with new fill along the river,leaving the old 
embankment as a buffer to catch any large falls 

Prior to the completion of the Hawkesbury Bridge a ferry transferred passengers. 
The paddle-steamer General Gordon operated first between Brooklyn and Gosford, via 
Broken Bay and the Rip, between 15 August, 1887 and 16 January, 1888, and then from 
Brooklyn to Mullet Creek, until the bridge was completed, and during the bridge 
construction period an engine was sometimes fenied across the river. 
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GOSFORD TO WARATAH 

A route avoiding many of the ridges gave much easier conditions for construction 
through the softer rocks of the Narrabeen Group, and further north through the Permian 
Newcastle Coal Measures, with some sections of alluvium and colluvium, but there 
proved to be some maintenance problems over the years. However the large embankment 
on the south side of Dora Creek has caused a damming effect on the stream which can 
flood quickly. The original railway bridge was replaced in 1958, the old bridge being 
converted to road use. 

A fairly deep cutting north of Awaba proved to have unstable sides, shedding 
boulders and rock blocks onto the line, particularly during wet weather, while beyond 
Fassifem "gravel" (weathered conglomerate) showed an inclination to unravel. East of 
the 526ft long Tickhole Tunnel the line originally ran over two private colliery railways. 

Gravel (weathered conglomerate) ballast was obtained from near Dora Creek, and 
in 1891 the Teralba Gravel Siding opened. Other gravel pits, opened by small operators 
in 1909, were taken over in 1922 by Teralba Gravel: they closed 1939. In 1936 a huge 
quantity of gravel was excavated along the old original line (at Teralba) for the 
Broadmeadow marshalling yard, while the possibility of regrading and eliminating a 
steep section at Fassifem was considered. Railway buff, Singleton (1966), wrote that 
"depressing of the line through the soft, decomposed granite of the ridge [!J would have 
been much cheaper than the extra length of the track and earthwork of the deviation. 
Proposals to revert to deepening here were made, and when fill was required at 
Broadmeadow some was taken from this site, but the proposal was never followed 
through". Singleton apparently took the comment on "granite" from Eardley (n.d.), and 
accepted it. 

Preston (1983) outlines the construction of the Sydney-Newcastle railway, in a 
broad discussion of railways within the Hunter region, and mentions the problems faced 
in building the Hawkesbury Bridge. Neville (1995) comments briefly on the method of 
construction of both the Woy Woy and the (old) Tickhole Tunnels, noting the geology. 

THE HAWKESBURY BRIDGE 

Space does not allow discussion of the completion of this bridge. Whitton's original 
plans using local companies, were rejected by the Government, mainly on the basis that 
there would be too great a public cost, and overseas companies were invited to tender. 
The Union Bridge Company of the United States was selected from 14 tenders, but 
British materials were specified (and fabricated in Scotland). Quite good details of the 
construction methods are given in newspaper articles (e.g. Sydney Mail, 1886, Daily 
Telegraph, 1889) and illustrations, drawn on the spot (Figures 3, 4, 5 &6). The caisson 
construction was new, being employed, almost simultaneously on two other bridges (one 
in the USA (Hudson River), the other in India, Hooghley). Three dredging tubes were 
placed within the outer steel caisson, which was constructed on site from sections 
brought by ship. As material was removed it was replaced by concrete and additional 
caisson rings added until firm foundations were reached. The deepest foundation proved 
to be the last emplaced, reaching a (then) record 169feet. This caisson was completed in 
one year (May 9, 1887 -May I I, 1888). Bluestone (probably from Melbourne formed the 
plinths of the piers, and local Hawkesbury Sandstone the upper portions. I have not yet 
found any information that the site was drilled for evidence of the river bottom 
conditions. 
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ENGINEERING SERVES GEOLOGY 

Judging from the comments or lack of them little notice was taken of the geology 
during the early phases of construction of this railway and bridge, and indeed probably 
nO! until the late 1960s, when the instability of the coal measures began to be studied, and 
a new Tickhole Tunnel had to be considered. The problems became evident when 
electrification required higher tunnels, and excavation of the floor of the Tickhole Tunnel 
exposed weak rock, and possibly some old coal workings (I. Glastonbury, pers. 
comm.). Apart from the rock falls noted above, near Fassifern and the soft 'granite', 
there was some subsidence 'near Newcastle' in 1898 (possibly related to old mine 
workings) according to Maguire (n.d.). 

Geology has played a much more significant part in railway engineering since the 
19605. Baker (1995) discusses one of the more complex aspects of mining and 
subsidence undertaken in the last several years at Teralba. 

Rather than geology serving engineering in the early days, the railway served to 
clarify the geology. C.S. Wilkinson, and later Edgeworth David, used the railway from 
Newcastle to Singleton to elucidate the structure and stratigraphy of the Permian sequence 
(Branagan and Diessel, 1993). David, then Geological Surveyor in the Department of 
Mines, carried out a preliminary examination of the "coal measures and associated rocks 
between Teralba and Gosford along the Great Northern Railway line" during February
March 1888. In particular he reported on the section between Dora Creek and Wyong, 
noting that the low-lying alluvial was useful for agricultural purposes, while the 
undulating sandstone and conglomerate country was "at present useless except for coal
mining". In addition to "soft fine-grained sandstones and conglomerates the cuttings 
exposed "purplish-red and pale greenish-grey shales". While the general dip was south
westerly between 11(2 and 21(2 degrees, between the 63miles and 65chains and 63miles 
54chains it was 100. Small faults were present, but the strata seemed "free from heavy 
faults". David reported basalt dykes "from 1 foot to 18 feet thickness at places between 
the 68 and 68 mile pegs (David, 1888). Unfortunately the plan of the railway he refers to 
was not published. 

Two years earlier (18 February, 1886) David went to Newcastle by ship and 
"witnessed the boring through of a coal seam at the No.12 diamond drill bore, on the 
Homebush and Waratah railway, my evidence being required by the Crown Solicitor", 
but the reason behind this activity was not expanded upon. 

In 1886 also the Curator of the Mining Museum, I.E. Carne (1886), reported 
with enthusiasm on a large collection of fossils in a "splendid state of preservation ... 
obtained in quarrying sandstone ballast for the railway line in course of construction at 
Gosford". 

Access to the region between Sydney and the Hawkesbury River enthused some 
entrepreneurs, and in 1887, as it was being completed, there was a spate of applications 
to mine for coal in the area between the railway and the coast Government Geologist, 
C.S. Wilkinson and lW. Mackenzie, Examiner of Coalfields inspected the area, and 
reported on the likely depth to coal, and the physical difficulties involved in opening up 
mines in the area. 

The Hawkesbury crossing was built before there was much geological discussion on the 
nature of the drowned valleys, and indeed much understanding of the effect of sea-level 
changes in the Sydney region caused by Pleistocene glaciation. Curran (1899) just 
suggests coastal depression for the submergence of the Hawkesbury River, and rejects a 
glacial cause. David and Halligan (1908) considered Recent submergence, and Siissmilch 
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(1914) accepts this, but there is little consideration of the significance these geological 
conditions played in depositing sediments in the drowned estuaries, and providing 
difficult conditions for bridge builders. This became evident with the construction of the 
George's River bridge in the 1920s (Branagan, 1969). 

Figures 4, 5 &6. Hawkesbury Bridge Caisson construction. 
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INTRODUCTION 

The marine transgression represented by the Pennian Bulga Formation 
and the Archerfield Sandstone in the Wittingham Coal Measures of the Hunter Valley has 
been the subject of several studies presented at previous Newcastle Symposia, notably by 
Uren (1983, 1985) and Diessel and Stoddart (1986). The marine interval and its 
overlying coal, the Bayswater Seam, have been correlated with the Arkarula Sandstone 
and Hoskisson Seam in the Gunnedah Basin by Britten and Hanlon (1975), Hamilton 
(1985), Beckett et al. (1983) and Tadros (1993). For most of this distance the combined 
Bulga Formation and Archerfield Sandstone are less than 10 m thick and disappear 
altogether near Kayuga northwest of Muswellbrook, due to the coalescence of the 
Broonie, Bayswater and Wynn Seams. 

While the interpretation of the bioturbated, shaly Bulga Formation as a 
bay floor to prograding lower shoreface and the Archerfield Sandstone as an upper 
shoreface (Uren 1983, Britten and Smyth 1973, McHugh 1984) has been largely 
accepted for most of the investigated area, the cause the transgression and the mechanism 
of the split between the Bayswater and Wynn Seams remained specUlative. The 
transgression occurred apparently in response to a eustatic sea level rise (Hamilton 1985), 
although Brakel (1984) also suggested a tectonic influence. It flooded peatlands as far 
inland as the Gunnedah Basin 200 km to the north, and also affected parts of the Bowen 
Basin in Queensland, before retreating into the more rapidly subsiding eastern sector of 
the Sydney Basin. 

Although Uren (1983, 1985) found some indication of erosion at the 
upper contact of the Wynn Seam, there was not enough evidence for the existence of an 
unconfonnity in the her study area. Recent drilling at Mount Arthur South, between 
Jerrys Plains and Muswellbrook has revealed an angular discordance at the base of the 
Archerfield Sandstone which is the subject of this paper. 

THE UPPER WYNN-TO-BROONffi SEAMS INTERVAL 

A locality map is illustrated in Fig. 1 and the relevant cross-section is 
given in Fig. 2. The 25 Jan long section line A - B extends from the amalgamated Upper 
Wynn-to-Broonie Seam near the Hunter Thrust into the basin in a south-south-westerly 
direction, before turning south-eastward towards the Muswellbrook Anticline. At this 
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,~~iIIBI~j. Fig.I. Locality map of the 
section line A - B north-west of the Muswellbrook Anticline. 

locality (B) the marine split is thickest, although it is represented by the Archerfield 
Sandstone only. A strong angular unconfonnity occurs at its base against which the 
Wynn, Edderton and Clanricard Seams have been eroded. To the north, along the section 
line, the discordance weakens, and fIrst the Wynn and, after splitting, the Upper Wynn 
Seam appear with increasing thickness until the marine interval tenninates and the Upper 
Wynn Seam combines with the Bayswater Seam. 

As mentioned above, the overlying Bulga Formation (where present) 
consists of a sand-laminated shale which coarsens upward. It is heavily bioturbated and 
appears to be of lower-shoreface origin in many places, although features of 
interdistributary bay origin (flaser bedding, worm burrows, thin lamination) are prevalent 
near the Muswellbrook Anticline. Because in the central and northern portions of the 
section the unit grades upward without any signifIcant demarcation into the Archerfleld 
Sandstone, Uren (1985) combined the two into the Archerfleld-Bulga Formation. 

The Archerfleld Sandstone is of wide distribution although it is 
represented by only a few metres thick, bioturbated shoreface and foreshore deposits, in 
which McHugh (1984) recorded elevated boron contents, compared with the over- and 
underlying strata. Near the split axis, a thin pebbly ravinement deposit (basal 
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conglomerate) constitutes the whole of the transgressive portion of the combined 
Archerfield-Bulga Formation. It forms a lag which comprises the remnants of beach 
deposits which, in the course of the marine transgression, have been successively 
destroyed and rebuilt up-palaeoslope. As shown in Fig. 3, the underlying erosional 
contact with the Wynn Seam rises in the direction of the split axis, which is clearly 
indicated by its position relative to two bands of volcanic ash (# 2 and 6 = WUBl). 

Fig. 2. Cross-section of the stratigraphic interval between the Clanricard and the Vaux 
Seam extending from Dartbrook to the Muswellbrook Anticline along the section line A -
B in Fig. 1. The unconformity and its correlative surface in the amalgamated seam are 
indicated by SBI (= No.1 sequence boundary). The numbers at the bottom of the 
diagram indicate relevant boreholes. 

At the southern end of the section in the Mount Arthur South area (B), the 
upper shoreface to beach deposits of the Archerfield Sandstone give way to a thickened 
distributary channel and mouthbar system. It appears to be genetically linked to the fluvial 
system which has split the overlying Bayswater Seam in many places. In a number of 
Boreholes the Bayswater seam has been largely replaced by sandstone channels. It is 
suggested that these were the feeder channels which continued to supply sediments 
throughout Bayswater time to the distributary mouth bars and laterally adjacent shoreface 
of the prograding shoreline. 

The Archerfield Sandstone is overlain by the Bayswater Seam. The 
formation of this rather dull coal during shoreline progradation, i.e. during a regressive 
stage is shown by the downlapping tuff bands one of which, BA3, is indicated in Fig. 3. 
Since the tuffs are time markers. the coal seam must have been time-transgressive. i.e. its 
peat has followed the prograding barrier beach (= Archerfield Sandstone) by occupying 
remnant lagoons, washover fans, and other emergent features of the backbarrier. 
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Fig. 3. Compilation of brightness logs (derived from lithotypes) through the northern 
portion of A - B in Figs. 1 and 2. Tuff markers, and the unconformity with its correlative 
surface (SB 1) in the amalgamated seam are highlighted; the marine split of the Bulga 
Formation and Archerfield Sandstone are shaded. 
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THE TERMINATION OF THE UNCONFORMITY IN THE 
AMALGAMATED SEAM 

The amalgamated seam of high volatile bituminous coal is up to 30 m 
thick, and was formed by the coalescence of the Upper Wynn, Bayswater and Broonie 
Seams. Because the stratigraphic position of the unconformity is constrained between the 
tuff-markers BB3 and BA3 (Fig. 3), this part of the seam was studied particularly 
carefully in order to identify the unconformity or any correlative surface in the coal. The 
results of the investigation, based on DDH 98 of Dartbrook Mines, are shown in Fig. 4. 

Probably the most revealing of the illustrated trends are the reflectance and 
fluorescence of telovitrinite. Ever since it was it found that vitrinite reflectance is 
consistently suppressed and its fluorescence intensity is raised in coals that contain 
alginite, i.e. the remnants of algae, and large amounts of other liptinite macerals (Hutton 
and Cook, 1980; Hutton et al., 1980; Goodarzi, 1985; Kalkreuth, 1982; Kalkreuth and 
Macauley, 1984,·1987; Wolf and Wolff-Fischer, 1984; Hagemann et al., 1989; Diessel, 
1992a, b), vitrinite reflectance has ceased to be a unique rank indicator. Coals whose 
mires have been subjected to flooding record the degree of dilution of the acid peat water 
very sensitively by lowered vitrinite reflectance and raised fluorescence intensity. 
Opposing trends in the two optical properties indicate absence of flooding and some 
oxidation, usually under acid condition. 

Fig. 4. Compilation of lithotype and electric logs, optical properties of vitrinite, and the 
results of maceral group analyses between the tuff markers BA3 and BB3 (299 to 305 m) 
of the amalgamated seam in DDH 98. The position of the sequence boundary (SB I) is 
indicated. 
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The increase in reflectance and the concomitant decrease in fluorescence in 
the middle of Fig. 4, between 302 and 303 m, suggest the occurrence of a phase of 
drying and desiccation of the mire surface which is supported by the decrease in total 
vitrinite content and the increase in inertinite. Further evidence of peat exposure and 
degradation comes from the relative increase in liptinite, which is a very stable maceral, 
due to the oxidative removal of humic matter, and from the mineral content It is generally 
low at this level in the seam but increases suddenly over a vertical distance of 30 cm 
which is also indicated by increased density and slightly raised gamma-ray activity. From 
this level upward a reversal occurs in the optical and maceral trends. This suggests that a 
flooding event has occurred which appears to be the landward (lagoonal) expression of 
the marine transgression represented by the Archerfield Sandstone. The surface 
separating the conditions of maximum peat exposure from the renewed flooding is 
therefore correlative with the unconfonnity and constitutes a Nol sequence boundary 
separating the lowstand systems tract below from the transgressive systems tract 
represented by the Bulga Formation and Archerfield Sandstone. Since this unit includes 
the maximum flooding surface, the overlying Bayswater Seam belongs to the highstand 
systems tract. 
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INTRODUCTION 

The Permian-Triassic Sydney Basin is generally relatively weakly 
deformed. Faults with more than several metres of displacement are typically widely 
spaced and folds have very broad interlimb angles. In the southeastern Sydney Basin 
occurs a group of ESE-SE trending faults that are anomalous in trend when compared 
to the dominant northerly oriented structures of the Sydney Basin. These faults are 
thought to have been active during the deposition of the illawarra Coal Measures and 
Narrabeen Group (Hanlon 1956; Wilson 1969; Cook 1969; Bunny 1972; Bowman 
1974). In this report we describe the characteristics of these faults along the coastal 
tract to the north of Wollongong, and present a quasi-extensional model to account 
for their formation. 

SYN-SEDIMENTARY NORMAL FAULTS 

Several ESE-SE trending normal faults occur along the coastline between 
Coalcliff and Scarborough, and include from north to south the Harbour, Jetty, Clifton 
and Scarborough Faults (Hanlon 1956; Figure 1). All these faults have offsets less 
than 100 m and dip either to the north or south at 50-800 (see Figure 1). They 
appear to have displacement decreasing over distances less than 100 m and some (e.g. 
the Jetty Fault) die out rapidly. The fault surfaces are clean breaks with up to 10 cm 
of gouge and fault breccia and locally contain slickensides (see Memarian 1994 for 
more detail). 

Several small normal faults, with displacement up to 5 cm, occur in the 
Coal Cliff Sandstone adjacent to the Clifton Fault Thin sections of these fault 
surfaces show that no brittle deformation has affected sand grains and indicate that 
the faults were active in unlithified strata. Sedimentary layers in the hanging wall 
are thicker than the corresponding footwall layers consistent with the syn-sedimentary 
nature of these faults (see Memarian 1994). This, and similar structures at Jetty 
Fault and at Garie North, indicate the syn-depositional nature of some of the normal 
faults. 
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Figure 1 (a) Simplified map of ESE faults between Scarborough and Coalcliff along 
the coast, 20 kIn north of Wollongong (numbers refer to fault dips and offsets in 
metres). (b) Three dimensional diagram of same area as map showing normal faults. 
Note vertical exaggeration (X5) which has been ignored for the fault dips. 

Other evidence for the syn-depositional nature of these ESE-SE faults 
includes: thicker strata on downthrown sides and decreasing throw up the sequence 
(Hanlon 1956; Cook 1969). Comparing coal seam structure maps (Rixon & Shepherd 
1988) with geological maps (Bowman 1974; Sherwin & Holnies 1986), indicates that 
many of the faults found in colliery workings do not occur at the surface. This 
reflects diminishing movement up the faults into Triassic strata, as shown by the 
Harbour, Jetty and Clifton Faults. 

No systematic joint sets were mapped parallel to any ESE-SE faults. 
The average strike of the southeast regional joint set in this part of the basin is 1350 

which differs from the 100-11 00 strike of the normal faults. The strata were too 
poorly lithified at the time of faulting to undergo pervasive brittle fracture and the 
formation of a regional joint set The local development of slickensides along some 
normal faults indicates that slip continued until after the succession became lithified. 
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BENDING OF STRATA ASSOCIATED WITH SYN-SEDIMENTARY NORMAL 
FAULTS 

Generally, both in the field and in coal mines, no overall change in fault 
dip is seen with increasing depth. Either fault dip remains the same, i.e. they have 
a planar geometry, or it decreases with increasing depth, i.e. they have a listric 
geometry. In the absence of sub-surface information (i.e. seismic data and deep drill 
holes) some idea of fault geometry can be gained from the nature of bending of strata 
adjacent to the faults. 

At the north end of Austinmer Beach, a small southeast-trending normal 
fault illustrates bending of strata that is typical of other ESE-SE faults of the 
southeastern Sydney Basin. In the hanging wall, strata dip gently towards the fault 
In the footwall strata are gently dipping away from the fault surface, i.e. reverse 
drag occurs on both sides of the fault This relationship cannot be attributed to 
rollover but is explained by considering the effect of offset along a single planar 
normal fault in a rock volume (Figure 2; see Barnett et al. 1987). Barnett et al. 
(1987, p. 930) note that for most planar faults with small displacements Oess than 1 
kID), changes in dip of less than 5° are expected. This phenomena is readily 
identified for other ESE-SE faults from the data of Rixon and Shepherd (1988; see 
Memarian 1994). 

. .. ... .1 

Figure 2 Cross section showing reverse drag associated with a simple fault 
(displacement not to scale, after Barnett et al. 1987, figure Ib). 
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Pairs of closely spaced, and inwardly dipping, ESE-SE normal faults are 
common in the southeastern Sydney Basin. The faults have associated reverse drag 
structures which form very broad anticlines between each pair of faults. The syn
depositional nature of these folds has been recognised (Wilson 1969; Bowman 1974) 
and is consistent with their development with the syn-sedimentary normal faults. The 
syn-depositional nature of both the normal faults and the broad folds of the 
southeastern Sydney Basin demonstrate that these structures are related to the one 
deformational event 

The reverse drag structures associated with the ESE-SE faults imply 
that these structures are developed as single planar features that do not form as part 
of a system of connected normal faults. This is consistent with the wide spacing of 
the faults and their minor offsets. 

SYN-DEPOSmONAL STRUCTURAL MODEL FOR THE SOUTHERN 
COALFIELD 

A 2 % lengthening of strata has been measured for an area along the 
coast, between Coalcliff and Scarborough (Figure 1). Both the lengthening of the 
strata and syn-depositional normal faulting indicate mild extension, rather than a mild 
compression (e.g. Bowman 1974), during the Late Permian. Formation of ESE-SE 
normal faults and associated folds can be accounted for by a southeast-northwest 
extension, active at the time of deposition of the lliawarra Coal Measures, and 
presumably the Narrabeen Group. 

Development of extensional stress is related to the tectonic setting of 
the southern Sydney Basin which in the Late Permian was located in a retroarc 
foreland basin (Jones et al. 1984). Because of the elastic properties of lithosphere, 
the load stress of the mountain belt produces a depression that extends beyond the 
limits of the mountain range itself. The elastic upbending at the edge of the 
depressed part produces an uplift at the margin of the depression (Figure 3; Miall 
1990). In a foreland basin, as the underthrusting plate bends downward, the outer arc 
of the elastic portion of the plate is extended (Molnar & Lyon-Caen 1988). This 
deflection is called a forebulge and/or peripheral bulge. Development of a forebulge 
produces tangential longitudinal strain along the outer arc of the bulge and a quasi
extensional stress field is locally formed. It is suggested that the ESE-SE faults and 
related folds developed in a forebulge related to the foreland basin. 

Sedimentological evidence supports identification of the northern part of 
the Southern Coalfield as a forebulge. Bunny (1972) identified the Woronora 
Anticline as a depositional hinge. North of this structure the Bulli Coal loses its 
identity, and the sedimentary sequence thickens. This anticline, together with the 
continuing southeastern structure, the Bulli Anticline, form a hingeline that effectively 
separates shelf and trough areas of the basin, with more rapid subsidence to the 
northeast (Barnberry 1992). In the Southern Coalfield, the direction of the forebulge 
is southeast, which differs from the anticipated north-south direction of a forebulge 
for the whole Sydney-Bowen Basin System. 
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Figure 3 Cross section demonstrating the development of tensional forces due to 
fonnation of a forebulge, away from the loading front in a foreland basin (after 
Molnar & Lyon-Caen 1988). (1) New England Fold Belt, (2) Sydney Basin adjacent 
to Hunter-Mooki Thrust, and (3) forebulge in the northern part of the Southern 
Coalfield. 

The effect of basement structures 

Structures in the southern Sydney Basin have been related to 
configuration of the basement (Cook 1969; Jakeman 1980; Mauger et al. 1984). The 
ESE-SE nonnal faults are subparallel to a set of major lineaments in the Lachlan Fold 
Belt west of the Sydney Basin (Figure 4); including the Lachlan River Lineament and 
east-southeast trending megakink boundaries (Scheibner 1974; Powell et al. 1985). 
The Lachlan River Lineament extends from the Darling River to the coast; one 
segment of this fracture zone runs through the centre of the Bathurst Granite, before 
entering the Sydney Basin and cuts the coast in the vicinity of Botany Bay (Figure 
4). Another segment runs through the Tertiary Canobolas volcanic complex (Figure 
4). If these features are structurally controlled by the lineament then it has been 
active from at least the Late Palaeozoic onwards. Any relation between basement 
lineaments and the ESE-SE faults is presently obscured in the subsurface. It may also 
be possible that reactivation of the Lachlan River Lineament in the Late Pennian 
controlled the anomalous southeast trend of the forebulge in the northern part of the 
Southern Coalfield. In this case, the ESE-SE normal faults may represent secondary 
rather than direct reactivation of the Lachlan River Lineament 
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Figure 4 Major east-southeast lineaments in the southern Sydney Basin and the 
adjacent Lachlan Fold Belt (after Scheibner 1974; Mauger et aI. 1984; Powell et al. 
1985; Lohe et al. 1992). 

CONCLUSIONS 

Incipient extension was responsible for formation of ESE-SE trending 
normal faults and related folds during deposition of the Illawarra Coal Measures and 
the lower part of the Narrabeen Group. A Late Permian-Early Triassic quasi
extensional stress field was developed by formation of a forebulge in the northern part 
of the Southern Coalfield. The local southeast trend of the fore bulge may reflect 
reactivation of appropriately oriented basement faults. Normal faults fonned as single 
planar fractures with associated reverse drag features in adjoining strata. The normal 
faults are not necessarily the continuation of basement faults. 
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The Hunter River Cross Fault ( Glen & Beckett 1993) is a regional scale feature of the 
geology of the Hunter Coalfield (figure 1) and separates two of the main structural 
blocks, the Muswellbrook Block to the north, from the Loder Block to the south. 

Expression of the Hunter River Cross Fault 

The Hunter River Cross Fault is traceable at map scale as a west to northwest trending 
structure, from near Elderslie in the east, to near Doyles Creek in the western part of the 
coalfield. In the east it is a blind structure, that forms a sharp divide between (map scale) 
faults and folds on its northern and southern sides. In most of this area the Hunter river 
Cross Fault is also largely obscured by recent alluvial deposits and cultivated lands of the 
Hunter River floodplain. West of the Loder Anticline the fault widens into a zone 
approximately 1 to 2 kilometres wide which contains internal NW trending thrust faults 
and ENE trending normal faults which also separate map scale structures on its northern 
and southern sides. 

Plunge tenninations of north-south trending folds provide the principal identification of 
the Hunter River Cross Fault, especially in the eastern part. In the east the Belford 
Dome, Singleton Syncline and the Loder Anticline on the south side of the fault are 
offset from the folds on the north side, in the Sedgefield area. Meridional faults do not 
continue across the Hunter River Cross Fault. In the west the Mount Ogilvie Thrust 
Fault to the north and the Redmanvale Thrust Fault to the south do not cross the Hunter 
River Cross Fault although the latter extends into the fault zone. 

These differences in regional structures across the Hunter River Cross Fault led to its 
recognition as a major structural block boundary in the Hunter Coalfield, representing 
the Loder Block to the south and the Muswellbrook Block to the north. The envelope to 
the Hunter River also coincides with the Hunter River Cross Fault (hence its name). 

Nature of the Hunter River Cross Fault 

Glen (1993) and Glen and Beckett (in prep.) postulate a two stage deformation history 
for the southern part of the Hunter Coalfield and for the northern part of the Newcastle 
Coalfield. 
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Phase I structures are WNW and E-W trending thrusts and folds that were generated by 
NNE-SSW compression. Phase 2 structures are (sub)meridional thrusts and folds, 
developed in response to E-W compression that also led to left lateral reactivation of 
phase I faults. 

Formation of the Hunter River Cross Fault fits this two phase deformation history. Phase 
I deformation led to the formation of WNW bedding trends represented by the southerly 
plunge termination of the Sedgefield Anticline to the north and the northerly plunge 
termination of the Belford Dome to the south. Phase 1 (in the Hunter Coalfield) may 
have also led to the formation of the WNW trending southern "ends· of the 
Muswellbrook Anticline and three regional folds in the Sedgefield area; the Sedgefield 
Anticline, the First Creek Syncline and the Darlington Anticline. Plunge culmination in 
the central part of the Camberwell Anticline may also be a response to this phase of 
deformation. 

Reactivation by phase 2 deformation led to left lateral strike slip on the Hunter River 
Cross Fault, especially in its western part where it was manifested by the formation of 
NW trending thrusts and inferred thrusts and by NE trending normal faults. Phase 2 
deformation may have generated or accentuated SE swings in the axial trace of the 
Muswellbrook Anticline and folds in the Sedgefield area. The Hunter River Cross Fault 
thus acted as a tear fault during this second phase of deformation, separating regions to 
the north and south that underwent different amounts of east-west shortening. South of 
the Hunter River Cross Fault,(Loder Block), shortening in the Hunter Coalfield is largely 
taken up by the Belford Dome and the Loder AnticlinelMt. Thorley Monocline, and east 
of the Hunter Coalfield by the large amplitude Lochinvar Anticline and its bounding 
thrusts (Glen 1993). North of the Hunter River Cross Fault (Muswellbrook Block) the 
deformation front extends farther west than in the Loder Block and a greater degree of 
shortening in the Hunter Coalfield is taken up by the formation of a larger number of 
structures, with the largest being the reactivated Muswellbrook Anticline. 

The outwardly directed thrusts inferred from the eastern part of the Hunter River Cross 
Fault after phase I deformation have similarities to flower structures drawn above strike 
slip faults. This type of deformation would also be reinforced by reactivation as a tear 
fault in phase 2 deformation. However, most flower structures developed in convergent 
regimes have anticlines developed above the main fault, rather than the synclines 
developed above the eastern part of the Hunter River Cross Fault. 

We are uncertain of what causes the eastward narrowing of the Hunter River Cross 
Fault. Since the stratigraphy along the fault gets older from west to east (Wollombi Coal 
Measures to Branxton Formation), at first sight this may reflect deeper exhumation of a 
flower zone (above a basement initiated strike slip fault). However this does not accord 
with the blind nature of the Hunter River Cross Fault in its eastern part, or with the lack 
of a central anticlinal structure as described above. 
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Early History of tire Hunter River Cross FaMlt 

Following Jones et aI (1984), Glen (1993) suggested that the southern part of the 
Hunter Coalfield and the northern part of the Newcastle Coalfield occupies a tectonic 
recess in the western margin of the New England Orogen and its offshore continuation, 
the Currarong Orogen. 

Multiple deformation in this recess represents strain and stress heterogeneities in this 
complex area. The formation of the initial Hunter River Cross Fault, in the middle of this 
recess, probably occurred in the Carboniferous. 

An Early Permian history of the Hunter River Cross Fault is apparent from the regional 
residual gravity anomaly data. Here the north-south trending Meandarra Gravity Ridge, 
interpreted to lie above volcanics emplaced in the early rift stage of the formation of the 
Sydney Basin (Qureshi 1984, Murray et aI 1989, and Scheibner 1993), shows a left 
lateral strike slip displacement of 25 - 30 kilometres along a WNW line coincident with 
the location of the Hunter River Cross Fault. The absence of a similar offset distance in 
the overlying Late Permian suggests that the Hunter River Cross Fault was a transfer 
fauIt in the Early Permian, serving to segment the developing rifted basin. 

Syn Permian Activity 

There are changes in coal seam development across the Hunter River Cross Fault. In the 
Foybrook Formation of the Wittingham Coal Measures there is a marked thinning of the 
coal seams from north to south across the Hunter River Cross Fault. This is reflected in 
the fact that coal seams of the Foybrook Formation are only mined to the north of the 
fault. 

Higher in the sequence the reverse situation is apparent in the development of coal seams 
in the middle part of the Jerrys Plains Subgroup. The Wambo, Whynot, Glen MulJro and 
Woodlands Hill seams are generally very poorly developed to the north of the Hunter 
River Cross Fault but are well developed (and mined) to the south of the fault. 

These variations in coal seam development across the Hunter River Cross Fault are 
considered to result from the difference in the western extent of the deformation front to 
the north and south of the fault. The development of separate groups of folds and faults 
has influenced the depositional environment of the (permian) sedimentary system 
sufficiently for it to be reflected in the coal seam development. 

Effect of tire Hunter River Cross FaMlt on Cool Mining Potential. 

There are three main implications of the effect of the Hunter River Cross Fault on the 
coal mining potential of the Hunter Coalfield. 

1. The effect on coal seam development, referred to above, will affect the 
prospectivity of the coal. 
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2. Increased defonnation in and adjacent to the Hunter River Cross Fault in the 
western part of the coalfield. This has resulted in a relatively broad zone of northwest 
striking thrust faults and associated northeast striking nonnal faults. This area of greater 
than nonnal potential for significant displacement (>5m) faulting adversely affects the 
potential for both open cut and underground mining. Adjacent to the Hunter River Cross 
Fault the rotation of the ends of structures, caused by the strike slip component of the 
fault, has also increased the structural disturbance in areas such as the southern end of 
the Muswellbrook Anticline and the southern end of the Camberwell Anticline. Open cut 
and underground mining conditions could be expected to be more difficult than nonnal in 
these areas, again due to the increased potential for significant scale (>5m) faulting. 

3. There is a change in coal rank in coal seams of the Jerrys Plains Subgroup 
across the Hunter River Cross Fault in the western part of the coalfield, west of the 
Loder and Muswellbrook Anticlines. Moisture values of 5-10% occur in the seams north 
of the fault. These are up to four times higher than the inherent moisture content of 2.5 
to 3.0 % contained in the Whybrow seam to the south of the Hunter River Cross Fault. 
If the regional geothennal gradient and the subsequent thickness of overlying Triassic 
and younger cover are assumed to be approximately equal then this variation in coal rank 
implies greater coalification (= burial) south of the Hunter River Cross Fault. One 
possible cause is uplift at an early stage of coalification (L. Gurba, pers comm. 1994) on 
the northern side of the Hunter River Cross Fault. This might be attributed to early 
movement on thrust faults . 
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INTRODUCTION 

The Patonga Claystone is the main representative of the Triassic 
"chocolate shales" of the Narrabeen Group on the Central Coast of NSW. It occurs in 
a belt from Wamberal on the coast through Wyong to Cooranbong, commonly close 
to the surface but rarely outcropping (Figure 1). The most extensive natural outcrops 
are in the sea cliffs north of Wamberal and elsewhere outcrops are limited mainly to 
cuttings and quarries. The stratigraphy of the Narrabeen Group is described by 
Hanlon et al (1953), McElroy (1969), Herbert (1970) and Uren (1975). Herbert 
(1993) describes the depositional environment of the Patonga Claystone as shallow 
marine, lagoonal and tidal deltaic. 

The Patonga Claystone comprises red bed facies, up to 150 metres 
thick, of siltstone, mudstone, claystone and fine sandstone. The sandstones are light 
grey-green to pale grey in colour, weathering brown; are lithic in cO!llposition and 
make up some 20% of the formation thickness: The finer grained units are comprised 
mainly of silt sized quartz, with clay minerals, chiefly kaolinite, illite and mixed 
layer clays together constituting between 20% and 50% of the rock. The dominant 
claret colour is imparted by a relatively small amount (2%-7%) of haematite. 
McNally (1995) describes the lithological characteristics of the Patonga Claystone in 
detail. 

The term "shale" is used to describe the fine grained, fissile 
sedimentary rock, including mostly siltstone, mudstone and rarely claystone, together 
with some thinly interbedded laminite and sandstone. It is likely that many of the silt 
sized particles are aggregated and cemented clusters of clay flakes, the variability of 
this cementation being a possible reason for the rapid breakdown of the Patonga 
Claystone on exposure. In this regard the similarities in geotechnical characteristics, 
mineralogy and possibly fabric of the Patonga Claystone and the Keuper Marl of the 
UK have been described by McNally and Whitehead (1994). 



154 

] H WHITEHEAD & G H McNALLY 

~ Q\,I ... "lE.lL.tol ... Il,·,. 

GJ "' ....... ""'_ ...... ,... ... ":IIT 

GJ ... ,-clUl..l __ I... ~~ 

~ t....,o .......... c ...... ~.,. . 

GEOLOGICAL MAP OF THE NSW CENTRAL COAST 

~ .'u..:;- Tllch'oo_'IUo. ... ~ 

O~ _____ Q~ ____ ~'O. ~~ 

~ ~]'Iot "" .......... 1o.It ......... ce;;; .... 
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N3lTolbccn Group fO[m:1tions and the pr.r.cipal geological structures. 
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From an engineering and environmental geology point of view the 
Patonga Claystone is the most troublesome formation encountered in the Central 
Coast Region and in that it underlies most of the urban areas and many areas of 
projected urban development an understanding of its geotechnical performance is of 
some significance. This paper outlines the variety of engineering and environmental 
geological problems attributed to the Patonga Claystone. 

ENGINEERING AND ENVIRONMENTAL GEOLOGY 

The Patonga Claystone weathers rapidly, hence its poor natural outcrop 
and it commonly underlies low lying and often waterlogged areas. In addition it 
slakes rapidly in excavations and this may be due to mineralogy (illite and mixed 
layer clays), depositional fabric (interlaminated sand and silt), stress relief and, most 
likely, to the aggregated clay fabric (McNally, 1995); however, expansive 
montmorillonite makes up less than 10% of the rock. Emerson crumb tests 
undertaken by Stephens (1994) yield Emerson Class Number 2 and indicate the 
dispersive nature of the Patonga Claystone. That the weathered Patonga Claystone 
slakes rapidly but fresher material does not suggests that there may be a loss of 
cement during weathering leaving weak clay aggregates which subsequently disperse. 
Attempts to minimise the adverse effects of slaking and swelling of the clay have 
utilised lime, gypsum and cement stabilisation. 

Small wedge failures are common and where these occur in cuttings 
on minor roads they cause some inconvenience and the need for periodic 
maintenance. Many small landslips occur due to oversteepening at the base of slopes, 
many in farm paddocks. In some cases these are due to reactivation of fossil 
landslides. Fossil landslides are widespread in the upper weathered zone and these 
are described in some detail by Fell (1995). The presence of one fossil landslide 
detected early in the route planning for the F3 Freeway west of Wyong resulted in 
the rerouting of the Freeway through another which was not at that stage identified 
and which was reactivated during construction at Hue Hue Road (FeU et aI., 1987). 
Stabilisation of the toe of the slope and reinstating the adjacent and damaged Pacific 
Highway cost $3M. The nature of the engineering properties of the Patonga 
Claystone evident in the Hue Hue slide suggest that the potential for further major 
slope instability is mitigated by the relatively gentle slopes of much of the area 
underlain by the Patonga Claystone together with its position low in the landscape. 

The discontinuities responsible for many of the slope failures are 
bedding surface shears (Fell, 1995). These slip planes are often not evident in drill 
core and in freshly cut batters and only become evident due to seepage after a period 
of time. As a result they may go unnoticed in site investigations and only become 
apparent in small cuttings constructed without site investigations once the completed 
cutting starts to give rise to problems. Once identified by seepage these surfaces 
often show slickensiding. The site investigations for an overbridge over the rerouted 
Pacific Highway close to its intersection with the F3 Freeway missed one such fossil 
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slide plane in the drill core though fottunately the separate investigation for the 
cutting beneath revealed the plane as a seepage in a backhoe pit before construction 
of the bridge commenced. 

Stephens (1994) reports results of Plasticity Index testing on 
unweathered claystones and siltstones (Plasticity Index 16 to 31, average 20.5) and 
weathered claystones and siltstones (plasticity Index 20 to 35, average 27). The 
Patonga Claystone is prone to significant softening on exposure to water and this is 
evident on minor roads where thin pavements cover inferior subbase and continued 
heavy trafficking results in the subgrade pushing up through the pavement. This 
provides an ongoing maintenance problem for Councils with many minor roads 
patterned by a mosaic of sealed cracks indicative of temporary repairs designed to 
keep surface water out of the subgrade. Sub grades wet up with time to up to 6% wet 
of Optimum Moisture Content but cannot be satisfactorily compacted wet of 
Optimum Moisture Content. Patonga Claystone extracted for fill is often excavated 
wetter than Optimum Moisture Content and when compacted in such a state does not 
achieve Maximum Dry Density. Only on very hot and dry days can Maximum Dry 
Density be achieved. In the recent (1994) construction of the Westfield Shopping 
Centre at Tuggerah, largely in the overlying Terrigal Formation, a substantial area 
has been levelled by cut and fill. The cut penetrated the underlying Patonga 
Claystone and the excavated material made up the upper pan of the compacted fill. 
To reduce moisture content sufficiently to allow adequate compaction a large trailer 
mounted jet engine was used for drying the flIl prior to compaction. Overcompaction, 
too, can cause problems in what at first appears to be a rather stronger rock than the 
clay content would suggest and it is suspected that the breakdown of clay aggregates 
on compaction gives rise to a more plastic material than might be expected. 

Variable composition has resulted in problems of inconsistent 
shrinkage (6% variation) at two brickworks and one tileworks which use Patonga 
Claystone as feedstock. In tile manufacture in particular, such variability is 
unacceptable due to the tight tolerances required for matching tiles of a particular 
style from one firing to the next. This variability has resulted in changing quarrying 
practices at the Boral Montoro tile clay quarry at Wyee where earlier "rabbit 
burrowing" in an attempt to chase material of similar characteristics, which rarely 
yielded clays sufficiently similar to guarantee corresponding shrinkage in successive 
firings, has given way to campaign quarrying from several longer and shallower 
benches, sampling successive horizons in the sequence together, and subsequent 
stockpiling and blending of the feedstock. This has facilitated replication of the tile 
product and has the added advantages of guarding against unwanted contamination 
due to high wall collapse and ensuring ease of operation on the upper benches in a 
well drained quarry above a sump. 

Near surface layers of the Patonga Claystone are often saturated due to 
the presence of perched water tables and numerous seepages occur in cuttings and 
cliffs. Attesian pressures under road pavements give rise to seepages which damage 
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the surfaces and facilitate ingress of rainwater which in tum gives rise to further 
piping damage in the subgrade. 

The penneability of the upper layers of weathered Patonga Claystone 
is in the low range, 10.7 mls to 10.6 mls (McNally, 1995) and at depth 10.9 mls to 
10" mls (Hitchcock, 1995). The semi pervious weathered horiwns overlying 
impenneable material may in part account for the many wet footslopes and broad 
swampy valleys in the Patonga Claystone. In these areas disposal of septic tank 
effluent by absorption, evapotranspiration and spray irrigation is notoriously 
problematic (Keating, 1994) with, in some areas, in excess of 50% of systems 
perfonning poorly. In the more sandy units high hydraulic conductivity results in 
contamination of groundwater whilst in the more clay rich units the inability of the 
soil to accommodate effluent causes waterlogging and runoff which contaminates 
surface waters. The variation in land capability throughout the area underlain by the 
Patonga Claystone, attributable to lithological variation, emphasises the need for site 
specific site investigation in detennining disposal area sizes and designs and 
highlights the inadequacy of past practices in this regard. 

CONCLUSIONS 

In summary the Patonga Claystone is a nuisance in foundations and 
road sub grades, an irritating but not serious landslide hazard and in many respects a 
source of materials with problematic engineering characteristics. Despite the 
accumulated evidence that it is a problem unit to construct on and to construct with, 
remarkably little has been published on it. In particular the postulated aggregated 
claystone fabric which may well account for the peculiar weathering behaviour and 
low bulk density of the Patonga Claystone is worthy of closer investigation. 
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1.0 ABSTRACT. 

A network of seventeen field sites has been established in the Lower Hunter 
region to monitor surface and sub-surface reactive soil ground movements and seasonal 
moisture profiles. Sites are located to cover; the geological sequence of the Newcastle Coal 
Measures, soils derived from a wide range of rock types, local alluvial clay deposits and 
areas designated for future residential development. Monitoring since July 1994 indicates 
a wide range of ground movements throughout the region as well as site specific variation. 
Characteristic surface movements predicted from laboratory shrink-swell indices show a 
weak correlation with in situ ground movements to date. Continued monitoring over the 
next two to three years will establish significant trends and provide an evaluation of local 
classification methods currently used in residential foundation design. 

2.0 BACKGROUND 

Reactive soils are cohesive soils that are susceptible to volume change in 
response to changes in soil moisture. Soil moisture content in semi-arid environments,like 
Australia, responds to seasonal climatic changes resulting in incremental soil volume 
changes. As such the ground surface rises and falls in response to moisture variation, some
times up to 70mm or more. These movements can adversely affect the performance of 
lightly loaded foundations such as residential dwellings that are not designed to cater for 
anticipated ground movements. 

In the United States expansive soils cause more damage to structures, par
ticularly light buildings and pavements, than any other natural hazard, including earth
quakes and floods (Jones and Holtz, 1973). This natural hazard is well known and re
searched in Australia where some 20% of surface soils are classified as reactive (Richards, 
1983). Despite the fact that billions of dollars in yearly damage losses have been attributed 
to these problem soils in the United States, the state of practice in design and construction 
is severely limited by a continued lack of understanding of expansive soil behaviour and 
soil-structure interaction (Nelson and Miller,1992). 

To mitigate the risk from reactive soils to the Australian community, 
Australian Standard 2870, Residential Slabs and Footings was published in 1986. The stan
dard includes practical design methods for lightly loaded foundations on reactive soils 
based on site classification and offers three methods upon which classification may be 
based. 

Since the 1950s research has been concentrated in the major metropolitan 
centres such as Adelaide, Melboume and Sydney. However to date there has been no com
prehensive study on reactive soils undertaken for the Newcastle region. This can be attrib-
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uted in part to variable geology and soil reactivity present in the area (Fityus and De
laney,1995) and the widespread use of flexible timber construction due to mine subsidence 
constraints. The recent trend to brick veneer construction in combination with slab on 
ground foundations, has increased the potential for reactive soils damage to residences. The 
percentage of repairs carried out to lightly loaded structures following the 1989 Newcastle 
earthquake, where the damage was largely due to pre-existing or subsequent reactive soil 
movements, is impossible to quantify, however experience of local geotechnical practi
tioners suggests that it is reasonably high. Subsidence ground movements associated with 
underground coal mining activities can occur in combination with reactive soil movements 
and both forms of ground strain can produce similar damage patterns. 

The factors noted above have provided the incentive for the Geotechnical 
Group of the Department of Civil Engineering and Surveying at the University of New
castle to undertake a major study into the behaviour of reactive clays in the Lower Hunter 
region. This project is funded by a collaborative grant jointly supported by the Mine Sub
sidence Board of New South Wales and the Research Council of Australia with additional 
funding and technical support from D. I. Douglas and Partners Pty. Ltd. 

A sophisticated research site has been established since 1993 at Marylands 
in an area designated for future Landcom development. The site is extensively monitored 
with ground movement survey carried out on surface and sub-surface probes, an unloaded 
flexible cover and a loaded reinforced concrete slab. In situ soil moisture and suction meas
urements are undertaken using neutron probe, time domain reflectometry, gypsum block, 
and in situ filter paper methods. An automatic weather station records climatic data. Pub
lished details of this research to date are available (Allman et. al,1994 and Allman,1995). 

The second stage of the study, which is discussed in this paper, involves the 
establishment of a ground movement monitoring network throughout the Lower Hunter 
region. The aims of the network are to: 

* record the range of ground movements present in the region, 

* model ground movement response to soil moisture variation, 

* compare in situ ground movements with those predicted from laboratory soil in
dices, and 

* provide knowledge on local reactive soil behaviour. 

To date 17 of these sites have been established with up to 7 months of data 
available at some sites. Monitoring for a period of3 years or greater is likely to be required 
for climatic extremes to establish statistically significant ground movement trends. This 
paper outlines the selection and instrumentation of the sites and presents some preliminary 
results of in situ ground movements and predictive laboratory testing. 

3.0 SITE SELECTION CRITERIA 

The sites were selected to provide detailed information about the distribu
tion and nature of reactive soils in the Lower Hunter. Sites were selected to cover; 

* the geological sequence present in the Newcastle Coal Measures (13) with addition
al sites in the Tomago Coal Measures (1) and the Patonga Claystone of the Narra
been Group (I), 

* typical alluvial and gully infill reactive soil deposits (3) in the suburbs of Hamilton, 
Wallsend and Warners Bay, 

* a range of residual soils developed on coarse and fine grained clastic, coal and tuffa
ceous rock types of variable depth, 

* a broad geographic range, and 

* areas designated or with potential for future residential development. 
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Table 1 shows site location, inferred geology, and rock and soil types. 

SITE SUBURB LOCAlIOH SUOGROlF FORMA'TlOW 

NO MEMBER 

• WAA'oIEAS ~y MYL£S AVENUE AU.lNI\H 

• HAMIlTON l\JIlOR SlJIEET AUIM .... 
17 WAU.SENO 

FEllEAAI. p_ 
AU.lNI\H ,. OiAIV.OiAYEH • WYONG SHI!lE Cl5TON PATa.GA 

<XX.NCL DEPOT - CLAYSTONE: 
11 FEN'ELL BAY· lANIlCOM MOON ISUND TERAlBA 

PROJECT .... BEAD{ CXHlI.OMERATE 
2 aeBANA AESERIICI!l MOON ISlANDBEADf BOORAGU. TUFF ,. """"",u. ENTERI'IOSE """"ISlAND GREAT """""""" 

WAY BEADf ...... 
7 VAl£H1lNE ~0Fl """"ISlANDBEADf AWABAnA=F , """""'PQM SEWN3ETREAlMENT """"ISlAND BOl.TON PClI<f 

WORKS BEAD{ CXHlI.OMERATE 

• tlNGAAAHTS tlNGAAA DAVE IlOCllAAOO UPPER I'ODT CXlAI. 

• tlNGAAAHTS TINGAAA DAVE IlOCllAAOO ........,."". 

SANDSTONE 
1 EIlGEWCIR1H SEWAGETR Y«)fD(S IICOlAAOO WARh£RSBAY 

13 IIfWlAMImlN c:.t.AAN3TC:H POE. ~ KOTARA 
3 SOVIH WAlI.SeNO RESEFMlIR WASTClN NOIII!YS TUFF 
12 ELElMlREV ...... 

CR:lUlACE """" 
lAMB'TON TlGHESHIU. ,. WARATAH BRAYEPARK lAI.1BTON TlGHESHIU. 

" WARATAHWEST 
AlNWlQ( """" 

lAMB'TON I!ClFIEHCl£ ...... 
MAR't\AND WNlYHIU. (TClMAGO eJ<) DEMPSEY 

NtaS TO BE lHlERMI'(ED" NEXT 12 MCMHS. 
HJ1'e: GEOLOGICAt. MAPPIN3 TO BE CXINARMED. 

Table 1. Location and inferred geology of monitoring sites. 

Site selection has been concenirated in the Newcastle Coal Measures as 
their unique nature has resulted in a sedimentary sequence characterised by rapid lateral 
and often vertical changes in rock type and derived soils. A broad spectrum of soil reactivity 
occurs due to the localised development oflarge fan shaped conglomerate units and lateral
ly extensive pyroclastic deposits ranging from a few centimetres to 10 metres in thickness, 
with a variable reactivity related to the type and nature of volcanic activity. The relationship 
between geology and soil reactivity phenomena in the Newcastle area is discussed in these 
proceedings (Fityus and Delaney, 1995). The minor occurrence of conglomerate and pyro
clastic units in the Tomago Coal Measures may minimise the range of expected soil reactiv
ity. The most notable reactive soil horizon in the Narrabeen Group is the Patonga Clay
stone. 

Site selection was often modified due to accessibility constraints on public 
and private property. Sites have been located on land owned or administered by The Hunter 
Water Corporation, Lake Macquarie City Council, Newcastle City Council, Wyong Shire 
Council and Landcom, and their co-operation has been appreciated. 

Sites at Fennell Bay and Charmhaven are located above areas that will be 
subject to longwall and pillar extraction subsidences in the next twelve months. It is also 
planned to install additional site in the Cessnock and Singelton areas to assess possible ef
fects of climatic variation away from the coastal fringe. 

4.0 INSTALLATION AND MONITORING 

Installation of the monitoring sites has been undertaken by small trailer or 
bobcat mounted drilling rigs equi pped with I OOmm continuous flight augers and geotech
nical sampling and testing equipment. Detailed geotechnical logs have been prepared, an 
example of which is is presented in Figure 1. 

prises; 
Monitoring equipment has been installed in areas about 2m by 2m and com-
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5.0 PRELIMINARY IN SITU GROUND MOVEMENT RESULTS 

Site installation was carried out from the 15th June to 6th September, 1994 
and as such only four to seven months of preliminary ground movement data is available 
at this stage. Ground movements are recorded relative to baseline conditions present at the 
time of installation. 

Results are presented in Table 2 which shows the maximum recorded 
ground movement to date of the two surface movement probes and the corresponding mini
mum at the same time. Results to date indicate a wide; 
* geographical variability of surface ground movements with a maximum of 30mm 

and a minimum less than Imm noted between the 17 sites, 

* 

* 

site specific variability between two surface ground movement probes located gen
erally less than 2m apart. Taking into consideration only sites where greater than 
30% of the predicted ground movement has occurred, the average variability as a 
function of the maximum is 21 % with a range of3% to 51 %,and 
variability in ground movements between sites weathered from the same rocktype. 
The range of maximum movements recorded for soil profiles weathered from con
glomerates (4) are 4mm to 14mm, tuffaceous rocktypes (7) 4mm to 30mrn and coal 
sequences (2) 4mm to 20mm. 

SITE SueURB ROCK 
NO. DE ..... 

(m) 

, llNGARA HTS 0.85 
• "'-""'OHG POM 2.8 

11 f9N;J.L SAY 0.9 
13 NEW l.AM8TON 2.7 
12 B..ERMOREVAlE 3.6 

t.WM.ANO 25 
16 WARATAH 15 
9 llNGARA HTS .. " 
3 5TH W.AU.SEND 1.7 
, EDGEWORTH .. 6 
2 ELE£BANA 25 
15~VEN 32 
7 VAlENTINE 2.0 

10 BCXJRAGUL. 1.' 
,4 WARATNiWEST 3.3 
........ lON >4 .. 

17 WALLSEND >4.0 
8 WARNEASBAV .. 

ROCKTYPe 
CON c::oNGLOMEFIA TEl 

COARSE SANDSTONE 
SST FINE SANDSTONE! 

SIllSTONE 
SHA SHALE 
n.JF 1\JFFACEOUS 

ROCK 
TYPe 

CON 
CON 
CON 
CON 
SST 

SHA 
SHA 
l1JF 
l1JF 
l1JF 
l1JF 
T\Jf 
l1JF 
COAL 
COAL 

. 

. 

SIl. TS'TONE.Q,A YSTONE 

SOIl. IIAXJIIIN. PREDICT. RANGE OF RATIO OF 
TYP£ SURFACE JWCJII1JII """OjK 0...,." 

~VEAIeHT MOVEAWfT SWELL TO PAED-
mml IJn;'SULnl ' ICTED%. 

CSG -7.6/-7.0 20 2.1-3.4 .. 
CSG ·14.2/ .e..8 ,. 1.5 - 3.0 55 
CSG -6.11-.5 .• " Oll·1.o 78 
CSG -.421-3.8 3 0.5 -1.1 140 
CH(S) ·20.8/-17.7 ... 0.8 -4.3 .. 
O<.~ -13.0/+35 .. 1.3.4.2 112 

O<.~ <Ul/ .... . · 
Ot(S) ..11.21 -<l.G 7' 0 · 6,1 • 
CH(A) -28.8/·21.1 5& 1.3.4.8 50 
CH 0'29.7/-28.3 37 2.1·3.5 .. 
CHM -26.3/-15." 2S 1.2·11 105 
Ot(S) -6.7 J -5.1 '" 2.7 . . ... 37 

CHM "1.7/-11." 15 0.2-3.7 78 
CH(C.M) ·20.H·ll!1.8 7. 0.5 -15.5 ,. 
CH(C) -4.3/ 4J.7 EO 1.0·8.8 • 
CH -13.4'-2,.2 '" s. ... 6.5 2. 
CH -9.31 -e.1 21 1.1-5 .• .. 
n/S.GI _1'.1/.a.1 ,. I 0.5·'.8 74 

SOIL TYp£ 

CSG ctAY/SANO (C) ~ 
GRAVEL MIX 1M) SlI.TY 

CH a.AY-H1GH (S) SANOY 
PlASTICITY (G) GAAva....,....,.., 

a. QAY-ME~ (R) 
"""" FRAGhEHlS PlASTlctTY ·ANGLUA 

Table 2. Comparison of in situ and predicted ground movements. 

Figure 2 shows ground movements recorded at the surface, 0.5m, l.Om, 
l.5m. 2.0m, and 3.0m depth at Booragul since the 26th July, 1994. Results show that soil 
shrinkage movements to depths up to 1.5m have occurred relative to the conditions present 
at the time of installation. This reflects the dry climatic conditions occurring during this 
period with a maximum relati ve shrinkage occurring in December. The ground movements 
over the full depth range at this site are synchronous indicating relatively uniform infiltra
tion and evaporation throughout the profile. Data from other sites indicates that to date the 
depth to which ground movements have occurred is generally l.5m with some movements 
up to 2m depth at sites located adjacent to stands of mature Eucalypt. 
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two surface movement probes with galvanised steel rods grouted into l50mm wide 
by 150mm deep holes, 

subsurface movement probes installed in lOOmm diameter bores to depths ofO.5m, 
l.Om, 105m, 2.0m and 3.0m, depending upon the depth to rock. The probes consist 
of a 19mm diameter galvanised steel rod seated within a 50mm diameter pve tube 
with the annulus to the soil backfilled with a lO% bentonite/sand slurry to provide 
a shear layer, 
a deep datum installed similar to the movement probes noted above, except grouted 
into bedrock or deep non-reactive layers in deep alluvial areas, 
a 50mm aluminum access tube installed to depths up to 3m to allow volumetric soil 
moisture contents to be measured at specific depths using a ePN 503 hydroprobe, 
standpipe piezometers in alluvial areas to monitor groundwater levels,and 
vandal deterrent loomm galvanised threaded capped concreted cover pipes. 

UNIVERSITY OF NEWCAST1.E LOGNO: 1cr1 
DEPARlUENT OF CML. ENGINEERING AND SURVEYlNa DATE: 7"194 

JOB NO: 
GEOTECHNICAL LOG LOGGED: MOD 

Figure I. Geotechnical log, site 10, Booragul. 

Sites are monitored on a monthly basis or when specific weather conditions 
warrant. Survey is undertaken relative to datum points using an electronic level capable of 
O.Olmm resolution. Soil moisture monitoring by the hydroprobe involves lowering the 
neutron probe into the access tube where fast neutrons collide with water molecules allow
ing the concentration of slowed neutrons to be detected and correlated with the amount of 
water per unit volume of soil. Drill cuttings are taken during installation to allow correla
tion with conventional moisture content determination methods. Soil suction determina
tion on recovered samples are to be undertaken periodically by laboratory transistor psy
chrometer which is able to measure total soil suction in the range of lOOkPa to lOMPa 
(pF3.0 to pF5.0). 
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GROUND MOVEMENT FROM 2f3f7/94 
SITE 10 BOORAGUL 
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Figure 2. Ground movements, site 10, Booragul. 

6.0 COMPARISON OF PREDICTED TO ACTUAL MOVEMENTS 

leo 200 

The design of lightly loaded foundations is currently performed according 
to AS2870, Residential Slabs and Footings, on the basis of an assigned site 'class'. This 
classification can be based on one or a combination of the following methods; 
I) visual assessment of the site and performance interpretation of existing masonry struc
tures over fifteen years old, founded on light stripe footings, 
2) identification of soil profiles having established performance data, 
3) computation of the predicted surface movement (Ys) in accordance with engineering 
principles. 

In the Newcastle region site classification is predominantly performed ac
cording to method 3), using reactivity indices assess from laboratory shrink-swell testing, 
simplified design soil suction profiles adopted from the Sydney region and an assumed 
O.Sm depth of cracking. 

The soil reactivity ateach site has been assessed by 3 to 7 laboratory shrink
swell tests over the full soil depth range. Some tests have been carried out in extremely wea
thered rock material. Figure 3 shows results of six shrink-swell tests carried out at the Boor
agul site with axial shrink and swell strains plotted against moisture content ranging from 
zero to saturation. The results show the wide range of soil reactivity that can occur in the 
soil profile of an individual borehole. The geotechnical profile shown in Figure I was visu
ally logged by a senior engineering geologist, yet does not reflect the variability of soil re
activity indicated in Figure 3. Table 2 indicates a wide range of shrink- swell results en
countered at some sites. 

Characteristic site movements calculated on the basis of laboratory shrink
swell results are shown in Table 2 and range from 3mm to 75mm. Table 2 compares the 
ratio of in situ seasonal surface movements that have occurred to date with the calculated 
movements for each site. Results indicate an extreme range of 8% to 140% between the 
sites, with no specific trends on the basis of soil origin. The ratio of observed to predicted 
movement for conglomerate derived soils ranges 26% to 140%, in tuffaceous derived soils 
it ranges 6% to 105% and in alluvial soils 24% to 74%. These results, althoughofa prelimi
nary nature suggest that; 
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there is a variable response time between sites to environmental conditions, in par
ticular rainfall infiltration and pan evaporation. Sites with low permeability clays 
that are not prone to surface shrinkage cracking may possibly only develop their 
reactivity potential during climatic extremes. Conversely some soils such as those 
derived from conglomerates often show a rapid swell response to moisture inunda
tion, and 

the reliability of calculated characteristic surface movements, which form the basis 
of site classification in the Newcastle region, are likely to reflect the high regional 
and site specific: vlll"iabili~y in soil rellctivjty asse:ssed on the basis of laboratory 
shrink- swell te&ting. 

SHRINK·SWELL TEST RESULTS 
srre 10 BOORAGUL 
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Figure 3. Shrink- swell fesults, site 10, BooraguL 

The characteristic surface movements for each site have been calculated on 
the basis of up to seven profile specific shrink-swell results. The variability noted is signifi
cant when compared to local geotechnical practice where the usual ratio of shrink-swell 
testing to logged soil profile ranges from about 1 for individual allotments to about 0.25 
to 0.5 for larger residential subdivisions. 

Cameron (I989) compared surface movements estimated using shrink
swell tests to seasonal soil movements at 12 different sites in Victoria and Sydney and noted 
the shrink-swell approach was the most reliable soil reactivity test method with the ratio 
of predicted to recorded movements having a mean of 79% and a standard deviation of 
25%. 

7.0 CONCLUSIONS 

A reactive soil ground movement monitoring network has been established 
in the Lower Hunter region. and although only operational for a relatively short period, re
sults have highlighted; 
* the diverse reactivity of soils derived from the Newcastle Coal Measures, with in 

situ maximum ground movements between sites ranging from lmm to 30mm, 
* site specific variability, with up to 50% difference in ground movement levels be

tween surface probes located less than 2m apart on the same site, 
* a wide range of ground movements between sites with similar soils of comparable 

depth. 
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* ground movements occurring up to 1.5m depth with locally deeper movements up 
to 2m in proximity to mature trees,and 

* a weak correlation to date between recorded ground movements and those predicted 
on the basis of shrink-swell testing. 

Site monitoring is to be continued over the next two years to establish a re
gional database on surface and sub-surface ground movements and seasonal moisture and 
soil suction profiles. The long term aim is to improve methods of reactive ground move
ment prediction and to optimise local foundation design for lightly loaded structures. 
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1.0 ABSTRACT. 

The potential for soil volume change, in response to changes in moisture 
content, is a function of both the amount of clay in the soil and its mineralogy. Both of these 
are strongly influenced by the geological nature of the parent material from which the soil 
is derived. Coal measures sequences usually contain a wide variety of clastic and organic 
sediments. Their mineralogical and textural variability results in a broad range of residual 
soil types and profiles. The Tomago and Newcastle Coal Measures, in the Newcastle re
gion, contain clastic units ranging from fme carbonaceous mudstones to coarse conglomer
ates. This geological diversity is further broadened by the inclusion of material of volcano
genic origin which, although locally concentrated, is sporadically disseminated throughout 
the sequence. Their sedimentary structure is typified by a large proportion of slightly dip
ping, relatively thin units of locally variable thickness, making precise subcrop arrange
ments difficult to define in areas of mild topographical relief. These structural features, to
gether with the unique combination of lithologies, make the reactive soil classification 
using traditional visual-tactile or regional zoning methods largely ineffective in local prac
tice, and explains the local preference for classification methods based on laboratory test
ing. 

2.0 BACKGROUND. 

Reactive or expansive soils are soils which undergo volume changes in re
sponse to changes in their moisture content. The change in volume of a clay particle de
pends on its chemistry and structure (Nelson and Miller, 1992). Kaolinite, for example, is 
a 2 layer clay which does not allow the penetration of water into its layered structure. As 
a consequence, it is relatively non-reactive. Montmorillonites, however, are 3 layer clays 
which can accommodate the adsorption of multiple layers of water molecules onto the sur
faces of their constitutive layers. This causes the individual clay crystals to expand in a 
direction perpendicular to the plane of the layering, consequently increasing their volume. 
The illite group of clays have a variable mixed layer arrangement and can be reactive, de
pending upon their chemistry. The reactivity of a clay soil is thus influenced by chemistry 
of the material from which it is derived. As such, the regional diversity of reactive soil 
conditions is strongly influenced by the variety and distribution of subcropping lithologies. 

Appreciation of the phenomenon of reactive or expansive soils has been in
creasing steadily over the last 25 years. During this period, researchers and practitioners 
have come to realise that the vast majority of damage observed in domestic structures re
sults not from an inability of the ground to carry the weight of the structure, but rather, from 
loads imposed on the structure due to volume changes in the foundation soil (Walsh,1994). 
Damage can be mitigated by the stiffening of footings, but this involves additional costs 
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in construction. It is thus desirable to have a method of classification for reactive sites that 
facilitates the selection of adequate foundations without over design. 

To this end, Australian Standard AS2870 (1988) has been developed.ltrec
ommends the preferred use of the following classification methods: 

a) "Visual assessment of the site ..... , in which a site is classified based on a long term 
assessment of the performance of existing structures in adjacent areas of similar 
sub-surface conditions. 

b) "Identification of the soil profile ..... which involves recognition of a soil profile as 
being similar to, or consistent with, those which exist in other areas, and upon 
which, the long term performance of existing structures and footing systems can be 
assessed. 

c) "Calculation of the characteristic surface movements .. ... which is a calculation based 
on either laboratory testing of soil samples or estimation of the soils reactive poten
tial from a "visual-tactile" assessment. 

Method a) is only appropriate in areas where the soil profiles are consistent 
enough to enable extrapolations over wide areas. In areas of variable geology, there are 
often insufficient adjacent structures of an appropriate type and age, to enable the reactive 
potential of a new development site to be reliably assessed. 

Method b) is ideally suited to cities like Melbourne, where most of the de
veloped areas are underlain by a limited variety of geological conditions which are exclu
sive to broad areas. For example, where the profile is recognised as residuum after basalt, 
and its deptb is established, a classification follows directly. This method is also used in 
the Sydney region, where the Sydney Basin Triassic comprises only a small variety ofHtho
types which weather to produce clays with a relatively limited variation in reactivity. 

Method c) is commonly employed in the Adelaide area, which although 
more geologically variable than Melbourne, is underlain by deep clay soil profiles which 
are only composed of a limited number of characteristic soil types. Each of these has a dis
tinctive appearance and relatively well established reactive soil properties which are readi
ly recognised and identified by practitioners with local experience. Laboratory testing is 
seldom necessary to quantitatively evaluate the reactive potential of sites. 

AS2870 states that method a) is the preferred method of classification. 
Local geotechnical practice in the Newcastle area is to employ method c), using laboratory 
testing to quantitatively assess reactive soil potential for the large majority of classified 
sites. 

The work presented in this paper is a study of the geological characteristics 
of the Newcastle area and their influence on local reactive soil site classification practice. 
In future work, it will be used as background information for a quantitative assessment of 
the claim that an excessive amount of testing may be carried out in local (Newcastle) prac
tice, in the classification of reactive soil sites. 

3.0 THE VARIETY OF CLASTIC AND ORGANIC SEDIMENTS. 

Like other coal measures, the Newcastle and Tomago Coal Measures con
tain both coal and a variety of clastic sediments ranging from mudstones and shales to 
coarse bedded sandstones. These rock types can produce soils with a range of reactivities. 
Unlike typical coal measures sequences, however, they also contain sporadic massive con
glomerate units and thick, extensive pyroclastic deposits: a situation which is unique to the 
lower Hunter coal measures, and not present to any significant extent in coal measures else
where (Diessel, 1995, pers . comm.). The presence of these rock types in a coal measures 
setting creates a range of special engineering problems, and has a profound influence on 
reactive soil phenomena in the area. 

The Tomago Coal Measures were formed in a transitional brackish deposi
tional environment between underlying marine siltstones and overlying generally higher 
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energy terrestrial sediments of the Newcastle Coal Measures. Rock types in the Tomago 
Coal Measures are more consistent with typical coal measures sequences, comprising coal 
seams, sandstone, shale and mudstone, with occasional claystones and rare coarse clastic 
sediments. The coal seams are characterised by splitting and deterioration. 

The Newcastle Coal Measures comprise a sequence of fluvially deposited 
conglomerate, sandstone, shale and coal seams together with siltstone and claystone, many 
of which have a substantial volcanogenic content as discussed in Section 4.0. The New
castle Coal Measures exhibit major fluctuations in the palaeo-environmental setting at the 
time of deposition, with substantial units of high energy conglomerate deposited in intimate 
lateral and vertical contact with low energy coal forming peat bog environments. The pat
tern of deposition has largely been controlled by differential compaction about large fan
shaped conglomerate units, which compress to a significantly lesser extent than the finer 
grained sediments and peat during sedimentation and diagenesis. 

Depositional patterns have resulted in a sedimentary sequence character
ised by rapid lateral and often abrupt vertical changes in rock type. Individual beds often 
exhibit considerable variation in thickness. The distribution and relative proportion of clas
tic sediments in the Newcastle Coal Measures show marked lateral and vertical variation 
within subgroups and individual formations, and they generally grade into thinner se
quences of finer grained clastic sediments in the direction of deposition, to the south and 
southwest. The relative proportion of coarse clastic sediments increases steadily from the 
Tomago Coal Measures throughout the Newcastle Coal Measures. 

The conglomerate and pyroclastic rock types and their derived soils greatly 
increase the spectrum of soil reactivity which would normally be produced in areas under
lain by coal measures. The resulting broad range of soil reactivities encountered in the 
Newcastle area is illustrated in the histogram in Figure I, which shows the frequency dis
tribution of 611 shrink-swell test results conducted in the Newcastle area by a local geo
technical consultant over the past 12 years. 
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Figure I Typical range of shrink-swell index values encountered in Newcastle soils. 

4.0 THE INFLUENCE OF VOLCANOGENIC MATERIALS. 
Volcanic ashfall and flow deposits (pyroclastic tuffs) are the most consistent 

of the sediments in the Newcastle Coal Measures and comprise about 20% of rock types 
present, occurring as hundreds of individual tuff layers ranging from Imm to 25m in thick
ness. (Diessel. 1985) They are less abundant in the Tomago Coal Measures, comprising less 
than about 2%, with the Thornton Claystone being the most prominent tuffaceous unit. 

Siltstone and claystone were typically deposited as fluvial overbank or es
tuarine sediment, or as laterally extensive pyroclastic deposits. The pyroclastic deposits ex
hibit considerable lateral persistence with sheet like geometries. Undulations occur, how
ever, the result of irregularities in the original depositional environment, erosional 
reworking, and differential compaction. Pyroclastic rocks have a primary composition of 
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quartz. biotite. plagioclase. orthoclase. volcanic rock fragments and unwelded glass shards. 
all in varying proportions. Primary composition indicates a rhyolite to rhyodacitic proven
ance (Diessel. 1984). Intraseam tuffaceous beds generally appear as either bentonitic or 
kaolinite claystone bands and the interseam bands are generally crystalline and or vitric 
tuffs which can be banded or massive (lves. 1995). The overall proportion of intraseam 
pyroclastic material increases sharply from the Lambton Formation to a peak approaching 
45% in the Boolaroo Formation and then decreases in the Moon Island Beach Formation. 

Reactivity of tuffaceous sediments appears to be related to the type and 
chemical nature of the volcanic activity. the depositional conditions present and the degree 
of erosional reworking. Ash flow (ignimbrite) layers were deposited rapidly. and as such. 
are likely to contain little. if any. reworked detrital components. Moelle et. al. (1995) has 
noted significant lateral variation in the reactivity of the same claystone bed or layer 
throughout the Newcastle Coal Measures. reflecting the effects of fluvial deposition and 
the associated sorting of certain mineral concentrations. Detrital particle segregation in the 
tuffs during deposition results in grading from coarse crystal tuff at the bottom through vit
ric tuff to fine ashstone often within a thickness of only a few centimetres (Diessel. 1985). 
This indicates a mineralogical grading inherent in most tuffaceous layen; which is likely 
to manifest itself in locally variable soil reactivity. 

The reactivity of claystones is higher. on average. in the stratigraphic inter
val from the Wave Hill Seam to the Fassifem Seam than other units of the Newcastle Coal 
Measures and in the Hexham Subgroup of the Tomago Coal Measures. Several units consist 
almost exclusively of kaolinite and illite. however highly reactive mixed layer clay miner
als occur in some clay layer beds. (MoeHe et. al .• 1995). Table 1 below shows the typical 
composition of a tuffaceous claystone from the upper portion of the Newcastle Coal Meas
ures based on X-ray diffraction (Lambert and MoeHe.1986). 

Component Typical proportions (%) 

Kaolinite 50-70 
Wite 20-30 

Montmorillonite 8-14 
Nontronite 2-5 
Corrensite 2-4 

Quartz( detritalL 10-15 

Table 1. Generalised tuffaceous claystone composition (after Lambert and Moelle, 1986) 

A good indication of the significance of the volcanogenic rock-types is 
gained from an assessment of the nature of the subcrops corresponding to the highest of 
the test results plotted in Figure 2 in section 3. Of the 40 highest values (Iss 2: 5.5%).50 to 
60% were assessed to be derived from tuffs or claystones. 

Volcanogenic materials are also significant as reworked components of 
other clastic sediments. Recent studies for the F3 Sydney to Newcastle Freeway on the 
western margin of the Newcastle Coal Measures noted that many non-carbonaceous rocks 
have a tuffaceous origin. and that many sandstones. on the basis of thin section. are more 
precisely termed tuffaceous arenites (Leventhal et. al .• 1995). Tuffaceous sandstones can 
be observed elsewhere in the Newcastle Coal Measures and generally weather to highly 
reactive clay soils with minimal sand content. 

5.0 THE INFLUENCE OF GEOLOGICAL AND GEOGRAPHICAL STRUCTURE. 

Much of the development in the Newcastle area has been. and continues to 
be, located on elevated ground: that is. it is located on hill slopes rather than on flood plain 
or valley floor sediment. Undisturbed clay soils in these elevated areas are usually of a re
sidual nature. the product of the in-situ "weathering" of underlying rock. As such. a suberop 
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map of the individual rock layers in the Newcastle area should effectively group clays of 
similar physical and chemical composition. Such a map would be extremely useful in the 
development of a regional classification or zoning scheme for reactive soils. However, an 
accurate map of this type does not exist, despite the significant economic importance of the 
coal measures, and the relatively large volume of subsurface information which has been 
contributed through a long history of coal mining activities. This is also despite the appar
ent simplicity and relatively undeformed nature of the sedimentary basin sequence. The 
extent of surface outcrop, however, is generally insufficient to facilitate detailed mapping 
of thinner, less resistant units, such as coal, mudstones and tuffs. Attempts to infer subcrops 
using structure contouring techniques, even over small areas, are thwarted by an interaction 
of structural and geographical features. These include: 
* The regional geological structure; which is typified by subhorizontal bedding dipping 

gently (less than 4°) in a predominantly southerly direction, but which may dip lo
cally in any direction and at angles of up to 15°, due to adjacent faulting or differen
tial compaction during diagenesis (lves,1995). 

* Variations in the thickness of units over relatively short horizontal distances. Thinner 
units such as interseam tuffs, for example, may vary considerably over relatively 
short horizontal distances: thickness variations from around 1m. to 15m. occur in 
the Nobby's Tuff over distances of less than 3km. in the Belmont area (Diessel, 
1985). A thicker unit, the Charlestown Conglomerate, is recorded to vary from a 
thickness of 63m. to only Sm. in a distance of less than lkm. in the Woodrising area 
(Creech, 1995). Indeed, the overall thickness of the entire Newcastle Coal Measures 
is observed to vary from 420m. at Wangi Wangi to less than 100m. at Freemans Wa
terhole: an approximate distance of only 20km.(Ives, 1995) 

* The coalescence of some units and the consequent disappearance of others. While 
many units can be recognised over most of the coal measures area, it is not uncom
mon for units to be laterally discontinuous. For example, the Lambton Formation 
in the eastern part of the region comprises four discrete coal seams with intermediate 
tuff, sandstone, siltstone and conglomerate units, of a total thickness up to 90m. To
wards the western margin, firstly two, then all four, seams coalesce to form the west 
borehole seam, of a total thickness less than 7m.(Engel, 1966) 

* North-west trending faults with vertical displacements commonly up to Sm. (Lohe 
et. al., 1995) which generally have little or no surface expression. 

*The relatively mild topography of the region: ground slopes typically less than 25°, 
and commonly less than 15°. 

* Generally good development of soil profiles, limiting the extent of natural outcrops, 
which usually occur only in more resistant lithologies. 

The interaction of the above features makes subcrop prediction by structure 
contouring in the Newcastle region difficult and unreliable. This is illustrated schemati
cally in Figure 2, which demonstrates how errors in predictions based on localised observa
tions can propagate rapidly with distance. Factual subsurface data is always necessary to 
confirm theoretical inferences. While not significant on a regional scale, the errors can be 
very significant on the scale of a domestic block, or even a subdivision. In this case, the 
errors in inferred site classification would have serious consequences. 

6.0 SOIL PROFILES IN THE NEWCASTLE AREA. 

Reactive soil profiles in the Newcastle area can be divided into 3 broad cata
gories based on their origin. These are: residual soils which are weathered in-situ, from a 
wide diversity ofrock types (as noted in sections 3.0 and 4.0); slopewash (colluvial) soils 
which are derived from residuum and transported proximal to their source, and alluvial 
and estuarine clay deposits. 

The nature of residual soils in the Newcastle area is difficult to characterise 
solely on the basis of parent rock type. Residual soils after coal are an example of this. Some 
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no outcrop 

tuff subcrop boundaries inferred 
by structure 

I ClasSification based on inferred Subcropl 

class S/M ielass HI class M 

I Classifi~ation based on Subcrop I 
class H class M 

outcrop mapped 
• 

Glass! class S/M 
:H , 

idassl class S/M 
H 

class SIM = slightly to moderately reactive, class M = moderately reactive, class H = highly reactive 
(Note that the above classifications are common, but by no means consistent, for the rock types shown) 

Figure 2 Schematic illustration of possible errors when inferring subcrops 
in areas of gently dipping geology and mild topography 

coal seams oxidise to produce silty clay soils of low plasticity which soften appreciably on 
wetting and exhibit little or no reactive behaviour. In contrast, some coals contain a propor
tion of pyroclastic material that is often difficult to detect in the macro field and oxidise 
to form highJy reactive and plastic carbonaceous clays. Another example is the conglomer
ates, which generally weather to clay, sand and gravel mixtures of slight reactivity, but 
which may contain a high proportion of tuffite and lithic clasts, and can weather to yield 
a significantly greater clay content, of higher reactivity. Conglomerates may also contain 
tuffaceous lenses, especially reworked tuffaceous wackes, which can result in even greater 
localised soil reactivity anomolies. The presence of reworked tuffaceous material also ex
tends the expected range of reactivities in soils weathered from sandstones. Quartzose 
sandstones generally weather to low reactivity clays with a high sand proportion while the 
grains of lithic and tuffaceous sandstones weather to produce predominantly higher reac
tivity clays. 

In most of the above cases, the presence of a tuffaceous component is not 
obvious enough to be recognised by a geotechnician in the field. Clastic rocks from the 
local coal measures may have widely varying components of primary or reworked volcano
genic materials, which are not apparent in the colour or texture of the residual clay or its 
parent rock, but which significantly influence their reactive potential. Accurate estimation 
of reactive soil potential from observation of rock types or soil texture is rarely possible. 

Furthermore, adjacent exposures in the same geological horizon often ex
hibit variation in appearance, texture and physical properties, reflecting local variation in 
weathering patterns and composition of parent material. As such, residual soils observed 
in exposure may not have properties indicative of rock outcropping at the base, or soils in 
adjacent areas. 

The depth of residual soil development is also highly variable in the New
castle Coal Measures, ranging from less than O.Sm in areas of rock outcrop along crestal 
and upper ridge slopes to 4m over gentle footslopes and as bench features associated with 
coal seam subcrop. Depth of soil development over individual rocktypes is also variable 
and often independent of topographic position. Recent detailed geotechnical logging car
ried out by the Department of Civil Engineering at Newcastle University highlights the va
riable depth to rock that occurs within similar rocktype and topographic units. Results are 
shown in Table 2 below. 
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Terrain Depth to rock (m) Residual rock type 

Footslope 2.8 conglomerate 
Midslope 0.85 conglomerate 

Upperslope 0.9 conglomerate 
Upperslope 2.7 conglomerate 
Midslope 1.5 coal 
Midslope 3.3 coal 
Footslope 2.6 tuffaceous 
Hillcrest 2.5 tuffaceous 
Hillcrest 1.7 tuffaceous 
Midslope 2.8 tuffaceous 
Midslope 2.0 tuffaceous 
Footslope 3.2 tuffaceous 

Flats 3.2 tuffaceous 
U p]Jerslope 1.5 shale/siltstone 

Hillcrest 2.5 shale/siltstone 
Footslope 3.8 sandstone 

Table 2 Variability in residual soil depth. 

The boundary between residual soil and weathered rock is often indistinct 
and represents a gradational change. Tuffaceous and fine grained rock types usually exhibit 
extremely low strengths and soil-like properties in the extremely weathered state. The 
boundary between soil and rock is often arbitrary. Preliminary results of studies being car
ried out in the Department of Civil Engineering at Newcastle University, with funding from 
the Mine Subsidence Board, suggest that some weathered tuffaceous and fine grained rock 
types in the Newcastle Coal Measures exhibit reactive soil behaviour, in particular a pro
pensity to undergo swell strains on saturation. 

The reactivity of slopewash soils is highly dependent on the mineralogy of 
the source material and the degree of sorting occurring during transportation. Many hill
slopes in the Newcastle area have a thin mantle of slopewash soils generally less than 0.5m 
thick on upper and midslope areas increasing up to 1m or greater over footslopes. Some 
slopewash soils are non-reactive, comprising a mixture of silt, sand, and gravel in which 
low plasticity or dispersive clays have been leached. Siopewash soils also infill depressions 
and watercourses/gullies close to the sediment source and are mostly of a clayey nature with 
a variable sand and gravel content. These "gully infIll" deposits generally exhibit variable 
reactivity and depth with some deposits up to 20m thick. They typically occur along broad, 
flat drainage areas of suburbs with higher relief areas in close proximity, such as Kotara, 
Jesmond, Lambton, Mayfield, Warners Bay and Cardiff. 

The meandering form of the Hunter River over the past 10,000 years com
bined with valley infilling and erosion during marine transgression and regression phases 
has resulted in a complex pattern of alluvial and estuarine deposits of significantly different 
thickness and type. Most of the alluvial and coastal valley deposits are of a granular non-re
active nature, however significant reactive clay profIles have been deposited as estuarine 
muds and flood plain clays. Roy et.a!., (1995) note that estuarine muds contain mainly 
smectite and kaolin with minor illite and have plasticity indices in the range of28% to 63%, 
with flood plain alluvial clays having plasticity indices in the range of 6% to 58%. There 
are occasional near surface soft organic clays in the vicinity of the Hunter River and 
Throsby Creek. Near surface highly reactive clays up to l.5m to 3m thick have been en
countered in the Broadmeadow, Hamilton West and Adamstown areas and in parts of 
Cooks Hill and Sandgate. 
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7.0 CONCLUSIONS. 

The great diversity of parent rock types in the Newcastle region produce 
clays of widely varying reactivity. Stratigraphical and structural features include locally 
thin bedding, rapid and abrupt vertical and horizontal variations in thickness and lithology, 
gently dipping bedding and a mild topography. These interaction of these impedes the accu
rate small scale mapping of individual units over wide areas. Extrapolations to adjacent 
areas, even over short distances, are often unreliable, particularly if there are no remote 
confirmatory outcrops. The production of a Newcastle region reactive soils zoning map on 
the scale of individual properties is thus, not possible. Similarly, classification methods 
which extrapolate performance of existing adjacent structures are generally unsuitable, 
particularly in cases where development extends into virgin areas. The visual-tactile ap
proach to reactivity estimation is inappropriate because of the large variability in the col
ours and textures observed in local clays, either weathered from the same parent rock unit, 
or a different lithotype. The presence of a reworked volcanogenic component can result in 
large variations in reactivity in clays of similar appearance. 

The most reliable approach to soil reactivity classification in the Newcastle 
area would thus appear to be that which is commonly employed: to physical test to quantita
tively estimate the volume change potential of the clay, and estimate movements in the ob
served soil profile using the principles of soil physics and engineering judgement. 
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THE REFLECTANCE DISTRIBUTION OF 
AUSTRALIAN & OVERSEAS 
INERTINITE MACERALS 

lC GAMMIDGE & CFK DIESSEl 
Dept. Geology, University of Newcastle 

INTRODUCTION 

The reactivity of inertinite macerals has long been controversial. The 
inertinite macerals are not, as their name suggests, unreactive. These macerals may be 
partially or totally fusible during carbonisation and combustion depending, on rank. The 
reactivity of inertinite may be indicated by the reflectance and fluorescence of the 
individual macerals in relation to the rank of the sample (Diessel and Wolff-Fischer, 
1987, Kruszewska, 1989). Inertinite with a reflectance and fluorescence close to that of 
vitrinite is fusible to partially fusible in bituminous coal but, with increasing rank: the 
reflectance boundary between fusible and non fusible inertinite increases. Australian 
Permian coals are generally higher in their inertinite content than Carboniferous coals, as 
such they have been disadvantaged since they are perceiVed as being less reactive. 
However, Permian coals with relatively high concentrations of inertinite such as the Bulli 
Seam have been used successfully for coking, which according to the widely accepted 
Schapiro-Gray method of coke stability estimation (Schapiro, Gray & Euser 1961, 
Schapiro & Gray 1964,) should not be possible. It was therefore assumed that Australian 
Permian inertinite was either more reactive than its counterpart in Carboniferous coals on 
which the Schapiro-Gray calculation was based, or that Australian coals contained more 
fusible inertinite. 

It was envisaged that if the Carboniferous and Permian coals have 
a higher or lower proportion of fusible inertinite they, would have different inertinite 
reflectance distributions. Alternatively, there may be an inherent compositional difference 
in the inertinite so that a maceral of a reflectance to be fusible in Permian coals may not be 
fusible in Carboniferous coals of the same rank:. A possible difference between the 
Permian and Carboniferous samples could be explained either by the different type of 
vegetable matter contributing to the peat, or the mode of formation of inertinite may have 
been affected by the chemical differences in the atmosphere and climate at the time. 

Since reflectance may be indicative of the reactivity of individual macerals, 
an ACARP supported project No. C3094 was undertaken to determine whether there is a 
difference in the reflectance distribution (which indicates the proportion of fusible 
inertinite) between coals of Carboniferous and Permian age. 

EXPERIMENTAL 

Polished particulate blocks were examined in reflected light using a Zeiss 
MPM400 microscope. Maceral and telovitrinite reflectance analyses were performed by 
traversing the blocks using a mechanical stage, and when the cross hairs landed on an 
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inertinite maceral, the reflectance of that maceral was measured. It was also noted 
whether the maceral was structured (semifusinite and fusinite), unstructured (macrinite) 
or transitional. In each sample 500 inertinite macerals were measured. In low-inertinite 
coals this number could be reached only by lowering and repolishing the sample surface 
several times. For each sample an inertinite refiectogram was constructed. 

The samples of Carboniferous age were mainly from Germany (20 
samples) with others from the United States (10 samples). Permian samples were 
Australian (33 samples) including a suite of samples taken through the Greta Seam in the 
Sydney Basin. This suite of samples from the bottom to the top, was analysed to see if 
there were any significant trends through the seam, related to a possible change in the 
palaeo-environment of deposition. 

The statistical parameters of each reflectance distribution were plotted and 
compared to determine if there is a significant difference between the Permian and 
Carboniferous samples. 

RESULTS AND DISCUSSION 

Figure I is an example of an inertinite reflectogram, with the fusible and 
partially fusible reflectance cutoff indicated. These were calculated from equations 
derived by Diessel and Wolff-Fischer, (1987) (see equations I and 2). This example is 
representative of most of the reflectance distributions. The distribution is skewed 
towards the low reflecting inertinite and the high reflecting tail is patchy . 
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Figure I. An inertinite reflectogram of a Permian, Bowen Basin Coal. The reflectance 
values were divided into classes, the midpoint of these classes is shown on the abscissa. 

When the statistical parameters of the inertinite reflectance distributions are 
plotted against the mean telovitrinite reflectance for each sample, the Carboniferous and 
1\'rlni,lII sampks arl' duslcrcll, Ihere is no difference between the two sample groups. 

The median of the inertinite distribution was selected as the main statistical 
parameter because it is less susceptible to alteration by the extreme inertinite reflectances 
of fusinite macerals. The most reflective macerals, the fusinites are highly variable in 
their concentration and reflectance, since these macerals are the product of incomplete 
combustion of plant fragments. The arithmetic mean of the distribution is therefore 
affected more strongly by the variation in the fusinite reflectance. Figure 2 shows the 
median of the distribution for the Carboniferous and Permian samples plotted against the 
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mean telovitrinite reflectance. In general the median increases with rank, but there is no 
significant difference between the Permian and Carboniferous samples. 
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Figure 2. The correlation of median inertinite reflectance and the mean random 
teJovitrinite reflectance of each sample. 
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Figure 3. The skewness of each reflectance distribution versus the mean random 
telovitrinite reflectance. 

The skewness of the distributions, can give an indication as to the amount 
of low reflecting and fusible inertinite. Figure 3 shows the skewness of the samples there 
is no definite trend to the results, they appear at random, and once again there is no 
difference observed between the Carboniferous and Permian samples. The inertinite 
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distributions were all positively skewed indicating an abundance of lower reflecting 
inertinite in all the samples and although the Pennian samples had the two most highly 
skewed results, there is no significant difference between the two sample groups. 

Diessel and Wolf-Fischer (1987) derived equations to detennine the 
reflectance of inertinite at which fusibility and partial fusibility cease. These equations 
may only be applied to single seam coals since they are rank dependent. 

Reflectance cutoff between fusible and partly fusible macerals (Equation 1) 
= -0.62 + 2.92Rrt - 0.91Rrt2 

Reflectance cutoff between partly fusible and infusible macerals (Equation 2) 
= 0.10 = 2.28Rrt - 0.71Rrt2 

Rrt = mean random telovitrinite reflectance 

The reflectance fusibility and partial fusibility cutoffs were calculated for 
each of the samples and from this the percentage of fusible and partially fusible inertinite 
macerals was detennined. A plot of the percentage of fusible inertinite macerals is shown . 
in Figure 4, the results show no distinction between the two groups. However, a couple 
of samples have almost 50% of fusible inertinite. 
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Figure 4. The percentage of fusible inertinite macerals in the Pennian and Carboniferous 
samples calculated using the reflectance cutoff in equation 1. 

It appears that there is no difference in the reflectance distribution between 
Carboniferous and Pennian coals. Therefore it is unlikely that there is a significant 
compositional difference in the inertinite from the two different ages, even though the 
plants contributing to the peat were of different types and the climates at the time of 
deposition were temperate for the Pennian coals and tropical for the Carboniferous 
coals. If there are any variations in the performance of these two sample groups during 
carhonisution. they must be accounted for by other means. Clearly the inertinite 
conccnlrution of a sample is critical and the concentration of inertinite in Permian coals is 
generally higher than Carboniferous coals. For the samples used in this project the 
inertinite content varied from less than 10% to greater than 50% with both sample groups 
spread across this field. 
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The type of inertinite maceral is important, Diessel (1983) found that 
semifusinites, which are derived from plant fragments that underwent little gelification 
before being oxidised are less fusible than macrinites, which were oxidised after 
substantial gelification. The proportion of individual maceral types varies for some 
macerals with rank since, as rank increases, the reflectance of the inertinite and vitrinite 
groups merge. As to be expected, the median and mean of the inertinite distributions 
increase with rank. However, for the proportion of the different macerals and their 
reflectance distribution there is no distinction between the Permian and Carboniferous 
samples. 

Other factors, for example the size and distribution of the individual 
macerals and their association with other macerals (microlithotypes) are relevant to 
performance during carbonisation, but there is no distinguishable difference between the 
inertinite reflectance distribution of Permian and Carboniferous coals. Indeed if we take 
the almost identical fluorescence levels in the Carboniferous and Permian coals 
investigated in the ICCP Round Robin 1991 (Diessel, 1991) as a guide, the question 
arises whether the underestimation of inertinite reactivity by the Schapiro-Gray method 
applies to Carboniferous coals as much as it does to Permian coals. 
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ABSTRACT 

The organic maturity (rank) of the Permian coals in the Gunnedah Basin has been 
investigated using petrological and chemical parameters, with emphasis on vitrinite 
reflectance and inherent (air-dried) moisture content. A correlation between these two 
rank indices has been established, and each shows a similar systematic pattern of lateral 
variation within the Hoskissons seam. Coal rank is significantly higher in the south
western part of the basin than in the east. The relation of this pattern to the geological 
structure suggests either a higher geothermal gradient along the western margin of the 
basin or a substantial degree of post-burial uplift for the Permian coal-bearing 
succession. 

INTRODUCTION 

This work forms part of research currently proceeding at UNSW into the pattern of coal 
rank variation in the Sydney-Gunnedah Basin. The main focus of the overall research 
project is to investigate and map the relationships of coal rank, geological structure, 
geothermal field and tectonics using three dimensional modelling. The results of the 
study will be of value in the prediction of coal rank through the coal basin. 

The aim of the present paper is to present new data on regional coal rank variation in the 
Gunnedah Basin. Current knowledge of regional coal rank variation and hydrocarbon 
maturation in the Gunnedah Basin is poor compared to that in many other sedimentary 
basins, and few systematic studies of vitrinite reflectance have been carried out. 
Published sources of information on coal rank in the basin include Russell and 
Middleton (1981), Hamilton et al. (1988) and Middleton (1991). Although a recent 
compilation has been made of many other aspects (Tadros, 1993), no iso-reflectance 
maps have yet been published for the Gunnedah Basin sequence. 

Coal rank is a measure of the level of organic maturation. A number of indices are used 
to indicate this rank. The reflectance of vitrinite, moisture content, volatile matter yield 
and carbon content are all good parameters for indicating rank over a large range. 
General correlations have been established between these parameters, and for some 
areas (e.g the Lublin Basin in Poland; Gurba and Pietruszka, 1984) the value of one can 
be estimated from another with a fair degree of confidence. 
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Vitrinite reflectance is the most commonly used parameter to indicate organic 
maturation. However, representation of rank by a single parameter may for some 
purposes be an oversimplification. Vitrinite reflectance can respond to other effects in 
addition to true maturity (Diessel, 1992), and the level of maturation of organic matter 
can be misinterpreted if such effects are not taken into account. Although vitrinite 
reflectance remains the most widely used rank parameter for geological studies, it is 
desirable to use as many overlapping parameters as possible over the whole sedimentary 
sequence, so that the various parameters supplement each other. 

Previous work indicates that the Permian coals in the Gunnedah Basin are of high
volatile bituminous rank (Russell and Middleton, 1981). Such coal occupies a 
transitional rank position, over which all the parameters mentioned above can be 
e'1lployed. Moisture content is an accepted index of rank for high-volatile bituminous 
coals. There is, however, considerable confusion about the moisture content in 
bituminous coals (Roberts, 1991), and it is perhaps unfairly overlooked as a rank 
indicating parameter. 

METHODOLOGY 

Four main indicators could be used to estimate the thermal maturity of the Permian 
coals in the Gunnedah Basin: vitrinite reflectance (Rvmax; RVrand), moisture content 
(air-dried basis), volatile matter yield (dry ash-free basis) and specific energy (dry ash
free basis). Only air-dried moisture and maximum vitrinite reflectance, however, are 
considered in the present discussion. 

A total of 150 coal samples have been studied to date from 54 boreholes in the 
Gunnedah Basin area The boreholes sampled were chosen to give a uniform coverage 
of the basin, with emphasis where possible on holes in which a good vertical sequence 
of seams was intersected. 

Grain mounts for petrographic study were prepared from both ply-by-ply and full-seam 
samples taken from the drill cores. In addition, polished blocks cut perpendicular to 
bedding were also prepared of individual solid core specimens. Measurements of 
maximum vitrinite reflectance for each were carried out under Australian Standard 
procedures using a Leitz MPV-2 microscope. The results were expressed in terms of an 
arithmetic mean (generally obtained from 50 measurements) and standard deviation. 

Comprehensive analytical data were also available for the coals sampled. These data 
were compiled and SUbjected to a series of statistical correlations, including correlation 
with the vitrinite reflectance data. 

RESULTS AND DISCUSSION 

In order to evaluate the regional coalification pattern and to relate iso-rank levels to 
geological structure, a common stratigraphic datum is useful to eliminate differences in 
maturity due to vertical position. For the present study, a laterally continuous coal seam 
(the Hoskissons seam) was studied in detail to determine the relationship between coal 
rank, as indicated by mean maximum vitrinite reflectance (Rvrnax) and air-dried 
moisture content, and the geological structure of the basin. The Hoskissons seam was 
selected as the reference horizon because it has a broad extent and serves as a genetic 
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stratigraphic sequence boundary in the Pennian strata of the Gunnedah Basin (Hamilton 
and Tadros, 1994). 

Although some scepticism is frequently expressed about the value of air-dried moisture 
data, a relatively good correlation has been identified between this value and vitrinite 
reflectance for the coals of the sample suite (Figure I). Similar relationships have been 
established for South African coals (Roberts, 1991) and New Zealand coals (Newman 
and Newman, 1982). The present study suggests, however, that in this relationship, a 
moisture content below 2% almost invariably indicates a vitrinite reflectance very close 
to or above 0.8%. 

The air-dried moisture content of the Hoskissons seam shows a systematic pattern of 
lateral variation across the Gunnedah Basin area (Figure 2). Air-dried moisture 
decreases from more than 6% in the eastern part of the basin to below 2% in the south
western part. This is consistent with a higher coal rank in the west than in the east. 

The rank trend indicated by moisture content is confirmed by the vitrinite reflectance 
values that have been obtained to date (Figure 3). RVmax for the Hoskissons seam 
varies from 0.65 % in the east to more than 0.85% in the west, following the rank trend 
indicated by the moisture content. There is, however, appreciable scatter in both sets of 
data, especially in the northwestern part of the basin. 
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Figure 1. Correlation between air-dried moisture content and mean maximum vitrinite 
reflectance for Gunnedah Basin coals. 
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The rank trend shown in the maps is based in each case on averaged quality parameter 
values taken from the vertical profile exhibited by the borehole samples. This procedure 
was used to reduce the singular, random effects of both syngenetic and epigenetic 
factors, such as unusual maceral combinations or mineral matter, or the effects of 
localised igneous intrusions. 

The basin structure (Figure 4) shows a NW-SE trending synclinal axis through the study 
area, with both eastern and western limbs being currently less deeply buried than the 
central portion. The iso-rank lines are discordant to this trend; rank increases with 
structural depth in the east, but despite rising seam elevation remains relatively constant 
in the west. 
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Figure 4. Structure contours on the base of the Black Jack Formation in the Gunnedah 
Basin (after Hamilton et al., 1991). 
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CONCLUSIONS 

The pattern of coal rank variation in the Gunnedah Basin is clearly not controlled by 
present or past depths of burial alone. The westward increase in rank was probably 
caused either by a greater depth of burial in that area or by a westward increase in the 
basin's geothermal gradient. If a greater depth of burial was involved, the relationships 
between rank and structure provide evidence of substantial post-burial uplift of the 
Permian coal measures in the western part of the basin. 

There are a number of local departures from the regional trend due to the presence of 
igneous bodies, but apart from this the overall pattern appears to indicate an influence of 
post-coalification tectonics. 

The conclusions of this study are based on the first set of samples collected from the 
study area. A further set has yet to be analysed and the results may clarify inteIpretation 
of the regional pattern of coal rank in the Gunnedah Basin. The results of such a study 
would also be useful in establishing the timing of coalification in relation to structural 
events. 
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INTRODUCTION 

The extent of fusion upon heating is one of the most useful properties of 
bituminous coal. Lacking a definitive routine test, the fusibility of coals is assessed in 
terms of indices derived from various laboratory tests which tell us more about the 
behaviour of coal under the specific conditions imposed upon it, than in its technical 
application of interest. For this reason, a method of rapid and accurate assessment of the 
proportions of fusible components in both single seam and coal blends is urgently 
required. 

It has long been known that the thermoplastic properties of coal are 
closely related to two readily measured optical properties of coal macerals - reflectance 
and fluorescence. These microscope methods are attractive because they are by their 
nature passive and non-destructive. They are also simple in concept, being based upon 
reflectance or fluorescence intensity histograms of coal. However, because they are 
indirect they require calibration, and this is accomplished through the determination of 
reflectance or fluorescence fusibility thresholds. 

The most accurate method of fusibility assessment is by laboratory 
carbonization and coal-to-coke mass balance calculations. This method is time 
consuming and expensive but it is the most appropriate approach for calibrating the 
optical microscopic methods. The calibration of the reflectance technique has been 
reported upon previously (Diessel and Bailey, 1989). Although this approach is 
attractive in terms of ease of measurement, it is only applicable to single seam coals 
because reflectance fusibility thresholds change with rank. Fluorescence fusibility 
thresholds, on the other hand, do not change with rank (Diessel and Wolff-Fischer, 
1987) and this allows the possibility of assessing both single seam and coal blends. 

The experimental assessment of fusibility by conventional fluorescence 
microscopy is difficult to achieve. IIi order to assure speed and a high level of 
reproducibility, characteristics which are highly desirable for a commercially viable 
technique, the assessment should be semi-or fully automated to eliminate operator bias, 
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and confined to measurable properties only. However, due to the poor stability of the Hg 
arc light source, and the necessity to use a rather wide radiation bandwidth because of 
the low intensity of the beam, a spot size> 10 11m is required which results in an 
unacceptably large proportion of multiple grains being measured in grid sampling. 
Consequently, automatic scanning is not an option with conventional fluorescence 
microscopy. 

THE SCANNING LASER FLUORESCENCE MICROPROBE 

The scanning laser fluorescence microprobe (Wilrnshurst and Wilkins, 
1993) provides solutions to problems posed by conventional fluorescence apparatus. 
The core of the instrument consists of a reflected light microscope fitted with a 
motorised precision scanning stage, cw laser and white light sources, a RGB video 
camera for observation and the preparation of digital images, and two photometers. One 
photometer is used for fluorescence intensity measurements at a wavelength of 620 nm 
obtained from precision interference bandpass filters. The sensing device is a 
photomultiplier, operating in photon counting mode. The second photometer is used for 
reflectance measurements which are optional. An instrumentation computer and control 
software complete the instrument which can be used to make single point, line and area 
scans, and fluorescence intensity alteration measurements. 

An Omnichrome SO m W air cooled argon ion laser provides the 488 nm 
radiation used for fluorescence excitation, and for reflectance determination. The high 
stability and intensity of the laser radiation allow the beam to be readily focussed to 1-2 
11m and automatic scanning to be achieved. In practice 6400 simultaneous 
measurements of reflectance and fluorescence can be made in 90 minutes but stable 
histograms are usually achieved with a lower number of counts. While the problem of 
selecting a sampling routine is essentially the same as that in conventional point 
counting, there are a number of other problems which affect the quality of the data 
acquired. 

1. In automated scanning mode, the surface of the block must be flat and 
normal to the axis of the microscope. Ultra long-distance objectives are employed to 
allow a greater depth of focus. With a SOX UL WD objective the whole surface of the 
block must be within a tolerance band of ± 5 11m. It is difficult to reproducibly orient 
samples within these specifications using commercial sample presses. Our samples are 
prepared to specification using a specially constructed press consisting of a vertically 
mounted Thompson M30 pillow block with a 30 mm hardened steel shaft acting on a 
three point level-adjusting base plate. 

2. Although fusibility assessment with the scanning laser fluorescence 
microprobe does not require reflectance data, it is useful to be able to compare 
fluorescence and reflectance determinations. With the microprobe, reflectance is 
measured in air at 488 nm relative to a Y AG standard (R air= 8.85). As the refractive 
and absorption indices of macerals are difficult to infer, the Fresnel equation cannot be 
used routinely to refer reflectances measured in air to an oil medium. The algorithm 
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which has been adopted for converting measured maceral reflectance in air at 488 nm to 
reflectance in oil ( n = 1.518) at 546 nm is constructed using successive empirical 
relationships, firstly the dispersion curves of Davis (1978) to convert reflectance in air at 
488 nm to reflectance in air at 546 nm, then the relationship between reflectance in air at 
546 nm to reflectance in oil at the same wavelength (Fig. I). Some of the available 
literature data used in deriving the relationship (Broadbent and Shaw, 1955; McCartney 
and Ergun, 1958; Van Krevelen, 1961; Davis, 1971) is old and of uncertain quality, and 
it all refers to vitrinite, however, the relationships are tentatively accepted as applying to 
all macerals until new determinations can be made. 
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Fig. I Relationships used to infer maceral reflectance at 546 nm in oil medium 
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(n = 1.518) from measurements in air at 488 nm. Based on literature data (see text). 

3. In the routine examination of samples, reflectance and fluorescence are 
measured simultaneously with a count time of 100 milliseconds at each point of the 
grid. A major problem in interpreting data from the autoscanning mode is distinguishing 
macerals from minerals and epoxy resin. On a cross plot of the fluorescence and 
reflectance data, minerals, epoxy resin and macerals plot in distinct fields. Fig. 2 
compares raw data from a manual scan and an autoscan of an epoxy resin mount of 
Blackwater coal plotted on a reflectance-fluorescencl< cross plot. The sample contains 
8.9% mineral matter by volume. In this example the block was levelled but not within 
tolerance limits (actually ± 13 ~Lm) using a Leitz press of conventional design. Although 



191 

WILMS HURST ET AL. 

9000 

8000 

7000 Manual scan - 1170 points 
en - • C 6000 => 
0 • u 

5000 CII 
u ••• • C • • .. 4000 • • -U • •• . "' • • • 
CII • 
;::: 3000 • • CII a:: 

2000 ,. 
•• • 1000 
• • 

0 
0 10000 20000 30000 40000 50000 eoooo 70000 BOOOO iOOOO 100000 

Fluorescence counts 

9000 

8000 

7000 
en Autoscan - 2560 points - • C 
=> 6000 • 
0 

# •• U 
5000 CII • ••• J 

u ~. • c • • .. 4000 •• ,.. • - •• • • u • • • • CII • • ;::: 3000 • CII • • a:: • • 2000 • • 

1000 

0 

0 10000 20000 30000 40000 50000 10000 70000 80000 90000 100000 

Fluorescence counts 

Fig. 2 Comparison of raw data reflectance - fluorescence cross plots for Blackwater 
coal obtained by manual and automatic scanning. 
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the patterns of points are similar in the two diagrams, (and allo\Ving for the different 
numbers of measurements in the two scans), there does appear to be a greater scatter of 
data in the autoscan resulting from inadequate control of operating conditions. 

In the reflectance-fluorescence cross plots, different minerals and 
macerals occupy different fields. This feature may be used to eliminate mineral and 
epoxy resin data from the total fluorograms obtained in the autoscan mode. Figs 3 and 4 
show the results of manual collection of data on macerals and minerals from Blackwater 
coal, and the epoxy mounting resin. It can be seen that the epoxy resin, chalcedony and 
some of the carbonate data can be readily eliminated from the total fiuorograrn, but 
some of the carbonate results plot within the maceral field. It appears, therefore, that for 
some samples other methods of coping with the carbonate content of coals such as 
staining, etching or even density separation before analysis will have to be considered. 

It is intended to calibrate the microprobe against a set of coals with 
known properties including their fusibility. For this pmpose we are re-measuring some 
20 coals in which the inertinite fusibility levels were determined by coal-to-coke mass 
balance calculations during previous fusibility studies. Another five coals will be 
processed in the course of the project so that at the end we will have detailed 
reflectance-fluorescence cross-plots for all macerals contained in 25 selected coals. 
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Fig. 3 Fields of inertinite, vitrinite and liptinite macerals for Blackwater coal. 
Raw data; manual collection. 
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Fig. 4 Fields of epoxy resin. chalcedony and carbonate for Blackwater coal on 
reflectance-fluorescence cross plots. Raw data; manual collection. 
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BACKGROUND 

Although coal marketers currently suffer peqalties for nitrogen contents higher than 
1.8-2.0%, there is no evidence to indicate that coal nitrogen of this level predicts a high 
range of NO. emissions in combustion. There appears to be no simple relation between 
coal nitrogen and nitric oxide formed by combustion (Jiintgen, 1987). 

For coals covering a wide rank range, from lignite to anthracite, fuel NO. emissions 
generally increase with increasing fuel nitrogen content. However, within the sub
bituminous range, coals with the same nitrogen content differ in fuel NO. emissions by up 
to 20%, and lignites with the same nitrogen content vary in fuel NO. by up to 60% (Chen 
et al.,1982). Figure 1 reveals the poor correlation between the nitrogen contents of a group 
of 30 Australian coals and their fuel NO. emissions at pilot scale in 20% excess air 
(correlation coefficient R = 0.186). For Australian coals, Nelson et al. (1991,1992) 
dismissed fuel nitrogen, non-volatile nitrogen, pyrolysis HCN yield, and volatile matter as 
unsatisfactory predictors of NO. emissions in combustion. 

Attempts to Predict NO. in Combustion by Pyrolysis Studies 

During coal combustion, NO. gases are formed by combination of both coal 
nitrogen and atmospheric nitrogen with oxygen. Due to the difficulty of measuring the 
nitrogen contribution from these two unrelated sources, many experiments designed to 
measure NO. emission have been performed in inert atmospheres, which permit 
monitoring of release of coal-related nitrogen alone. As a result, much of the scientific 
literature concerning nitrogen partitioning records the results of pyrolysis experiments, 
assumed to represent the initial devolatilisation stage of combustion. 

Smoot and Smith (1985), however, point out that devolatilisation and char 
oxidation may take place simultaneously, especially at very high heating rates. They state 
that during devolatilisation in an oxidising environment (e.g. air), evolved fuel-rich 
gaseous and tarry products react further in, the gas phase to raise temperatures in the 
vicinity of coal particles, and accelerate char combustion. De Soete (1982) showed that the 
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processes of pyrolysis and combustion generate identifiable pulses of CO and CO2 that are 
separated in time at lower temperatures, but merge at higher temperatures, implying that 
heterogeneous ignition and pyrolysis are simultaneous. Pyrolysis, therefore, eliminates the 
"catalytic" heating effect of gas and tar reactions surrounding the coal particles, alters coal 
fluidity and affects the evolution of volatiles, including volatile nitrogen. 

Figure 1 
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Fluidity and Volatile Evolution in Pyrolysis and Combustion 

The release of volatile species from coal as it is heated depends on a series of 
chemical decomposition reactions, and on the "plastic" behaviour of the coal. The closeness 
of the melting and decomposition points for bituminous coals results in the occurrence of 
a plastic or fluid phase on heating, rather than true melting (Jones, 1951). At the low 
beating rates at which rheological properties of coal are usually assessed (few degrees/min) 
fluidity commences at about 400 C, reaches a maximum at about 450 C, and by about 600 
C, resolidification has occurred. Both maximum fluidity and the duration of the plastic 
stage increase with an increase in the heating rate (Saxena, 1990), so that even "nonplastic" 
coals exhibit marginal plasticity at very high heating rates. 

Waters (1962) and Van Krevelen (1962) showed that the temperature of maximum 
coal fluidity and the temperature of maximum rate of devolatilisation almost coincide over 
a reasonable heating range (0.6-10 K/min), since both fluidity and devolatilisation must be 
preceded by covalent bond breaking, and are terminated by loss of tar and other 
condensation reactions which tend to resolidify the coal. 



197 

RELATIONSHIP BETWEEN COAL FLUIDTIY AND VOLATll..E RELEASE 

Fluidity and Swelling in Pyrolysis and Combustion 

Increasing temperature and the onset of fluidity leads to the closure of the pore 
network to the extent that passage of even helium molecules is impeded in nonplastic coals 
at 1000 C, and in plastic coals at around 800 C (Saxena, 1990). Hence in pyrolysis the 
collapse of pore structure impedes diffusional and hydrodynamic flows, resulting in bubble 
nucleation, the occurrence of swelling, and the formation of spheroidal chars such as 
tenuispheres (thin-walled) and crassispheres (thick-walled) (Bailey et a., 1990). 

At the elevated temperatures and heating rates encountered in p.f. combustion, 
fluidity may be estimated from the swelling ratio of chars developed in a laboratory-scale 
furnace, under conditions closely approaching those of industrial scale. Street et al. (1969), 
showed that chars treated in nitrogen have higher swelling ratios than those treated in air 
at the same temperature. They also noted that swelling in pyrolysis occurs uniformly up 
to the maximum temperature used (650 C), while chars treated in air undergo a maximum 
swelling at 500 C, then contraction at 550 C before ignition. 

Tsai and Scaroni (1987) also recorded a smooth, continuous expansion of char in 
pyrolysis with maximum swelling occurring at up to 135 ms (weight loss about 25%). 
Significant additional weight loss occurs as volatile matter continues to be evolved from 
fluid char after the maximum swelling stage. By comparison, chars treated in air record 
maximum swelling before about 80 ms, followed by fast contraction as char resolidifies, 
oxidises and fragments. Resolidification occurs at a weight loss of about 22-27%. The 
rapid devolatilisation is caused by heat-feedback from volatile combustion reactions 
surrounding particles. With increasing oxygen concentration above 10%, duration of this 
volatile flame decreases exponentially (Gadiou, 1990), showing the important influence 
of oxygen in decreasing the duration of the fluid phase. LoOOn et al. (1963) also showed 
that a small concentration of oxygen in the ambient gas reduces coal fluidity. 

Swelling Ratio 

Swelling ratios in pyrolysis and combustion were compared for chars formed from 
the separated lithotypes of 6 coals, ranging from sub-bituminous to medium volatile 
bituminous in rank (Table 1). Various lithotypes ranging from clarain to to fusain were 
tested, with vitrinite:inertinite ratios shown in Table 1. Each lithotype was pyrolysed in an 
inert atmosphere at 1500 C and combusted at 1000 C in 50% excess air. Although 
maximum swelling in pyrolysis appears to occur close to 900 C for plastic coals (Table 2a), 
1500 C was chosen to most closely represent the fast heating rate experienced by 
pulverised fuel in industrial conditions. Swelling ratios of pyrolysis char at 900 C would 
have even higher values than those obtained 
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Table 1 

Rank Olal 
(% Sample 

R..,) 

0.67 U#l 

U#2 

0.75 B#1 

B#2 

B#3 

B#4 

0.88 93#1 

93#2 

0.93 92#1 

92#2 

92#3 

92#4 

0.95 94#1 

94#2 

1.23 C#1 

C#2 

C#3 

C#4 

C#5 

C#6 

Fluidity (swelling ratio) of chars from separated lithotypes of 6 coals 
formed in pyrolysis and combustion conditions in a drop-tube furnace. 
Vitrinite:inertinite ratios, coal nitrogen, volatile matter content and ratio of 
high temperature volatile to proximate volatile yield (V* NM)are also 
shown for each lithotype. 

Vitrinite: Swelling Volatile Swelling Burn- Olal VM ~ 
Inertinite Ratio Loss Ratio out N % VM 

Ratio Pyrolysis wt% Olmbustion % % daf 
1500C daf 1000C daf 

68.5 1.35 1.24 89.2 2.04 38.6 1.34 

0.3 1.67 0.68 93.3 1.97 35.9 1.18 

8.9 0.73 57.5 0.67 84.1 1.99 39.8 1.37 

3.9 0.91 74.1 - 91.7 1.89 40.2 1.03 

1.0 1.2 57.1 1.05 87.2 1.88 38.6 1.00 

0.1 0.92 47.9 0.82 81.5 1.86 30.7 0.99 

5.9 1.1 0.70 84.8 1.59 43.8 0.96 

1.1 1.1 0.93 86.6 1.52 44.1 0.83 

4.2 0.91 0.77 77.3 1.80 35.8 274 

2.0 0.88 0.71 87.6 1.79 33.9 1.34 

0.8 1.0 0.96 81.0 1.77 31.2 1.62 

0.3 1.1 0.83 81.3 1.76 28.1 1.08 

10.1 1.4 0.84 78.5 1.99 34.4 1.64 

3.0 1.1 0.85 - 2.13 33.7 1.35 

59.1 1.42 57.7 1.39 69.5 2.22 27.6 2.70 

5.7 1.3 55.7 1.55 83.0 2.13 26.6 1.42 

1.3 1.0 51.2 1.0 62.1 1.93 24.5 2.19 

0.8 0.99 48.1 0.92 67.7 1.78 23.0 -
0.02 1.1 42.1 0.90 61.5 1.59 20.1 1.27 

0.1 0.91 36.9 0.89 68.1 1.21 17.6 1.81 
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Table 2a Otar mean diameters (microns) for five whole coals pyrolysed at 900, 1200 
and 1500 C 

Mean Otar Diameter (microns) 

Coal Rank(R.,J Pyrolysis 900 Pyrolysis 1200 Pyrolysis 1500 

Bayswater 0.75 81 89 85 

Wards River 0.88 105 82 85 

Bowens Road 0.93 89 84 79 

Avons 0.95 110 87 86 

Curragh 1.23 120 91 87 

All lithotypes tested showed higher swelling ratios in pyrolysis conditions than in 
combustion conditioDS. The greater fluidity and swelling of pyrolysis char is also illustrated 
in Table 2b, which shows that even at the same porosity (P 1500 and C 1100 for clarain), 
pyrolysis chars have considerably larger diameters than combustion chars. 

Effects of Fluidity and Petrography on Volatile and Nitrogen Evolution 

The shorter duration of the fluid phase during combustion at even low oxygen 
concentrations also inhibits the extent of volatile release before recondensation to solid 
char. This implies greater retention of volatiles in solid char during combustion than during 
pyrolysis, including volatile nitrogen. Nitrogen trapped in solid char is then released more 
slowly during char combustion, in proportion to burnout level of the char (Miyamae, 
1988). The accurate assessment of volatile nitrogen release from coal in combustion, 
therefore, hinges upon the markedly different fluidity of coal treated in air compared to that 
treated in inert gas, and requires testing under appropriate conditions. 

Table2b 

Mean 
Diameter 
(micron) 

Mean 
Porosity 

% 

Char mean diameters and porosities from Bayswater Clarain and Durain 
lithotypes after pyrolysis and combustion (P = pyrolysis; C = combustion) 

Bayswater Clarain Bayswater Durain 

Coal P 1500 C1000 CllOO Coal P 1500 C1000 C1100 

93.9 76.8 58.1 57.3 82.8 98.0 45.5 43.8 

- 84.0 70.7 81.8 - 48.0 76.2 74.0 
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Release of volatile nitrogen is also linked to coal petrographic content, since the literature 
reveals nitrogen is preferentially concentrated within the volatile-rich vitrinite maceral 
group in coal (Bailey. 1993; Given et aI.. 1984; Dyrkacz et aI .• 1984; Bustin et aI.. 1993). 
Table 1 shows that lithotypes with higher vitrinite:inertinite ratio always have higher 
nitrogen levels. Inertinite-rich coals may release less volatile nitrogen. 

Effect of Secondary Reactions and Char Form on Volatile Evolution 

Volatiles generated at the centre of the particle have to be transported to the surface. 
and during this mass transfer process. may undergo secondary reactions with the char. This 
mass transfer plays an important role in determining the volatile yield during pyrolysis 
(Unger & Suuberg, 1984; Anthony & Howard. 1976). Since tar. the most abundant product 
obtained during devolatilisation, is approximately unchanged in carbon and nitrogen 
compared to the parent coal (Gavalas. 1982). the amount of volatile nitrogen released in 
the early stages of pulverised coal combustion depends on the extent of secondary reactions 
which occur within char dumg the mass transfer of species like tar from the centre to the 
surface of the particles. It is well known that volatile release from coal in high temperature 
pyrolysis may exceed proximate volatile yield by a factor of 2 due to the extensive 
secondary reactions inside and on the particle surface in proximate analysis. measured in 
a dense bed of particles. 

The type and internal complexity of char will help determine its volatile yield. Less 
plastic and more complex chars have the potential for far more secondary reactions during 
mass transfer than simple, spherical chars, and thus yield fewer volatiles. including volatile 
nitrogen. Table 3 shows that internally complex chars are generated by relatively inertinite
rich lithotypes. and by the presence of oxygen. 

Clarain from Bayswater coal produces about 71% tenuispheres and about 94% 
spherical chars (types 1.2 & 4) during pyrolysis, while combustion conditions result in only 
36-38% of tenuispheres. and only about 76% of spherical chars (Bailey et aI.. 1990). 
Network chars (types 3 & 5). with greater internal complexity. comprise less than 1% of 
pyrolysis char. while combustion conditions produce 13-15% networb. For Durain. 
spherical chars comprise 21% of pyrolysis residue. and only 5.5-6.4% of combustion 
residue. Network chars comprise 32.8% of durain pyrolysis char. but about 45.0% of 
combustion char. The diameters of almost all char types from pyrolysis exceed those from 
combustion as a result of higher fluidity. These trends indicate that: 
(1) Pyrolysis produces many more internally simple spherical chars. unlikely to 

generate secondary reactions which lower volatile yield. than combustion 
(2) CIarain produces many more internally simple spherical chars than durain. so 

would have a higher volatile yield. Table 1 shows that V· NM is greater for high 
vitrinite:inertinite lithotypes. for a range of 6 coals. 

Volatile Nitrogen Release 

To confirm that not only volatile yield. but specifically volatile nitrogen yield. is 
reduced by the presence of oxygen. and by complex char type. nitrogen retained in char 
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was measured for 2 size fractions of high volatile bituminous coal tested at 3 temperatures 
under pyrolysis and combustion conditions. Pyrolysis, particularly at high temperature, was 
found to increase the yield of both total volatile matter as a percentage of coal mass, and 
volatile nitrogen as a percentage of total coal nitrogen (fable 5). The rate of nitrogen 
evolution increases to a greater degree than total volatile evolution or porosity at high 
temperature. Significantly more nitrogen is retained in char in combustion, and so would 
be released more slowly by heterogeneous char combustion. 

Bailey and Hodson (1994) sbowed that this increase in volatile release and volatile 
nitrogen release with temperature is accompanied by the production of greater quantities 
of porous swelling char. The char types were sub.<Jivided into 3 groups: Group 1 - high 
porosity and internally simple, derived from vitrinite-rich coal; Group 2 - medium porosity 
and internally complex, derived from heterogeneous coal grains; Group 3 -low porosity, 
derived from inertinite-rich coal. Table 4 (to be completed) reveals that inertinite-rich 
grains (Group 3) devolatilise to their full extent at lower temperature (1300 C), while 
vitrinite-rich coal (Group 1) continues to evolve nitrogen-bearing volatiles, at an increasing 
rate, between 1300 C and 1500 C in inert gas. This is due to the greater duration of fluidity 
in vitrinite-rich coal. Table 4 also shows that the proportion of internally complex chars 
(Group 2) is considerably higher in combustion residue, at the expense of simple, swelling 
chars (Group 1). 

Conclusions 

Pyrolysis in inert gas promotes greater coal fluidity, particularly in vitrinite-rich 
lithotypes, which leads to greater volatile, and volatile nitrogen, evolution. The presence 
of even a low percentage of oxygen reduces fluidity, and leads to the formation of more 
internally complex char, particularly from inertinite-rich coal, in which secondary tar 
reactions reduce volatile, and volatile nitrogen, yield. The extent of volatile NO. gas 
release in combustion cannot therefore be predicted from pyrolysis experiments, and 
should only be assessed under conditions appropriate to combustion. 

Table 5 Volatiles and nitrogen released in pyrolysis and combustion 

Temp. C Fine (-90+63 /lDl) Coarse (-150+125)4ll) 

VM (% coal Nevolved Macroporosity VM (% coal N evolved 
Pyrolysis massdat) l(% coal W % mass daf) (% coalN) 

lOOOC 46 56 69.0 56 57 

l30DC 52 38 81.6 56 67 
1500C 60 16 83.8 64 84 

Combustion Burnout Nevolved Burnout N evolved 
(%) (% coalN) % (% coalN) 

900C 59.3 14.3 15.9 
lOOOC 81.4 34.5 62.1 30.8 
HOOC 78.2 32.0 68.2 
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Table 3 Char types (volume %), mean diameters and porosities from Bayswater Clarain after pyrolysis at 1500 C, combustion in a 
laboratory DTF at 1000 and 1100 C. 

Clarain Durain 

Pyrolysis 1500 C Combustion 1000 Combustion 1100 Pyrolysis 1500 C Combustion 1000 C Combustion 1100 C 
Char Type C C 

Volume Mean Volume Mean Volume Mean Volume Mean Volume Mean Volume Mean 
% Diameter % Diameter % Diameter % Diameter % Diameter % Diameter 

(urn) (urn) (urn) (urn) (urn) (urn) 

1. tenuisphere 70.7 83.2 37.8 58.8 35.8 60.4 3.7 68.5 5.6 47.2 4.3 43.4 

2. crassisphere 17.4 69.9 37.5 64.3 41.9 59.5 12.3 61.0 0.8 36.7 1.2 30.9 

3. tenuinetwork 0.6 58.4 7.7 51.6 2.9 55.6 8.0 65.8 35.7 49.3 31.8 46.3 

4. mesosphere 5.7 40.5 0 45.4 0 46.7 5.3 47.5 0 - 0 -
5.crassinetwork 0 - 7.3 48.9 9.8 49.7 24.8 55.2 9.8 49.9 12.7 48.5 

6. skeletal 0 - 3.3 41.1 5.3 50.0 0 - 0 41.6 0 39.0 

7. mixed 4.3 66.9 - 0 - 13.5 60.3 17.1 45.6 17.6 45.6 

8. inertoid 0.6 15.7 1.7 39.8 2.0 39.7 14.8 45.4 0.6 52.2 0.6 40.3 

9. fusinoid 0 - 3.1 46.5 0.7 45.3 4.7 41.5 29.8 39.5 28.7 39.5 

1O.solid 0.7 30.2 1.7 42.5 1.6 33.5 3.7 26.3 0.6 29.7 3.1 35.1 
.- -- --

N 
o 
N 
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IGNEOUS INTRUSIONS IN SOUTH BULLI 
COLLIERY -
IMPACT ON RESOURCES & MINING 

BAGRALI 
Bellambi Collieries pty Ltd 

INTRODUCTION 

Igneous intrusions have always been a major problem interfering with coal mining in 
the Southern Coalfield. Loss of reserves was only part of this problem, as 
dimensions, shapes, physical characteristics and directions of intrusions required 
remedial measures in the form of alterations or adjustments to development plans and 
to extraction schedules. 

Intrusions in South Bulli Colliery occur as dykes, sills, and occasional diatremes (so
called 'pipes' or 'plugs'), affecting the top three economically important coal seams 
to varying degrees. This paper aims to make a quantitative/statistical appraisal of 
intrusions, and their effect on resources. Such an appraisal is justified by the necessity 
of re-considering resources in Balgownie and Wongawilli Seams as mineable reserves 
of the Bulli Seam, currently being mined, are rapidly dWindling, and most 
observations made in the uppermost seam will be qualitatively and, to a large extent, 
quantitatively valid for lower seams. 

OCCURRENCE PATTERNS 

Dykes (Fig. 1) form the most common type of intrusion known in the Colliery, as 
they are the only igneous features that are mined ' through', whereas sills and 
diatremes are avoided or mined' around' every time this is feasible. 

Four main directions seem to be followed by dykes: WNW (appr. 290°), NW (appr. 
315°), NNE (appr. 030°), and NE (appr. 055°), with the understanding that each 
direction should be read with a ± 10° tolerance, for local deviations. On a more 
regional basis, 015 to 035° striking features are confmed to the eastern part of the 
Colliery Holding, whereas 045 to 065 ° strikes characterise western areas. Similarly, 
an 280° striking dyke is more likely to be situated in the area situated to the West of 
the Cataract Reservoir, while a 325 ° direction is more co~on for dykes in the 
eastern area. 290° dykes are the only ones known to extend, uninterruptedly, across 
the eastern- and western parts of the Colliery. The above directions are very close to 
those mentioned by Bowman (1974) for the general area extending from Kiama to the 
Royal National Park. 

Sills are more widely known in the easteni part of the Holding where parts (or all) of 
the three seams are cindered, as the so-called 'Rixon's Pass Sills' are present at the 
outcrop. Details of these sills abound in local geological literature (Harper 1915; 
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Bowman 1974; Bos 1980; ). However sills -or the likely proxumty thereof- are 
sometimes known only by their direct effect on coal seams, that is cindering. 
Cindering may occur at the immediate contact of a sill replacing an entire seam or 
parts of it, or in parts of a seam extending above or below a sill situated in non-coal 
strata. The extent of cindering is not necessarily proportional to the thickness of a sill 
or to its distance to coal. So, whereas the whole extent of cindering in the easternmost 
parts of the Colliery Holding is well known, no actual drilling data exists pointing to 
the actual position of the sill that caused it, let alone its actual thickness. In very wide 
cinder/sill areas where no actual mining ever took place, the presence of transsecting 
dykes and/or diatremes is a big question mark. 

Diatremes are relatively recent acquaintances in the geology of the South Bulli 
Colliery, and first appeared in the deeper parts of a syncline axis, but ground 
magnetic (Agrali 1981a) and aerial magnetic (Pratt 1982; Stasinowksi 1993) surveys 
suggest that some further diatremes might be present outside this particular structural 
domain. Known diatremes are much smaller in diameter than the lower limit 
mentioned by Crawford et al. (1980), as the largest of these hardly exceeds 40 m. 
These features known at South Bulli are never isolated from the larger network 
formed by dykes and sills, and appear as centres where slIlall dykes radiate from. 
They are also the starting point of small or large sills. Dimensions of suspected 
diatremes, tentatively located according to indications of magnetic surveys, appear to 
be much greater. 

AGE AND MINERALOGY OF IGNEOUS INTRUSIONS 

Detailed mineralogical descriptions of some dykes, sills and pipes in and around 
South Bulli Colliery were made by Harper (1915), Bowman (1974), Carr and Facer 
(1978, 1980), and Hutton (1995). 

Nomenclature used for the same rocks varied. Different names were used by different 
authors, including Camptonite, Teschenite, Monchiquite, Dolerite and just plain 
Basalt, probably taking into account the mode of emplacement as much as the 
mineralogical composition and the texture of samples studied. 

The question of emplacement of various types of igneous features was described by 
various geologists (Hamilton 1983; Park 1983), and it is not our role to question the 
merits of any theory, as we intend to concentrate on practical, -especially econornical
aspects of the presence of features of igneous origin. That most of the dykes appear to 
have been intruded along tension joints ,as reported by Bowman (1974), is probably 
the most widely accepted view by the geologists working in the area. That the igneous 
material be considered as just another joint-filling material (Adamson & Moelle, 
1988) is meaningful from this viewpoint. It is, however, interesting to note that early 
maps and sections of the outcrop area of the South Bulli Colliery described the sills -
including the ' Rixon's Pass Sills'- as 'contemporaneous Basaltflows'. Within this 
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context it was only natural that thin layers of cinder coal were duly described as 
• burnt vegetation!' . 
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However, while Bowman (op.cit.) uses the mode of emplacement as evidence of a 
post-Mesozoic age for minor dykes and sills, actual dating by Carr and Facer (1980) 
of a small Teschenite pipe in South Bulli indicates a 'latest Cretaceous age' (74 ± 3.6 
MY). We have no reason, at this stage, to believe that dykes and sills at South Bulli 
could belong to more than one system, as we have not identified any dyke intersecting 
any other dyke or sill. Actually, the dated pipe is a feeder of a large hard sill, passing 
laterally to a weathered sill/cinder area, continued in two directions by a group of two 
dykes which, in turn, passes to a small swarm of dykes. 

A piece of core from a freshly discovered sill or pipe is in the process of being dated, 
and odds are that this feature is also part of the same system described above, on the 
basis of directional evidence. 

PHYSICAL CHARACTERISTICS OF IGNEOUS ROCKS 

Most dykes at South Bulli Colliery are thinner than 1.0 m in roof, and altered to a 
yellowish, off-white or cream coloured clay, presenting some consistency when dry, 
but easily breaking to a plastic mud when wet. This is why most igneous dykes are 
labelled by working crews as 'clay dykes' whereas this term is normally reserved by 
geologist to injection features of sedimentary origin. 

Dykes thicker than 2.0 to 3.0 m have a hard core, but even this core often shows 
some degree of alteration. Fresh, i.e. unaltered samples can only be obtained from the 
innermost parts of dykes with a thickness exceeding 3.0 m. 

Sills replacing the entire thickness of a seam were found to be in relatively fresh 
condition, with hard rock starting a short distance from the coallsill contact, whereas 
sills replacing coal plies are almost always totally altered to clay. 

It could be said that altered igneous material has no strength, whereas samples taken 
from hard cores of sills and from pipes were found to have very high uniaxial 
compressive strengths. One particular measurement indicated a UCS of 377 MPa. At 
this level there may be no question of mining through a sill, and blasting through a 
dyke should be considered with utmost caution, there being no general case for or 
against the method. The angle of intersection, the degree of freshness/hardness, and 
the relative cost of the alternative solution(s) should be weighed carefully. 

Our experience at South Bulli point to bad/very bad roof conditions when crossing 
soft dykes, the worst possible case being when a heading is aligned some tens of 
metres with a thick (> 1m) soft dyke. It is also a simple matter of observation that 
with some dykes , poor roof conditions are localised along one side of the feature 
only . Worst roof control problems occur when crossing sill/cinder areas. 
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DIMENSIONS / NUMBERS / AREAS 

105 dykes have been so far identified in Bulli Seam workings, and the presence of 9 
more dykes is suspected in the remaining virgin coal areas according to the 
indications of various aerial magnetic surveys. 

Total length of all dykes (known + assumed) is 82.6 km. Lengths of individual dykes 
vary from 60 metres to 14 kilometres. 24 known dykes have lengths exceeding 1 km; 
more than half of these exceed 2 km. 

The following figures are only indicative, as they reflect averages based on 
observable features at a limited number of intersections: 

The average thickness of a dyke in coal, which is about 1.5 times its thickness in 
coal, was calculated to be 1.17 m, ranging between 0.0 and 5.5 m. 

Somewhat surprisingly, the width of the 'full cinder' zone is only 1.36 m in average, 
cinder along thin dykes being relatively wider than that along thick hard dykes, but 
we are not trying to consider this as more than just a coincidence. 

Total areas of seam fully replaced by sills andlor fully cindered, excluding cinder 
along dykes is assumed to be 3.45 km2 in Bulli Seam, 2.75 km2 in Balgownie Seam, 
and 4.45 km2,considering only the general areas where these seams are of mineable 
thickness and quality, Le. excluding any intruded/cindered seam area where the seam 
is thought to be unmineable even if it were not heat-affected or replaced by a sill. 
Total surface area of the South Bulli Colliery Holding is 63.33 km2• 

It has been assumed that intruded/cindered coal areas in the Bulli Seam will be 
underlain by similarly intruded/cindered coal areas in the two underlying coal seams. 
This assumption may be proven inaccurate, but it is motivated by the belief that, 1) 
though cindering in the 3 seams is related to the presence of different sills, all these 
sills and their effect is visible along the outcrop area, and 2) Wongawilli Seam has a 
weU-established reputation of being the most 'intrusion-prone' of the three seams, 
which has been confirmed by results of seam-to-seam drilling from the base of the 
Bulli- and Balgownie Seams. 

EFFECTS OF IGNEOUS INTRUSIONS ON COAL MINING - A SUMMARY 

Harmful effects of igneous intrusions on mining have been reported for various areas 
of the Sydney Basin. We should mention the observations of Slater and Sharrock 
(1984) for the Musswellbrook area, and Turner (1980) and Warbrooke (1985) for the 
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Newcastle Coalfield. Our own troubles with dykes and sills in the mining of the 
Balgownie Seam were related by Bos (1980). 

For the South Bulli Colliery the harmful effects of the presence of igneous intrusions 
can be summarised as follows : 

- loss of coal by replacement / cindering; 
- additional loss of coal by necessity to leave large pillars to rationalise mining 

blocks; 
- bad roof / rib conditions when mining through 
- gas hazard; 
- obstruction / impediment to continuous longwall extraction (sub-blocks); 
- necessity to modify /change development/extraction plan and development 

directions; 
- impediment to smooth performance of Coal Processing Plant; 
- dykes considered as possible channels for water seepage from reservoirs, 

rivers .. 

RESOURCES AFFECTED 

Following tonnages, originally calculated by Agrali (1981) and Armstrong (1982), 
and percentages have been compiled for coal destroyed by intrusions (seam 
replaced/cindered) . Resources sterilised could not be calculated with any degree of 
accuracy as there can be no rule-of-the-thumb regulating the accessibility or 
mineability of blocks separated by dyke/sill/cinder areas. The mine recovery factor 
can be adjusted so as to make room for this contingency. 

Dcstm;lCs! 'lli of OIi&iDill 
!.Mil iIui1u 

Bulli 12.00 5.47 

Balgownie 5.15 12.64 

Wongawilli 15.70 7.04 

TOTALS 32.85 6.80 

The total of 32.85 Mt represent nearly 7% of the original 'mineable in situ' resources 
of 483 .35 Mt in three seams. 
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EXPLORATION WORK 

At South Bulli Colliery investigation/exploration work for detecting unknown igneous 
features, and predicting the linear/areal extents of known dykes and sill/cinder areas 
has traditionally consisted of ground (less and less ... ) and aerial (more and more ... ) 
magnetic surveys, supplemented by subsequent in-seam seismic surveys. A 
comprehensive account of recent exploratory work has been reported by Agrali (1993, 
1994), while results of magnetic surveys were interpreted by Pratt (1982) and 
Stasinowski( 1993). 

Recent additions to our exploration tools were in-seam long-hole drilling, and cross
hole seismics which already proved their usefulness. 

CONCLUSIONS 

It is only to be expected that all dykes and diatremes present in the Bulli Seam 
workings will be also present in the lower seams. The extent of sill areas, however, 
may be predicted with some accuracy only in the outcrop area or in districts where 
seam-to-seam drilling could be achieved. 

Considering the characteristics of the lower seams throughout the Southern Coalfield, 
it is believed that assumptions made relative to the extent of sill/cinder areas in these 
coals should not be far off the reality in global terms if not on a site-to-site basis. 

A good planning and scheduling mechanism could be worked out for the lower seams, 
in the light of observations made in Bulli Seam workings, even if these would not 
allow a reduction of potential mining losses. 

Surface and seam-to-seam exploratory work should be continued even if there is no 
immediate benefit for current extraction. 
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MODE CONVERSION ISS -
HOW TO FIND DYKES & FAULTS 
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BHP Engineering, Wollongong 
Westcliff Colliery, Appin 2 

INTRODUCTION 

In seam seismic techniques have been applied in the Australian coal 
industry since the early 1980s. Both transmission and reflection methods are used 
depending on the site access. Reflection methods require a developed face line such as 
a longwall roadway for data acquisition. Data is acquired in the horizontal plane as 
reflected seismic energy and is presented in a similar manner to conventional surface 
seismic data. This technique is capable of locating and orienting features in the coal 
seam ahead of mine development. 

Transmission ISS uses seismic energy transmitted from a point in the 
coal seam and received at another location in the coal seam. These locations may be 
bore holes or mine workings. Until recently this method was capable of detecting the 
presence of an anomaly, but did not give any information concerning its location other 
than its presence between shot location and receiver location. This paper describes 
recent work which has enabled the transmission method to locate in seam geological 
anomalies along the transmission path. 

THEORY OF IN SEAM SEISMIC MODE CONVERSION 

A coal seam can be represented as a low velocity layer bounded top 
and bottom by higher velocity country rock. When a shot is discharged in a coal seam 
some of the seismic energy is channelled within the coal seam by multiple reflection 
and refraction from the upper and lower boundaries of the coal. A number of different 
but identifiable channel waves are generated within the coal seam, which must be 
taken into account by the seismic processor. For the purpose of this paper discussion 
will be limited to the Love wave which is most commonly used for in seam seismic 
surveying. Love waves are generated by internal refracted and reflected SH waves. 
The SH wave is that component of seismic energy that has a horizontal shear motion 
in relation to its direction of propagation. Love wave energy is transmitted within the 
coal seam or very close to the margins of the seam. The Love wave is a dispersive 
wave, ie the velocity of propagation is a function of the frequency of the wave. The 
dispersive character of the wave is a function of the physical properties of the wave 
guide. 
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Most coal seams can be modelled and the nature of the Love wave 
predicted and verified with the field result. Similarly impediments such as faulting 
and dykes in the wave guide can be modelled and their effect predicted on the Love 
wave. The interpretation of dispersed channel waves in transmission is a well 
established technology that has been successfully exported from Australia to the USA 
and South Africa. 
In 1993 Greenhalgh published a note describing the results of model experiments 
which indicated that channel waves could be generated at structural imperfections in 
the wave guide. As a result of this work field surveys were conducted at various coal 
sites using the Walkaway Method. In this method a series of shots were fired from 
sites at the surface in a traverse over the suspected coal seam disturbance. The shots 
were detected in one or more detectors placed in the coal seam. 

APPLICATION TO A MINING PROBLEM 

In 1994 during the processing of borehole reflection data from 
Westcliff Colliery it was found that the records gathered from the geophone located in 
the coal seam displayed a move out pattern as predicted by Greenhalgh's work. 
Comparison of the location of a fault predicted by the bore hole reflection survey and 
the coal seam geophone data was in agreement to within 10m of absolute location. 
This prediction has subsequently been proven by mining and confirmed that this 
theory could be used to solve real mining problems. 

FIELD EXAMPLE 

At this time Westcliff colliery was driving a stone drive from its 
neighbour Northcliff Colliery to link the two mines. Figure 1 depicts the schematic 
arrangement at the time. The request was made for a geophysical method to determine 
the location of a fault east of Bore 177 that was inferred by surface seismic and 
supported by mapped mine structure. Topographic constraints as well as time and cost 
precluded a bore hole oriented approach. On the basis of our observations in the bore 
hole reflection data it was decided to attempt to generate channel waves on the fault 
plane using shots fired from the stone drive. Data was collected in a grouted three 
component geophone placed in the exploration bore hole 177. 
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FIGURE 1 

Ten shot holes were prepared in the two stone drivages. They were 
located from the face to about 100m behind the face. Data was acquired on a Saturday 
morning when no production was scheduled. Shots were initiated using a shot 
exploder which was clock synchronised with a seismograph located at the exploration 
bore hole. All ten shots were recorded without mishap. 

Data was processed as follows: 

Pick first arrivals and determine P wave velocity through the rock 
Analyse each shot for Love wave energy. As expected no Love wave energy was 
detected confirming the presence of a major impediment between shot and 
detector. 
Using hodogram analysis locate dispersed SH energy arriving faster than an 
unimpeded Love wave. 
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Three packets of energy displaying SH dispersed energy were 
ultimately identified. Of these two were identified with confidence, these data being 
reproducible in the majority of the shots. The method of calculation of the location of 
the discontinuity's may be performed in a number of simple ways based on the 
calculation of travel time in the rock strata and the constant Love wave travel time 
from the discontinuity (and channel wave source) to detector. For the purposes of this 
paper the graphical solution is shown in Fig 2. 

WEST CLIFF COlLIERY 
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As a result of this survey the following interpretation was given: 

... .. 
FIGURE 2 

A fault is located 221 In from 177 Bore, approximately 10m ahead of the tunnel 
face. 
A second fault is located :102m from 177 Bore, approximately 120m ahead of the 
tunnel face. Displacement of this fault is not much larger than seam displacement 
since channel waves from the first fault passed through this feature. 
A third low confidence feature could not be reliably located between 177 Bore 
and the fault at 102m. The feature was considered to be smail faulting . 
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Figure 3 depicts schematically the interpreted structure ahead of 201 Drive. 
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FIGURE 3 

Subsequent long hole drilling and mining have verified the accuracy of 
the results achieved in this survey. The speed of the survey method and the relatively 
small intrusion into mining cycle of the mine were significant in the selection of this 
technique. 

CONCLUSIONS 

The Westcliff exercise demonstrated the applicability of ISS Mode 
conversion as a geophysical tool. Previous surveys conducted as walkaway surveys at 
the surface produced indifferent results, ISS mode conversion requires the acquisition 
of the high frequency component of the seismic signal that is essential for clear and 
accurate interpret"ation. Subsequent surveys have been conducted in other mines with 
similar success provided thatthe survey is taken to below the surface weathering. 
Reprocessing of previous ISS transmission data has demonstrated the technique has 
application in many environments and has also explained data apparent on these 
surveys which was previously not understood, 
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RESOLVING OVERBURDEN BLAST RESULTS 
USING AN APPLICATION OF THE SEISMIC 
REFRACTION METHOD 

B ANDERSON & J DOYLE 
BHP Engineering 

A new variation of the seismic refraction technique has been developed in 
response to an industry need for enhanced monitoring of rock fragmentation during 
blasting. The recently developed method detects the thickness of material remaining 
intact after blasting, and is useful for mine planning and analysis of blasting technique. A 
major advantage of the new technique over conventional refraction methods, is that it 
can detect the thickness of unfragmented material, not just the top profile of such 
material. 

Development of the method was undertaken in response to problems 
encountered by the Novacoal managed Vickery open cut coal mine near Gunnedah in 
central NSW. At Vickery Mine coal is mined at depths of20 to 30m under an 
overburden of massive conglomerate with channel sandstone lenses. 

Poor fragmentation during box cut blasting occurred due to variations in 
the fragmentation properties of the overburden rock types. Large blocks of material left 
unfragmented after overburden blasting were causing expensive delays, equipment 
damage and mine planning problems during removal. 

The seismic method was applied to specific site problems, and developed 
throughout the project. The technique has proven to be quick, robust, and economical in 
analysing fragmentation results after blasting. Indications after extracting material under 
two lines of survey are very encouraging, with anomalies in the seismic results identifYing 
unfragmented zones. The full effectiveness of the method will be known towards the end 
of the year after the bulk of the material surveyed by the method is extracted. 

Work done so far has shown promise for the method in boxcut scenarios 
and modelling suggest that it will be equally applicable in high wall examples, however 
the method is flexible and has been applied in a variety of applications. 
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THE METHOD 

The method incorporates the basic principals of seismic refraction with 
known mine information of the coal, and overburden, thickness, to analyse the 
overburden fragmentation. A method has been developed which is fast and 
straightforward to apply in the field, and quick and robust to analyse. 

FIELDWORK 

To set the scene for the post blast analysis, a conventional seismic 
refraction survey is run to create a profile of the velocity structure of the overburden, 
coal, and floor. Figure I depicts the schematic operation of a nonnal refraction survey. 
Once a knowledge of the velocity structure of the general area is gained this step 
becomes unnecessary in further surveys. This initial survey is conducted prior to 
overburden shooting. 

After the overburden blasting, the main part of the survey is run acr!lss the 
blasted mound of nibble. All that is required for this step is a graded track for access, to 
smooth out stat ic corrections and provide safe access, as well as two boreholes to the 
coal in the high wall outside the blast zone. The boreholes are drilled at the same time as 
the shotholes for the mine blast. 

The detecting equipmenJ is laid out over the mounded shot material and a 
short way into unshot ground with geophones at reasonable intervals. A small shot is 
fired at the base of the two holes and the resulting ground vibrations detected by the 
recording equipment. Figure 2 depicts schematically the arrangement used for these 
sllrveys. 

PROCESSING 

Processing of the data is completed on PC based software developed for 
the project. Analysis is based on the measllrement of seismic travel times from the coal 
floor through the fragmented overbllrden. The product of the data processing is a 
histogram depicting the volume of non fragmented rock along the seismic line. No 
attempt is made to vertically position the unfragmented rock. During this project vertical 
resolution was unnecessary due to prior mine knowledge of fragmentation 
characteristics. Vertical resoilition is possible with additional field time and cost. 

RESULTS 

Protiles depicting the volume of poorly fragmented overburden can be 
rapidly generated. Remedial action can be scheduled by the mine to minimise excavation 
delays. Modelling of the refraction technique as applied to a highwall situation indicates 
its applicability. 

" 
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CHARACTERISATION OF THE BULLI SEAM 
USING A RADIOMETRIC TOOL. 
PROSPECTS FOR IN-SEAM DRILLING 

T TCHEN, P EISLER & C CERAVOLO 
CRC for Mining Technology & Equipment, Brisbane 

ABSTRACT. 

The analysis of radiometric data collected from boreholes intersecting the 
Bulli seam in the regions of Appin-Tower and South Bulli Collieries shows 
evidence of the possibility of radiometrically characterising the Bulli seam 
and the strata surrounding it. 
Conventional non-spectrometric logging confirms the capability of the 
radiometric tool to delineate coal, whereas spectrometric logging demon
strates the possibility of identifying and measuring geological variations 
within the seam, roof and floor. These capabilities can be usefully exploited 
for providing the basis of an in-seam drill-guidance system. 

1. INTRODUCTION. 

1.1 Methodology of the radiometric characterisation of coal structures. 

The basis for the characterisation technique described in this paper is 
the detection of the gamma radiation emitted by the naturally occurring 
radioactive isotopes contained in the Earth's crust in general, and in coal 
structures in particular. The variations measured in these ubiquitous 
isotopes can be associated with the specific variations in geology in the 
surroundings of the coal and be used as a criterion for differentiating 
rock or soil types from each other (Tchen et al 1991). 

The main radioactive isotopes of rocks which emit characteristic gamma 
rays are fOK (at 1.46 MeV only), the daughters of the 238U decay series 
and those of the Z32Th decay series. The principal daughters of the 
Uranium series are 214Bi, 214Pb and 226Ra, while those of the thorium series 
ar" 208Tl, 228Ac, 212 Bi and 21ZPb. 
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The intensity distribution of the energy-characteristic gamma rays emitted 
for the uranium and thorium series can be found in early literature 
(Killeen,1983). The most important gamma ray lines in terms of resolvability, 
and therefore for fingerprinting of materials are those of highest energy, 
highest relative intensity, and those which are most isolated in the energy 
spectrum of competing gamma rays, eg 1.46 MeV (K), 2.62 MeV (Th), 1.76 
MeV (U), 2.45 MeV (U), 0.61 MeV (U) and 1.12 MeV (U). 

1.2. Spectrometric logging tool 

Conventional radiometric logging, often also referred to as gamma logging 
or density logging, uses a logging tool of non-spectrometric nature. This 
t.ype of equipment merely detects the natural radiation emitted without 
any measurement of the gamma-ray energy. Simple delineation tasks, 
which entail location of roof, floor and major partings, are possible using 
this type of relatively unsophisticated borehole logging equipment. 

1I0w.'''<'r, if id('ntification of particular inter-seam sediments is required, 
il is essp.ntial to measure also t.he E'nergies of the gamma rays detected, 
.1.nd h.mee their energy distribution, in order to "finger print" the type 
of material from which they emanated. The reason for these characteristic 
"finger-prints" is that the relative concentrations of the radioactive 
const.ituents of different rock strata often vary, because of their different 
origins, the different weathering processes they may have undergone and 
the different mobilities of these constituents. 

Spectrometric gamma logging has demonstrated its capability of identifying 
and measuring geological variations in coal structures (Tchen et al 1991). 
Figures la and Ib show two energy-specific spectra recorded in the Bulli 
seam by the spectrometric gamma tool: in the seam roof and in a parting, 
respectively. In contrast to density logging, the spectrometric measurement 
provides complete information about the specific contribution of each 
individual radio-elements to the total counts. The major features of the 
spectra in lhe vicinity of the roof of the Bulli seam include a strong 
potassium peak at 1.46 Mev, a combined thorium/uranium peak at lower 
energy (around 0.5 Mev) and a smaller thorium peak at higher energy 
(2.5 Mev). The analysis of the relal.;ve contributions of these individual 
radio-elements provides the basis for effectively differentiating coal seams, 
c.ount.ry rock lind interbedded strata in coal deposits. 

2. EXPERIMENTALS, RESULTS AND DISCUSSION. 

2.1. Radiometric logging at Appin-Tower. 

Radiometric data c.ollected by logging contractors in boreholes intersecting 
the seam body in the regions of Appin-Tower were analysed. The data 
originated from boreholes covering an area measuring approximately 8 km 
in the direction North-South and 10 km in the direction East-West, the 
maximum distance between boreholes being 13 km. 
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Figure 2 shows a three-dimensional representation of the integrated data 
where the Z-axis (height) represents the intensity of the radiometric 
responses, against the depth across the seam on the X-axis and the 
geographical direction of observation on the Y-axis. The models show 
the coal zones, associated with a low radiation intensity, as depressions 
(troughs) situated between elevations (hills) materialising the higher 
emissivity of the sediments. A parting is visible towards the roof. 

2.2. Spectrometric logging of Bulli seam at South Bulli. 

A series of field tests was completed in 1994 at South Bulli Collieries using 
the spectrometric natural gamma tool in two holes (WB25, WB26) situated 
at more than a km from each other. Dynamic logs were run through the 
seam at a speed of 1.3m/minute with the radiometric data collected on a 
10cm split basis. Static logs were made on a finer scale of 5cm in the 
vicinity of the roofs and the floors of the coal seams, specifically at 25 
cm above and below the interface zones. The analysis of data show that 
similar radiometric characteristics were observed in both holes, thus are 
consisten t over the horizontal distance of at least a km. 

Figure 1 a, b recorded in the hole WB26 show a high combined tho
rium-uranium countrate in both seam roof and parting, whilst in contrast 
to the high count in the seam roof the contribution of potassium is nearly 
non-existent in the parting. The relatively low potassium activity in the 
materials contained in the parting provides a mean of distinguishing the 
parting from both the seam roof and seam floor which all exhibit a strong 
potassium peak. The contrast of the radiometric image is enhanced by 
calculating the ratios of the count-I'ates recorded in the thorium-uranium 
window to those recorded in potassium window. Figures 3 a, b show the 
variations of this ratio through the Bulli seam, from the roof to the floor. 
At the level of the parting, the response in the potassium window (4cps) 
is less than a third of that in the seam roof (12cps) and less than a fifth 
of that in the seam floor (22cps). At the same time, the ratio of combined 
thorium-uranium to potassium (4) is about 60% larger than that in the 
seam roof (2.5) or that in the seam floor (2.4). 

Roof and floor differentiation. 

The floor of the Bulli seam is radiometrically characterised by a potassium 
activity (22cps) about 80% higher than in the roof (12cps); a combined 
thorium-uranium activity (50cps) about 70% higher than in the roof (30cps) 
and a thorium activity at 2.6HeV (3.2) more than double than in the roof 
(1.6cps). As a result, the floor can be effectively differentiated from the 
seam roof in a radiometric way. 

In conclusion, the criterion for choosing the most suitable energy-de
pendent spectrometric parameters is to achieving maximal orthogonality 
between these leading to the strongest differentiation of geological 
structures in the coal deposit. 
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2.3 Roof/floor proximity sensing system. 

In regard t.o the penetration of the gamma rays in the coal seams, it is 
worth noting that for clean coals (ie, of specific gravity less than 1.5), 
the gamma rays emitted of energies greater than 1.4 MeV have a mean 
free path for complete energy absorption of about 27 cm. This means 
that 50 percent of th" incident gamma ray energy is absorbed in a segment 
of cleall coal of thick ness 27 cm. In theory, therefore, there is a significant 
probability (25%) of detE'cting this gamma radiation even at 54 cm. 

In practice, the probability of detecting the gamma radiation transmitted 
tht'ollgh Ruch thicknesses of coal is much smaller than simple theory 
predicts. This smaller detection probability is connected with the fact 
that the energy spectra of the transmitted gamma-ray photons becomes 
increasingly distributed towards low energies as the thickness of the coal 
absorber increases, because of photon-multiple scattering processes and 
because coal seams rarely consist of homogeneously clean coal. In fact, 
the Rulli Sf'am contains a stone-band parting, of variable thickness, situated 
about 80 cm below the roof. The material in this band is a significantly 
stronger absorber of the gamma rays emanating from the roof or floor 
than the coal. (However, the stonE' band is also an emitter of gamma 
radiation, which potentially complicates the drill-guidance problem.) 

The difficulty regarding the scattered, transmitted photons of extremely 
low energy is that the detectors used in the probes may be either 
insensitive to them or, alternatively, where their energies are only just 
"bove th!> threshold energy for deteelion, the electrical signals produced 
will be indistinguishable from the electrical noise in the instrumental 
system. 

Consequently, the likely upper limit of coal thickness for practical in-seam 
detection of gamma rays emanating from roof or floor is in the range of 
35 cm to 50 cm, depending on the impurity content of the coal and the 
available accumulation time for gamma-ra~' detection. 

2.4. Guidelines for development of a radiometric tool for in-seam 
drill-guidance system. 

A.ny g.,ophyskal gllidance system for either drilling or cutting coal within 
the seam dep(~nds intrinsically on a system of detection which produces 
differentiated responses for coal and rock. This means that a borehole 
logging system based on this type of geophysical detection system would 
have the capacity For delineating the stratigraphy of coal deposits. 

Fttl'ther, in the case of drill-guidance systems, where some method is 
reqttil'ed for differentiating between roof, floor and partings, it must be 
capable of detecting spectral "fingl~r-prints" that are characteristic of 
these physical features in order to attribute specificallY the origin of the 
nalural gamma response obtained and thus minimise ambiguities in esti
mating the location of the probe. 
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The approach taken in the investigation discussed in this paper therefore 
aims at profiling not only the count-rates recorded against depth but, 
also, the ratios of count-rates of lines or groups of lines that characterised 
different radioactive constituents of the rocks. 

3. CONCLUSION. 

Suitable spectrometric parameters obtained from the measurements, eg 
potassium and ratio of combined thorium-uranium to potassium, provide 
an effective way of differentiating the strata of coal intersected by the 
vertical borehole. 

The gamma borehole logging technique has two advantageous attributes 
having practical significance, particularly for in-seam guidance. They 
are that sllch probes need no radioactive source as part of the equipment 
and that a significant proportion of the gamma radiation emitted by the 
naturally occurring radioisotopes has great penetration in the coal matrix. 

That the probes need no radioactive sources as part of their equipment 
is important in that it minimises the anxieties of management personnel 
at coal mines in regard to the potential consequences of a probe being 
accidentally jammed in the strata of the deposit. 

From the pet'spective of the current CMTE and ACARP funded development 
of an in-seam drill-guidance system targeted at holding a position close 
to the middle of the seam, the results indicate the approach for the design 
of a l'ule-basE'd expert-system for providing reference information to the 
drill-guidance. For example, an 'increase in the potassium window' 
(channels 170-210) would indicate a departure of the drill-bit from the 
centre of the seam, unless a 'high thorium-uranium/potassium ratio' was 
observed, as is in the parting. 
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Figure 2. Radiometric profiles through the BuIli seam. Low intensities 
in radiation (axis Z) indicate the coal zone, appearing in the form of a 
trough. 
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THE NORTHEASTERN MARGIN OF THE 
SYDNEY BASIN IN THE EARLY PERMIAN: 
A PALAEOGEOGRAPHIC CONUNDRUM 
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Dept Applied Geology, University of Technology, Sydney 

INTRODUCTION 

Early Permian marine sequences occur both in the northeastern Sydney 
Basin and the southern New England Fold Belt where the depositional realm has been 
termed the Barnard Basin (Leitch 1988). In the intervening region early Permian 
sequences are dominated by volcanic rocks that accumulated in a terrestrial 
environment. Thus palaeogeographic reconstructions for early Permian time (eg. 
Roberts et al., 199 I; Leitch and Skilbeck 1991) show the Sydney Basin as bound to the 
north by a ridge or island on which volcanism was widespread (Alum Mountain 
Volcanics). The nature of this volcanic activity was diverse, with eruption of rocks 
ranging in composition from basalt to rhyolite (Leitch et al., 1988; Jenkins and Nethery 
1992) but with basaltic rocks probably predominant. 

We have examined the provenance of the early Permian sandstone and 
conglomerate of the Barnard Basin in the Curricabark district about 50 km northwest of 
Gloucester in order to test the proposed palaeogeography. Whereas our results support 
derivation from a southern source with a significant volcanic component, the detrital 
material is not fully consonant with derivation from the Alum Mountain Volcanics and 
it is this conundrum that we address. The results suggest some modifications to earlier 
correlations but are supported by recent radiometric age determinations for the early 
Permian volcanics (Roberts et ai., 1994). 

EARLY PERMIAN ROCKS AT CURRICABARK 

The early Pemiian sequence at Curricabark (Fig. I) was summarised by 
Skilbeck et al. (1994, their Fig. 2). Up to almost IOOOm of clastic sedimentary rocks, 
included in the Manning Group, are present. They rest unconformably on a 
lithologically diverse basement and comprises an upward fining sequence that records 
rapid deepening of the Barnard Basin. Early Permian fossils occur at many horizons, 
including very close to the base (Cross, 1984) but they have not been studied in detail. 
The sequence includes common paraconglomerates, typical of early Permian sections 
from southern New England. 
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Figure 1: Location of the Currieabark district, 
Southern New England Fold Belt. 

The Penman strata are 
folded on a macroscopic scale into a 
series of moderately plunging folds, and 
have been extensively faulted. Granite 
dykes tentatively correlated with the 
Barrington Tops Granodiorite (c. 275 Ma) 
post-<iate deformation. 

DETRITAL COMPONENTS 

The provenance of the 
Manning Group has been investigated 
through study of sandstones and 
conglomerates. The clastic rocks low in 
the sequence are commonly oligomictic, 
reflect the composition of the underlying 
basement, and are of clearly local 
derivation (Figs 2-4). However, most of 
the rocks are polymictic and indicate 
derivation from a wide range of source 
rocks. Amongst important components 
are the following: 

(i) Metabasalt and metagabbro: Clasts of altered basic igneous rocks are 
concentrated just above the basement contact where the Manning Group overlies mafic 
rocks of the Pigna Barney Ophiolitic Complex of Cross (1984), or metabasalts of the 
Myra Beds. Volcanic grains of lathwork texture are common in sandstones at this 
stratigraphic level but rapidly decrease in abundance upwards. 

(ii) Serpentinite: Sandstone and conglomerate composed almost entirely 
of serpentinite detritus form distinctive beds up to about 20m thick above serpentinite 
basement. This component is very rare higher in the sequence. 

(iii) Chert and Siliceous argillite: These components are widespread 
throughout the Manning Group sequence but decrease overall upwards. Oligomictic 
conglomerate and breccia of this composition mantle chert basement. 

(iv) Intennediate and silicic volcanics: Silicic volcanic detritus 
dominates the coarser sediments of the Manning Group away from basement contacts. 
A wide variety of textural types are present, representing both ash-flow tuff and 
coherent-flow material. Compositions range from andesite to rhyolite with felsitic
textured grains, probably dacite, most common. Andesite has been identified on the 
basis of a microlitic texture. Once glassy grains are now entirely devitrified, commonly 
replaced by an aggregate of quartz and alkali feldspar. 
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(v) Granitic rocks: Aggregates of coarse-grained quartz and feldspar, 
commonly graphically intergrow, are an uncommon but persistent detrital component. 
Mafic minerals are biotite and hornblende. 

(vi) Hornfels, metaquartzite: Fine-grained interlocking aggregates in 
which quartz predominates but which also contain small amounts of feldspar and mica 
are identified as probable contact metamorphic grains. 

DISCUSSION 

The importance of intermediate and silicic volcanic rocks in the source 
region of the Manning Group sequence is clear. Rocks of this type and of an 
appropriate age are very largely confined to the region south or west of Curricabark. 
Amongst the most likely sources are the Alum Mountain Volcanics and the later 
Carboniferous volcanic and volcaniclastic deposits of the southern Tamworth Belt. At 
first sight, the Alum Mountain Volcanics would seem the most likely source. However, 
stratigraphic sequences in these rocks (e.g. Roberts et al., 1991) reveal a significant 
proportion of basalt is present in this unit, together with more silicic volcanic rocks. 
The rarity of basaltic detritus throughout most of the Manning Group at Curricabark is 
puzzling if the Alum Mountain Volcanics were a significant contributor of the detritus. 
One possible explanation might be that the basaltic volcanism produced almost 
exclusively coherent flows and these suffered chemical weathering and were converted 
to clays that largely bypassed the depositional realm represented at Curricabark. 

Alternatively, and the solution favoured by the authors, is that the 
Permian sequence at Curricabark is older than the Alum Mountain Volcanics and was 
derived from the volcanogenic later Carboniferous section of the Tamworth Belt. 
Basaltic rocks are only very rare components of the Carboniferous volcanism in the 
western New England Fold Belt and this source would accord with the absence of 
lathwork grains throughout most of the Manning Group. This source could also have 
supplied the granitic and hornfelsic detritus, for such rocks are common clasts in some 
Carboniferous conglomerates. A source for these rocks to the north, in the Tablelands 
Complex, is unlikely for although the Hillgrove Suite has a magmatic age of around 300 
Ma (Dirks et aI. , I 992a; Kent 1993), Rb/Sr and KlAr ages indicate that these plutons 
were not unroofed until the late Permian (Binns and Richards 1966; Dirks et al., 1992b). 
In addition the New England rocks of appropriate magmatic age are of S-type whereas 
the detritus is considered to be I-type on the basis of the presence of hornblende. Direct 
derivation of the granitic and metasedimentary material from the Lachlan Fold Belt was 
probably blocked by the Sydney Basin in which marine sedimentation commenced in 
the earliest Permian. 

SHRIMP ages reported by Roberts et al. (1994) indicate that at least part 
of the Alum Mountain Volcanics are no older than 277 Ma. Although a Stage 3a 
microflora has been recorded from the base of the Volcanics (Helby et aI., 1986) it is 
possible that this significantly predated most, if not all, of the volcanism. There would 
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Figure 2: Conglomerate clast count for rocks overlying chert basement (Myra beds), northwestern 
Currieabark district. Numbers 1-5 are from successively higher stratigrnphic levels. 
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Conglomerate clast count from rocks overlying serpentinite basement (Pign. Barney 
Ophiolite Complex), northwestern Curricabark district. Numbers 1-4 are from 
successively higher stratigraphic levels. 
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Figure 4: Conglomerate clast count ror rocks overlying basalt basement (Myra beds), central 
Curricabark district. Numbers 1-4 are rrom successively higher stratigraphic levels. 

thus seem to be adequate time between the base of the Permian at about 295 Ma and the 
eruption of the Alum Mountain Volcanics for accumulation of the Manning Group at 
Curricabark. The unconformity at the base of the Alum Mountain Volcanics would be a 
product of the erosion that produced the early Permian rocks at Curricabark. 

Thus the Barnard and Sydney Basins were, at least in the Gloucester 
region, separated by a ridge. There was little active volcanism on this ridge and detritus 
was produced mainly by degradation of the Late Carboniferous basement. 
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GEOLOGY OF THE PORT STEPHENS AREA 
- NEW STRUCTURE REVEALED BY FABRICS 
IN IGNIMBRITES 

MD BUCK 
Dept Applied Geology, University of New South Wales 

A new map of the proximal facies of the Nerong Volcanics in the Port Stephens area, 
New South Wales is presented. 

Current accepted literature contends that eight different ignimbrites crop out in the Port 
Stephens area and they, together with interbedded sediments, are the Nerong Volcanics 
which have a total thickness of nearly 2 km. The Port Stephens area is at the southern 
end of the New England Orogen and is noteworthy that, on every Geology map of the 
area published so far, the structure elements (especially faults) that are typical of the New 
England Orogen, are completely absent in the Port Stephens area. 

A detailed study of the outcropping ignimbrites in the Port Stephens area, in particular a 
survey of the flow induced fabric in the ignimbrites, has proved that the Nerong 
Volcanics in the Port Stephens area are much thinner than the 2 km, and that the same 
geology is repeated several times over the area due to faulting. It has been found that 
the whole succession is generally dipping shallowly southwards, and the same ignimbrite 
(succession) is repeatedly brought back to the surface by a system of faults. Furthermore, 
the pattern of faulting is the same as it is in the rest of the New England Orogen 

Detailed chemical and mineralogical analyses of the ignimbrites distinguish only three 
ignimbrite units: two rhyolitic units named, the Port Stephens Ignimbrite and the Ry 
Point Ignimbrite, and one dacitic unit, named the Nelson Bay Ignimbrite. 

The Port Stephens area lies on the closure of the Girvan Anticline so that dip in the area 
is generally southwards. Two different sets of normal faults, one trending NNE - SSW 
and the other WNW - ESE (Figure I), have broken the Port Stephens area into 
numerous small fault-blocks, which repeatedly step the same ignimbrites back to the 
surface. Consequently, the rhyolitic ignimbrite that crops out in the north around Port 
Stephens is the same as that in the south around Morna Point. 

There is a well developed orthogonal joint set (trending N - S and E - W) (Figure 1) in 
the area which are host to numerous Tertiary basaltic dykes. 
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The ignimbrites are welded and exhibit both a glassy and lithoidal lithology. The glassy 
component occurs in lenses, nonnally near the base of flow units and results from 
extreme welding. The crystals ("phenocrysts") in the glassy rock are set in a black 
(obsidian-like) glass matrix which in thin section is isotropic yet still shows evidence of 
an original eutaxitic texture. The lithoidal ignimbrite is the most predominant part of the 
ignimbrite flow units and it is less intensely welded than the glassy component, although 
the shards in its matrix are generally stretched and deformed around clasts and crystals. 

The glassy lithology contains well preserved, "fresh" crystals but the its chemistry shows 
the glass to be hydrated and leached of K20. Conversely, the lithoidal ignimbrite is 
significantly less hydrated and leached so that its analysis gives a much better 
representation of the original ignimbrite chemistry. 

FIGURE 1 

Stereo-plot of joint surface poles (filled circles), snikes of faults (F 's) and snikes of 

dykes (filled rectangles). Note the strong correspondence between joint and dyke 

orientations. 
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THE GEOLOGY OF BLACK HILL 

M LITTLE 
Dept Geology, University of Newcastle 

Outcrop at Black Hill exposes approximately 100m of strata from the lower 
Newcastle Coal Measures. As exposures of this extent are uncommon this far inland, the 
quarry at this location provides an opportunity to conduct a facies analysis and compare it 
with equivalent strata found at other locations. Although the Upper Permian Coal 
Measures have been under investigation since late last century, detailed reports on this 
exposure are lacking. David (1908) was unsure whether the Borehole or Young Wallsend 
Seam was partially exposed at Black Hill, and he also mentions the exposure of chert 
(probably the Nobbys Tuft). Since a large proportion of this outcrop is provided by the 
current Black Hill Quarry operations, natural outcrop earlier this century may have been 
less impressive. 

Figure la (Figure 1 b is the key) illustrates the section exposed at Black Hill. Facies 
analysis of the interseam sediments is summarised in Figure 2. The Black Hill exposure 
is interpreted to represent mostly braid plain deposits, consisting mainly of sandy braided 
river deposits with smaller intervals of gravelly braided river, flood plain and flood basin 
deposits. The Waratah Sandstone occupies the basal section from 96.l-106.06m (datum 
is the top of Black Hill) and is interpreted to be a beach deposit. 

Sandy Braided River Facies 

The sections from 16.05-23.2m (lower Redhead Conglomerate), 25.2-26.4m (Kotara 
Formation, Merewether Conglomerate equivalent), 34.4-39.4m, 43.746.95 (Shepherds Hill 
Formation) 66.85-72.7m and 74.85-82.8m (Bar Beach Formation) represent sandy braided 
river deposits. These sections are made up of mainly sandy and gravely facies and are 
associated with smaller proportions of flood plain facies (FI & Fsc). Individual units of 
sandy and gravelly facies are usually no more than 1m thick. 

The sandy braided river facies include fine to coarse sandstone (Ss & Sh), trough 
and planar cross bedded sandstone (St & Sp) with smaller proportions of massive, crudely 
bedded, trough and planar cross-bedded conglomerate (Om, Gt & Gp). 
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Ss facies have erosional bases, which are sometimes gravelly, and frequently display 
graded bedding that is upwardly fining. Rarely, the Ss facies display siltstone ripup clasts. 
Sp facies usually occur as solitary sets of planar cross bedding, but on rare occasions as 
grouped sets of planar cross beds. 

Om, Ot and sometimes Op facies have erosional bases. The majority of these 
conglomerates have an average grainsize between 2-4mm and can be defined as granule 
conglomerates. In some places they contain intercalations of pebble conglomerate. The 
gravelly facies are present as lenses which have erosional bases and often have eroded tops. 
These represent channels which are vertically stacked and have incised the previously 
deposited sediments. At l!2,sm the basal conglomerate has eroded at least 4m of the 
underlying flood plain sediments. Isolated scours, found at 46.5m, cut into medium grained 
sandstone, the scours are infilled with coarser grained granule conglomerate and coarse 
grained sandstones. A gradual fining upward trend can be seen in the section from 72.7-
S2.Sm, which ends in flood plain deposits. This is likely to represent lateral migration of 
the sandy braided river system. 

Gravelly Braided River Facies 

Oravelly braid plain deposits exist at ()"12.45m (upper Redhead Conglomerate) and 
5S.6-64.6m (Bar Beach Formation, Signal Hill Conglomerate). The gravelly braid plain 
interpretation is based on the dominance of gravelly facies with a smaller proportion of 
sandy facies . The Redhead Conglomerate contains a thin interval ofFsc facies (O.OSm). 
Facies present in this interval are trough and planar cross-bedded conglomerate (Ot & Gp), 
massive conglomerate (Om), pebbly sandstone (Ss) and planar cross-bedded sandstone 
(Sp). The conglomerates occur as tabular bodies and lenses. The conglomerate lenses 
always have erosional bases and tops and are often made up of Om and Ot facies . 
Individually units of conglomerate and sandy facies are rarely thicker than 105m. Om 
facies occasionally display crude horizontal bedding, which is interpreted to represent 
longitudinal bars. The conglomerates of the O-12.45m interval are the coarsest exposed at 
Black Hill and have a mean maximum grain size ofO.07lm (based on the measurement 
of the ten largest clasts). Pebble, clast supported conglomerates dominate, with a smaller 
proportion of granule conglomerate. 

Mire Facies 

No maceral investigation was attempted, and hence all coal searns exposed are 
assigned to the non-specific peat producing mire environment. Several coal seams are 
exposed at Black Hill, including the West Borehole, Nobbys, Victoria Tunnel and Fern 
Valley Searns. 

Only the top 1.7m of the West Borehole Searn is exposed by old mine workings. 
The West Borehole Searn is a combination of the Borehole, Yard and Dudley Searns. 
Complete sections of the Nobbys and Victoria Tunnel (top section weathered) Seams are 
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present. Two splits of the Fern Valley Seam are interpreted to be present. The lower split 
at 23.2-2S.2m is only exposed as a reddish brown soil horizon with coaly fragments. 

Flood Plain Facies 

Flood plain facies include siltstone, sandstone, carbonaceous and coaly shale. Flood 
plain facies occur at the intervals from lS.2-16.0Sm, 32.2-34.4m, S2.2S-S8.6m, 64.6-
66.8Sm and 82.8-87.lSm. The siltstones are often massive (Fsc), occasionally have 
climbing ripple laminations (Fl) and, in some intervals, display common load casts. Fsc 
facies has common Glossopteris leaves and leaf fragments, Vertebraria roots, scattered coal 
lenses, occasional siderite nodules and rare tree trunks in growth position. Fl facies 
represent waning flood or overbank deposits. 

Carbonaceous and coaly shales (Cs) represent more vegetated sections of the flood 
plain. The thickest sections of Cs occur at the bases of the Victoria Tunnel and Nobbys 
Seams, suggesting that these deposits fringed the peat producing mires that formed these 
seams. 

The massive sandstone beds (Sh), which comprise a minor part of the flood plain 
facies, have mostly sharp, non-erosional bases, and range in thickness from O.02-0.3m and 
occur as sheet-like bodies, some of which can be seen to fine laterally to siltstone. These 
sandstones are interpreted to be crevasse splay deposits. 

A small channel exists in the flood plain interval from 8S.3-86.2m. This channel 
has a slightly erosive conglomerate base and is O.9m thick and is approximately Sm wide. 
Laterally, the channel can be seen to thin considerably until it is only represented by a 
sandstone a few decimeters thick. This channel is interpreted to represent a feeder channel 
that ran across the flood plain. 

Flood Basin Facies 

Flood basin facies consists of laminated shales (FI) with minor ripple-laminated 
sandstone (Sr). Flood basin facies occur in the Shepherds Hill Formation at 39.4-43.7m 
and 46.9S-48.2m. The laminated shales contain rare whole Glossopteris leaf fossils, 
scattered load casts and are interpreted to be oflacustrine origin. The shales contain cream 
to yellowish brown laminations which probably are tuffs representing volcanic activity. 
The lacustrine shales are a darker grey than the flood plain siltstones and shales. Scattered 
Vertebraria roots occur at the base of the interval 39.4-43.7m. Towards the upper part of 
the interval 39.4-43.7m, the laminated shales display rare climbing ripple laminations and 
thin interbeds of Sr occur. The appearance of thin interbeds of Sr are interpreted to be 
crevasse delta deposits, and with the uppermost shales coarsening upwards to sandstone, 
represent shoreline encroachment of the lake. 
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Beach Facies 

A complete section of the Waratah Sandstone is not exposed at Black Hill and 
outcrop quality is moderate. Massive fine grained sandstone (Sm), which has scattered 
pebbles throughout, makes up the basal section. Trough cross-bedding can be recognised 
in the interval 97.4-98.lm and this is likely to represent the tidal channel zone of Diessel 
et al. (1989). The upper section consists of massive sandstone and may represent the spit 
platform of Diessel et al. (1989). No hummocky cross-bedding or low angle beach 
laminations, that can be noted elsewhere in the Waratah Sandstone, can be observed at this 
location. The Waratah sandstone has been interpreted as a wave/tide dominated barrier 
beach deposit by Diessel et al. (1989). 

Tuffs 

Tuffs occur throughout the Black Hill section and are always associated with coal 
seams. The tuffs represent volcanically produced ash falls and surges (Diessel, 1985). The 
thickest tuff present is the Nobbys Tuff at 48.2-51.7m. Warbrooke (1981) noted 
sedimentary structures in the Nobbys Tuff indicating fluvial reworking. No sedimentary 
structure could be noted in the tuffs at Black Hill. 

Palaeocurrent Directions 

Palaeocurrent measurements at Black Hill suggest the general palaeoflow direction 
was towards the west and north northwest. This varies from the overall south to southwest 
palaeoflow direction for the Newcastle Coal Measures. Azimuths on Figure 1 indicate the 
directions of palaeocurrent measurements. 

Palaeocurrent directions measured in the Bar Beach Formation (section 52.25-
87.1m) indicate a mean flow towards the north northwest (298°, Nell). Separating 
channel facies (based on Sp facies) from overbank facies (Sr & Sp) measurements reveals 
a westerly flow direction (278°, N=8) for the channel facies and a north northwesterly 
(318°, N=3) flow direction for the flood plain sediments. This suggests only minor 
differences in flow directions for channel and flood plain facies. Comparison of palaeoflow 
directions of Bar Beach Formation at Black Hill and the mean of other locations indicates 
variation between the two data sets. The mean palaeo flow direction of the Bar Beach 
Formation at other locations, based on cross-bedding data from Warbrooke (1981), Diessel 
(pers. com., 1994), and Holmes (1978) indicate a plaeoflow direction towards the 
southwest (211°, N=133). 

The Shepherds Hill Formation palaeocurrent measurements, based on Sp facies, 
indicate a mean flow direction towards the southwest (249°, N=3). This compares with a 
mean palaeoflow direction to the southwest (222°, N=40) based on data from Warbrooke 
(1981) and Holmes (1978). 
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The Redhead Conglomerate (0-12.45m) has a mean palaeoflow direction (based on 
Gt & Sp) towards the north northwest (302°, N=3). Diessel (1992) found a mean 
palaeocurrent flow direction towards the southeast (126°) at the Redhead outcrop. 
Palaeocurrent measurements, on the Redhead Conglomerate, taken at the cutting at the 
intersection of the freeway and Newcastle Feeder Road (west of Wallsend) indicate a 
palaeoflow direction towards the west southwest. 

The variations from the general palaeocurrent trend of the Newcastle Coal Measures 
at Black Hill may result from local meandering of the braided rivers. Braided rivers are not 
typified by meandering, but examples of meandering in braided river systems are presented 
by Warbrooke (1981) and Miall (1977). An alternative explanation of the palaeocurrent 
variations is that outcrops at the different locations (e.g. some 21.5km between Redhead 
and Black Hill) represent separate channels that are present at the same stratigraphic 
interval. Also, the relatively limited number of measurable palaeocurrent indicators may 
have affected mean palaeoflow calculations. 

Comparison of Black Hill to Previous Interpretations of Coastal Sections and Core 

A section, similar to Black Hill, is exposed in coastal cliffs at Susan Gilmore Beach. 
The Susan Gilmore Beach outcrop reveals a section from just beneath the Yard Seam to 
the Merewether Conglomerate. Here the Yard and Dudley seams are separate from the 
Borehole Seam. Diessel (1992) interprets the Bar Beach Formation at Susan Gilmore 
Beach, as being part of a meandering river system. The Dudley Seam is overlain by 
lacustrine and flood plain laminites, which are in turn overlain by a thick sandstone body 
that displays point bar accretion planes. 

Warbrooke (1981) studied the Bar Beach Formation in drill core and interpreted 
most of the intercepted strata as belonging to a meandering river association. An exception 
to the meandering river interpretation was suggested for one bore that intercepted 
conglomerate, which was interpreted to represent a braided river environment. 

It is likely that both meandering and braided river systems coexisted during the 
deposition of the Bar Beach Formation. Black Hill being the most northerly presence of 
the Bar Beach Formation and hence closer to the source, displays the more proximal sandy 
and gravelly braided river deposits. Downdip at Susan Gilmore Beach, the fluvial style 
changes from braided to meandering. 
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POSSIBLE CORRELATIONS BETWEEN 
STRUCTURES IN THE TAMWORTH BELT 
& ADJOINING REGIONS 

DW DURNEY, XN CAO & PJ CONAGHAN 
School of Earth Sciences, Macquarie University 

INTRODUCTION 

At cartographic scale, the Central and Northern parts of the Tamworth Belt (TB), 
from Murrurundi to Gravesend, display an apparently simple geometry. Practically all of the 
major structures are subparallel to the Belt, and the Belt itself is remarkably straight and 
continuous for over 200 km. 

However, the apparently simple geometry belies a complex history. Aspects of this , 
history have been determined from detailed study of meso- and macro-structures in the eastern 
part of the Central TB around Manilla (Cao & Durney, 1993; Cao, 1994; Durney, Conaghan 
and 3rd year student mapping, unpublished observations, 1990-94). The work has revealed, 
for the first time in this part of the New England Fold Belt (NEFB), a series of distinct 
convergent-deformation systems. This report outlines the nature and succession of the 
converge!1t deformations observed at Manilla, and speculates on their possible relationships to 
tectonic events in adjoining parts of the Southern NEFB and northernmost Sydney Basin. 

PREAMBLE ON THE 'SYSTEMS' CONCEPT 

Attempts at correlating structures between one area and another rely on the particular 
methodological basis used and should therefore take into account the limitations of those 
methods. The TB is a case in point where a conflict arises when structures are considered to 
represent 'deformation episodes' with unique timespans over wide areas. 

In an effort to address this question, the concept of deformation systems is being 
developed at Macquarie. This attempts to separate the process of defining groups of 
structures at specific locations from their inferred correlation over wider areas. In this way, 
objectivity of observations on local structural successions is preserved, and allowance can be 
made for the influence of mechanical and local geological factors on the extent to which 
potentially complex deformations are manifest as separate structures within a region. Such an 
approach provides for cases where a single structure at one location may have formed in the 
same time interval as two or more successive structures at an adjacent location, a situation 
that is not permitted under the 'episodes' concept. 

As used here, the term "deformation system" comprises a kinematically coherent group 
of structures, in a particular area or location, which is distinct in time from other systems in 
that area or location. 
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The main suggested requirements are: 
(a) The types of structures fonning systems would normally be those involving a 

significant amount of strain; e.g., folds, cleavage and faults. Shorterclived structures 
(e.g., some veins) might be considered as subsystems of these systems. 

(b) The member structures of a system (if more than one member is present) must accord 
closely with each other in their inferred axes of strain or movement plan, as well as 
being spatially associated within the region where the system exists. Specification of 
member-type and an indication of system-orientation would be part of the system 
definition. 

(c) Each system (if there is more than one) must be distinguisable in time from other 
systems in the same area, either on the basis of overprinting relations or from the fact 
that it is kinematically (orientationally) incompatible with other systems in the area 
(i.e., not necessarily by both of these criteria). The relationships, where known, should 
be specified. 

(d) A time relationship between any member of one system with any member of another 
establishes the time relationship between the two systems. When a conflict arises in 
this regard, it suggests that one should go 'back to the drawing board' or 'back into the 
field' or maybe both! 

(e) The geographical distribution, so far as it is known, should be incorporated in the 
definition. Small map-scale domains are probably the most useful, at least as points of 
reference. If the domain is too large, it may mask significant internal variation; and if it 
is too small, it may not be representative. 

Thus a system would be named according to a location and a system-identifier: e.g., 
"Manilla-A" for system" A" in an area at Manilla. The" A, B, C .. " notation does not generally 
imply time sequence, though it may be chosen to do so. Members of a system are denoted by 
a prefix indicating the type of structure. The main suggested prefixes are: 
F for folds (normally folds of bedding); 
S for cleavage; and 
C, W and E for contraction, wrench and extension faults, respectively. In this 
report we also use: 
L for slip-fibre lineations and 
I for cleavage-bedding intersection lineations. 
The prefix: . 
D refers to a whole system or a 'deformation'. 
Subsystems are not considered here, but can be represented by lower-case indentifiers: "a, b, 
c ... ", 

DEFORMATION SYSTEMS IN THE CENTRAL TAMWORTH BELT AT 
MANILLA 

At about the latitude of Manilla, intensity of deformation in the Central TB increases 
towards the east. This produces locally tight folds and associated "strong" slaty cleavage 
(Durney & Kisch, 1994) and multiple deformation (Cao, 1994) within a few km of the Peel 
Fault (PF). The remainder of the Belt shows mainly a single system of gentle to close NNW 
folds and related "incipient cleavage" in mudrocks. 
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This section concerns the more-defonned eastern part of the Belt, called the "Manilla 
Area" (Fig. 1), which incorporates the Yarramanbully Anticline (Y A) and extends from the 
Veness Range to the PF. In this area, four fold and/or cleavage defonnation systems are 
recognized (Le., not counting a number of fault systems, mostly normal faults, which also 
occur in this region). These four systems are considered to represent the chief convergent 
deformations in this area (defonnations which involve a subhorizontal shortening). 
Observational data are summarized below. Here, the systems are presented in relative-time 
sequence, beginning with the earliest. 

Manilla-A: 
Folds (FA)-

Cleavage -
Relations -

Manilla-B: 
Folds (FB)-

Cleavage (SB) -

Faults (eB) -

Equivalence ~ 

ManWa-C: 
Folds (Fe) -

WNW Folds 
Hectometric, gentle, upright, WNW-trending, folds detected from stereographic analysis of 
bedding-attitude variations. Detected on the crest of the YA, but best known examples are in the 
western half of the adjoining "Baldwin Area" (Fig. I). These structures (Baldwin-A, see Fig. 
2a) are considered to be equivalent to the folds (Manilla-A) of the present area. 
No separate cleavage. 
No clear fold-overprinting relation, though dome-and-basin fold interference is present Stepped, 
bedding-parallel, slip-fibres associated with the Baldwin-A folds curve from an initial SSW 
displacement direction towards WSW (Fig. 2b). These structures indicate incremental 
contractions in a similar azimuth to the fibres, either by flexural-slip folding or by direct thrust 
movement on bedding surfaces. The early fibres accord with System A contraction and the later 
ones accord with System B contraction. Therefore it is deduced that System B postdates A, and 
that the transition was gradual. 

NNW Folds, Cleavage and Contraction Faults 
Cartographic (decBkilometric to kilometric), close to tight, upright to steeply inclined, NNW
trending folds: the dominant fold-system throughout this part of the TB. Includes the Y A and 
related folds (Figs. 2a & c). FB folds increase in tightness eastwards across the Manilla Area. 
Penetrative, slaty-type (Durney & Kisch, 1994) cleavage in mudrocks, expressed mesoscopically 
by small-scale weathering-fractures or 'cleavage-fissility' (Durney & Kisch, 1994; 'reticulate 
cleavage' of Crook, 1964) with a NNW trend transverse to bedding. SB cleavage is incipient 
west of the Y A, and moderate to very strong, or obscured by SC cleavage, east of the Y A (Fig. I). 
Major, NNW-trending faults, of gentle to steep E dip, with apparently contractional or partly 
contractional displacement (E-side-up; thrust and reverse faults). They include the Baldwin Fault 
(Voisey, 1958) and an inferred part motion on the PF (Cao, 1994). 
System DB is eqivalent to DI (FI and SI) of Coo & Durney (1993), Cao (1994) and Durney & 
Kisch (1994). 

NNE Cleavage and Folds and NNW Wrench Faults 
Metric, open to close, upright, steeply-plunging minor folds. Distribution is sporadic and is 
restricted to the area east of the Y A. 

Cleavage (SC) - Penetrative, slaty-type cleavage in mudrocks, characteristically expressed by well developed 
pencil structure with moderate to steep plunge N-NNE or S-SSW (Fig. 2c). SC cleavage is 
mainly restricted to the area east of the YA up to thePF, and is widely distributed in that area. 

Faults (We) - Cao (1994) reported observations on wrench-style S-C structure and cleavage-duplex structure in 
serpentinites of the PF, and a strike-obliquity of the SC cleavage with respect to this Fault and 
curved, gently-plunging, pressure-shadow fibres in mudrocks of the eastennmost TB at Manilla. 
He interpreted these features to indicate a partly sinistral motion on the PF during Manilla-C 
deformation (also Cao & Durney, 1993). 

Relations - SC cleavage discordantly transects FB folds (Fig. 2c), suggesting superposition on FB. 
Equivalence - DC deformation is equivalent to D2 (F2, S2) of Cao & Durney (1993) and Cao (1994). 



Manllla-D: 
Faults (CD) -

Relations -
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NNW Thnllt FaulU 
A minor, NNW-lrending. gently ENE-<lipping. thrust fault with associated fault-<lrag and flat 
quartz veins; sub-metric displacement. Known only at one location close to the PF (Yellow Rock 
Road, northeast of Upper Manilla). 
The FD fault and its associated drag displaces, and thus postdates, FC cleavage and its IC 
intersection lineation (Fig. 2d). 

RELATIONS WITHIN mE CENTRAL TAMWORm BELT 

The part of the TB which lies to the west of the Manilla Area comprises what appears 
to be mainly a single system of decakilometric, gentle, upright to moderately inclined, NNW
trending folds (Liang, 1991) and associated incipient, NNW-trending, slaty-type cleavage (Fig. 
1). It is clearly the dominant deformation system in this region, as in the Manilla Area. It 
continues to the north and south, at least as far as the Nandewar Range and Liverpool Range, 
respectively. We call this region, from the Mooki Thrust to a position equivalent to the east 
limb of the Manilla Syncline, the West Central TB or 'Westam' Area. 

The NNW folds, thrusts and incipient cleavage therefore constitute the system 
Westam-A. This is the only separable convergent deformation system in this region (apart 
from a local occurrence of early WNW folds in the Baldwin subarea in eastern Westam). 
Possible correlations with the Manilla systems are: 

Correlation 1 
Westam-A correlates precisely with the time interval ofManilla-B in the Manilla area, 

with which it is kinematically and spatially continuous. Major NNW folding thus occurred 
synchronously across the TB in a single time period, and no other Manilla deformations 
affected Westam (apart from Manilla-A = Baldwin-A in the Baldwin subarea). 

Correlation 2 
ManilIa-B structures originally extended only part-way across the TB; the western part 

(e.g., the Werris Creek area) was undeformed or only weakly deformed at that time. 
However, NNW folding recurred later (say, in Manilla-D time), by which time its focus had 
shifted to the west. The final NNW structures that we see today therefore represent the 
combined effects of these two episodes. 

Correlation 3 
Most or all of the Manilla deformations had, in fact, affected the Westam Area, but 

because they were weak they did not produce separate structures there. This occurred only at 
Manilla where the deformation was stronger. Westam-A may thus span the entire Manilla-A 
to -D time range. 

Discussion 
The sum total of the above interpretations is that Westam-A could correlate with 

Manilla-A to -D. Without additional constraints, we feel obliged to accept this for the time 
being. 
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RELATIONS WITH THE TABLELANDS COMPLEX AND GUNNEDAH BASIN 

Correlation 1 
Not far from the Manilla Area on the other side of the PF, the Woolomin Gt-oup and 

'Sandon Association' on the western margin of the Tablelands Complex at Woodsreef are 
affected by major, close to tight, NNE-trending, "F2" folds (Corbett, 1974, 1976; see Fig. 1 
here). For correlation purposes, we call Corbett's F2 system Woodsreef-B, and his earlier 
NNW system of isoclinal FI folds and bedding-parallel cleavage Woodsreef-A. These 
systems deform the Silurian-Visean Woolomin Gt-oup to Sandon Association 'succession' 
(Brown et aI., 1992) and are clearly cross-cut by the Latest Carboniferous - Earliest Permian 
Bundarra Batholith (Shaw & Flood, 1982). Therefore they are Late Carboniferous in age, 
perhaps part of the Late Carboniferous deformational/metamorphic events which affected 
other parts of the NEFB (e.g., Fergusson & Leitch, 1993; Collins et aI., 1993; Veevers et aI., 
1994). 

Woodsreef-A and -B are kinematically indistinguishable from Manilla-B and -C, 
respectively, although the Woodreef structures are more strongly developed. They show the 
same orientations, relative timing, proximal relation to the PF and the same inferred reverse
then-sinistral movement sequence on the PF (cf. Corbett, 1976; Cao & Durney, 1993 and Cao, 
1994). 

On purely local and structural grounds, these two pairs of systems appear to be one 
and the same. Hence Manilla-A and -B would be Late Carboniferous in age (Cao 1994). 

Correlation 2 
Across the Mooki Thrust (a Westam-A structure), Permian sediments of the Gunnedah 

Basin are overthrust and very gently folded (Hamilton et aI., 1988) by the western front of the 
Central TB. Together with infolding of Early Permian strata in the Werrie Syncline (Rocky 
Creek Syncline sensu lato, also Westam-A), this suggests a correlation ofWestam-A with the 
Latest Permian to Late Triassic deformation of the Sydney-Gunnedah Basin. 

Discussion 
Each of these two interpretations is logical in its own right. But in terms of a single 

major NNW folding in the TB, they cannot both be correct. This is the Gunnedah-Woodsreef 
Paradox. It signifies a breakdown of the deformation 'episodes' concept and forces 
consideration of alternative possibilities. Two possibilities are as follows. 

(a) Westam-A correlates with Manilla-B and with the Gunnedah Basin NNW-trending 
Permo-Triassic convergent structures. Reverse-then-sinistral motion fortuitously 
occurred twice in the history of the Peel Fault - once in the Late Carboniferous and 
again in the Permo-Triassic - each pair of deformations restricted to opposite sides of 
the Fault without noticably affecting the other side. 

(b) Westam-A correlates with Manil1a-D rather than with Manilla-B (Cao, 1994), or with 
Manilla-D and part of Manilla-C to Manilla-B. Hence at least part ofManilla-B (and 
perhaps Mani\la-C) may be Carboniferous and related to the Woodreef deformation/so 
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(Constraints in the Manilla Area pennit defonnation of any age post-dating the 
Early Carboniferous Namoi Fonnation. Some defonnation affected Early 
Pennian fault slivers along the PF, but is much weaker . than the ManiUa 
defonnations and is therefore presumed to span only a late part of the ManiUa
A to -D time range.) 

This scenario calls for NNW folding in the eastern TB during the Late Carboniferous, 
and renewed folding in this direction in the west and across the TB in Latest Pennian
Triassic time. The position ofManiUa-C in this scheme is uncertain. 

(Manilla-C is constrained to be Late Carboniferous to Late Pennian/Earliest 
Triassic by the Namoi Fonnation, which it defonns, and the 248 Ma Moonbi 
Adamellite, which stitched the PF.) 

In summary, both (a) and (b) appear possible, from arguments presented so far. 

RELATIONS WITH THE SOUTHERN TAMWORTH BELT AND NORTHERN 
SYDNEY BASIN 

Throughout aU of the Central TB, including the Manilla Area where there is a strong 
N-NNE cleavage (Manilla-C), E-ESE convergence has produced very little in the way of 
major fold structures. However, in the Southern TB and Northern Sydney Basin, major N
NNE folds are abundant and interfere strongly with NW folds (Korsch & Harrington, 1981). 

In these southern regions, the N-NNE fold and reverse-fault system appears to be 
unique (not repeated at different times). It is constrained to be Latest Pennian (stage USb-c) 
by growth folding in the Lochinvar and Muswellbrook Anticlines (Veevers et aI., 1994) and by 
closure of the Gloucester Syncline (Lennox & Wilcox, 1985). A similar timing has been 
concluded for N-NNE swells and reverse faults in the northern Gunnedah Basin (Hamilton et 
aI., 1988). If the Manilla-C system correlates with this defonnation rather than the Woodreef
B system, it further constrains the possibilities described above. Alternatively, Manilla-C 
could correlate with Woodsreef-B, and the 'Lochinvar' event might be expressed in the Central 
TB as hitherto unrecorded slip structures near the PF. 

CONCLUSION 

The Central TB, particularly the Manilla Area in the eastern part of the Belt, is a key 
area for linking defonnations in the NEFB Tablelands Complex with those of the Sydney
Gunnedah Basin. It is shown that rigid application of the traditional 'deformation episode' 
concept breaks down in this area (the 'Gunnedah-WoodsreefParadox') and that a more flexible 
approach to structural correlation is required using geographically restricted 'defonnation 
systems'. Careful application of the latter approach yields two or three possible solutions for 
the ages of multiple defonnations in the Central TB and, by inference, the possibility that these 
defonnations occurred cryptically or manifestly in adjoining regions. 
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SURA T BASIN IN NEW SOUTH WALES 

WJ BAMBERRY. NR CLARK & AV SINELNIKOV 
NSW Dept. Mineral Resources 

INTRODUCTION 

The Surat Basin in New South Wales is one of the basins being 
investigated by Coal and Petroleum Geology Branch for the Discovery 2000 initiative. 
The first phase of the work program for this basin involves evaluation of existing data, 
mainly over the six I :250,000 geological sheets covering the western Surat Basin (viz., 
Moree, Narrabri, Gilgandra, Nyngan, Walgett and Angledool). Part of the early 
analysis has involved geometrical modelling of basement and investigation of the 
thickness of the Surat Basin succession. As previous structural subdivision of the basin 
has been based on basement structure (Bourke et al. 1974). the basement modelling 
provides opportunity for revision of this scheme. 

The Surat Basin is part of the much larger Great Australian Basin 
(fig. I). The Jurassic to Cretaceous fill of the Surat Basin continues westwards across 
the Nebine Ridge into the Eromanga Basin and eastwards over the Kumbarilla Ridge 
into the Clarence-Moreton Basin. These ridges are basement highs that restricted 
sediment supply and deposition at various times. Outcrop of the basin fill in southern 
Queensland and the Central West of New South Wales mark the northern and southern 
boundaries of the basin respectively. 

Exploration in the Queensland portion of the Surat Basin, which covers 
over half of the basin's area, has yielded numerous commercial oil and gas discoveries. 
The closest discoveries to New South Wales are near Alton and Moonie, about 100km 
north of the state border. Over 1,300 petroleum exploration and appraisal wells have 
been drilled in the Surat Basin in Queensland. 

By comparison, the 25 wells drilled in the New South Wales' portion of 
the basin appears a meagre effort, especially as this portion covers about 100,000 km2

• 

Most of the wells in New South Wales were drilled in the east where the basin overlies 
the Bowen Basin. Only 4 petroleum wells and 2 stratigraphic bores are located in the 
western two-thirds of the basin emphasising a very large gap in precise stratigraphic 
information. Although over one hundred water bores in the basin have been 
geophysically logged, lithological detail, age information and absolute basement 
identification is lacking. 
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Figure 1 Location of the Surat Basin 

BASEMENT MODELLING 

PACIFIC 
OCEAN 

Data from water bores, petroleum wells, seismic surveys and outcrops, 
together with information from Queensland and the Eromanga and Gunnedah Basins, 
have been modeUed on EeS Minex software to produce grids of the basement structure 
and isopachs of the basin fill. The significance of this exercise, in the context of 
petroleum prospectivity, is that: 

-Identification of areas containing very little or no data on basement depth effects 
planning of regional-based investigations. 

-Previously identified infrabasins containing possible source rocks for petroleum 
generation may be identified via study of basement structure. 

-Preliminary maturation studies of Jurassic rocks (unpublished data) in the western 
Surat Basin suggest that petroleum generation may occur at depths of 2000m or 
greater in this succession. Therefore, an understanding of the thickness of the basin 
succession is essential. 
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BASEMENT MORPHOLOGY AND STRUCTURE 

Basement to the Surat Basin consists of the Lachlan Fold Belt (LFB) in 
the west, the Bowen and Gunnedah Basins in the central east, and the New England 
Orogen (NEO) in the east (fig. 2). Structural zones in the basement (Scheibner, 1993) 
span the Girilambone Zone through to the Capertee Zone in the LFB and the 
Tamworth and Woolomin-Texas Zones of the NEO. Metasediments form the main 
lithologies in the LFB basement with an Ordovician andesite belt (parkes Zone) and 
adjacent granite belt (Mount Foster-Tumut Zone) dominating the area west of 
Lightning Ridge. 

Figure 2 shows a view of the gridded Jurassic basement. The basement 
morphology (fig. 2) is characterized by a northerly dipping surface, the main features of 
which are:-

• depressed area at the southern end of the Taroom Trough (Mimosa Syncline) 
• the Rocky Glen Ridge 
• an undulating, raised area over the Gunnedah Basin 
• the very broad Lightning Ridge Shelf 
• local highs and lows in the southwest (Coonamble Embayment) 
• the rise up onto the Cunnamulla Shelf 

The deepest part of the basement (and the thickest part of the basin in NSW) is situated 
in the north (fig. 2) where the Taroom Trough (part of the Bowen Basin) underlies the 
Surat. This area was named the Boomi Trough by Bourke et al. (1974) representing a 
synclinal downwarp in an inherited structural position coincident with the Mimosa 
Syncline (axis of the Permian-Triassic Taroom Trough). Here, the Surat Basin 
succession includes the Precipice Sandstone to Evergreen Formation, which pinch out 
southwards and westwards. In this part of the basin, the fill exceeds 1750m thick but 
falls short of the maximum thickness of2500 m encountered in southern Queensland. 

Figure 2 shows that the Rocky Glen Ridge formed a divide between the shelfal area 
above the Gunnedah Basin and the deeper areas to the west of the ridge. Early to 
Middle Jurassic units in the Purlawaugh Formation are overlapped by the Pilliga 
Sandstone over the Rocky Glen Ridge, so that, to the west of the ridge, the Pilliga 
Sandstone rests directly on basement. Based on these observations, the ridge is 
considered an appropriate place for structural subdivision. 

The name Wee Waa Shelf is suggested for the shelfal area above the Gunnedah Basin. 
The western boundary of the Wee Waa Shelf coincides with the subsurface limit of the 
Gunnedah Basin (fig. 2). Outcrops mark the southern and eastern limits of the Wee 
Waa Shelf, whereas, northwards, the shelf area merges with the Boomi Trough. The 
Surat Basin succession is generally less than 250 m thick on the Wee Waa Shelf; 
Cretaceous strata are not developed on the shelf. 

The Lightning Ridge Shelf is the southerly extension of the Dirranbandi Syncline in 
southern Queensland (Bourke el al. 1974). Figure 2 indicates that the Lightning Ridge 
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Figure 2 Vista of the basement to the Surat Basin looking towards 140°. Grid 
cell size'" 2.5km, vertical exaggeration = 50, grid angle = 35°. Main structural 
entities in the basement are the New England Orogen (NEO), the Gunnedah and 
Bowen Basins (OBIBB) and the Lachlan Fold Belt (LFB) 
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Shelf is a comparatively featureless area in the basement, but this reflects a lack of data 
incorporated into the basement model. Seismic data from the Lightning Ridge area 
suggests that basement relief may be considerably different to that shown in figure 2. 
Airborne geophysical surveys, currently being flown over the Angledool 1:250,000 
sheet, is expected to show a greater diversity of structural elements than could be 
recognised in this area. Thickness of the basin fill commonly exceeds 1000m on the 
Lightning Ridge Shelf 

Bourke et al. (1974) placed the eastern boundary of the Cunnumulla Shelf; a broad 
shelfal area which merges northwards with the Nebine Ridge, and eastwards with the 
Lightning Ridge Shelf, at a north-west trending lineament. Figure 2 shows the 
basement dropping eastwards in a number of steps; the first major step corresponds to 
the eastern edge of the Girilambone Zone where basement steps down about 200m. 
This edge is, therefore, considered a more appropriate place to divide the Cunnamulla 
and Lightning Ridge Shelves. The basin fill is normally less than 400m thick on the 
Cunnumulla Shelf 

Near Coonamble and Warren, local basement highs reflect relict 
topography, the hills being composed of granite and porphyry, such as outcrops at 
Mount Foster and Mount Harris southwest of Coonamble. The basement (fig. 2) 
shows considerable relief (in the order of lOO-SOOm) contrasting with the description of 
a "broad, shallow, fairly uniform are"', which Bourke et al. (1974) used in defining 
the Coonamble Embayment. The basin fill, however, may vary from 100m to in excess 
of 600m in the Coonamble Embayment. 

PRE-MESOZOIC HALF GRABENS 

Two half graben structures nestled in the Lachlan Fold Belt basement 
have been identified by seismic surveys, which were conducted between Goodooga and 
Collarenebri during the 1980's (fig. 3). Previous interpretation of these features 
suggest a pre-Mesozoic origin, however, no further investigation was undertaken. 
New interpretation of the seismic surveys has defined the boundaries of the graben 
structures (fig. 4) and enabled postulation regarding the origin and nature of the 
graben-fill. 

The westernmost half graben is located near Goodooga, about 60km 
northwest of Lightning Ridge, and is referred to here as the Goodooga Graben. The 
graben trends NNE and has an approximate width of Skm; the length of the structure 
cannot be ascertained based on current information. 

The other half graben is located near Collarenebri, hence the name Collarenebri Graben, 
and is the larger of the two structures identified by seismic surveys. Comparison of the 
half grabens with airborne magnetic survey data indicates that the Goodooga Graben 
has no apparent signature, probably a reflection of the resolution of the surveys. 
However, the Collarenebri Graben coincides with a valley in the magnetics (fig. 3). This 
valley shows that the half graben extends northwards into Queensland and further south 
in NSW, with a minimum N-S extent of approximately 10Skm. Transverse sections of 
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Figure 4 Cross-section along line C-3 seismic survey (see fig. 4 for location) showing 
half graben with facies A, B and C, nested in Lachlan Fold Belt (LFB) basement. Units 
in the Surat Basin sequence are Pilliga Sandstone (Jp) and Mooga Sandstone (Km) 

( 
i 



259 

BASEMENT OF THE SURA T BASIN 

the half graben in the seismic indicate an approximate width of 8krn (fig. 4). The 
magnetics also indicate that the structure narrows southwards. 

Another magnetic valley, with an axis 35krn east of the Collarenebri 
Graben, suggests the presence of an additional trough (fig. 3). This trough is located 
north of Rowena and has similar dimensions to that of the Collarenebri Graben, 
although the area is void of any seismic data. 

Characterization of seismic reflectors within the half graben structures 
show the development of three seismic facies (fig. 4; table 1), which relate to gross 
depositional settings. The basal facies (A) is characterized by strong reflectors showing 
considerable lateral continuity. Facies A is interpreted as being non-marine and 
probably a coal-bearing sequence. Chaotic reflectors dominating facies B suggest 
deposition of a coarse-grained clastics from the fault-bounded margins of the half 
grabens. Up-dip convergence of beds and thinning towards the shallower side of the 
half grabens demonstrates that syntectonic sedimentation is particularly evident in the 
middle facies (B). Reflectors in Facies C show a better degree of ordering than B and 
comprise mixed lithologies. On-lap of reflectors at the base of Facies C onto the top of 
facies B suggest unconformity between the two facies. Facies C may consist of paralic 
to marine sediments deposited after fault-controlled subsidence outstripped 
sedimentation and lead to marine incursion. 

Table 1 Seismic facies in half graben structures 
seismic facies description 

C ordered reflectors 
B chaotic reflectors 

A ordered, high amplitude 
reflectors, high degree of 
continuity 

litholo;des 
mixed 
coarse-grained, rapidly 
deposited sediment 
?coal, mixed lithologies 

The orientation and extensional structural style of the half grabens, and 
comparison with Early Permian troughs, suggests that the formation of the half grabens 
was intimately associated with the initial rift development of the Sydney and Bowen 
Basins. Hence, an Early Permian age is evoked for the bulk of the graben fill. Facies A 
and B of the Goodooga and Collarenebri Grabens compare with the non-marine 
graben-filling coal measure sequences of the Early Permian Reids Dome Beds in the 
Denison and Abroath Troughs in Queensland (Draper, 1985). Facies C may equate to 
younger marine rocks, such as the Cattle Creek Formation (Denison Trough). 

CONCLUSIONS 

Modelling of the basement to the Surat Basin demonstrates that it contains considerably 
more relief than previously conceived (Bourke et al., 1974). The model suggests that 
the Jurassic to Cretaceous basin-fill in the western part of the Surat Basin may have 
insufficient thickness for the generation of petroleum. However, the modelling exercise 
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has also identified vast areas that lack information altogether. It would be premature to 
discount the prospectivity of this part of the basin based on limited information. 

New leads into the petroleum prospectivity of the western Surat Basin will arise from 
airborne geophysical surveys currently being conducted for the Department of Mineral 
Resources. In addition, re-interpretation of seismic data has identified pre-Mesozoic 
structures, such as the Goodooga and Collarenebri Grabens, which may contain 
suitable source rocks for petroleum generation. 

The basement model also affords revision of the structural subdivisions of the Surat 
Basin. A raised shelfal area, the Wee Waa Shelf is evident over the Gunnedah Basin 
and has been defined herein. 
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SOUTHERN SYDNEY BASIN 
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ABSTRACT 
Detailed mapping of rock platforms and cliffs at UlIadulla (figure 1) has lead to a 
reinterpretation of the southern part of the Sydney Basin. 

Three stages of deformation are evident. 
The initial stage involved semi
consolidated rocks with a high fluid 
content. It produced a geometrically 
complex, but generally west dipping 
duplex confined within a discrete floor 
and roof thrust. D. culminated in a 
general west over east tectonic vergence. 
During continued compression the 
duplex structure locked and the roof 
thrust acted as a slip surface for 
backthrusting to develop <02). ~ 
imbricate thrusts cut upwards, 
transporting strata toward the west. As 
compression diminished the orogen 
collapsed and D3 extensional fractures 
formed a conjugate array, which 
penetrated all pre-existing structures. 
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Dl and D2 are products of east-west compression and D3 a result of minor extensional 
collapse. Correlation with pre- and syn-orogenic volcanic layers in the northern Sydney 
Basin, which have been dated using the zircon UlPb method (Gulson e/ al. 1990), 
constrains the age of deformation between 265-255 Ma. The age is the same as that 
postulated for the Hunter-Bowen Orogeny (Collins e/ al. 1993) and it is suggested that 
deformation at U1ladulla represents the leading edge of that orogeny in the southern 
Sydney Basin. 

INTRODUcnON 

Mapping of the U1ladulla rock platform and cliffs at the southern end of the Sydney 
Basin has lead to a reinterpretation of deformation within the informally named UIIadulla 
Mudstone (UMS). Previously interpreted as a soft-sediment slump horizon and slump 
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generated faults, the region is now shown to be the leading edge of a thrust and fold belt 
(Wiles, 1993). 

The UMS (figure 2), the basal section of the Wandrawandian Siltstone (WS) 
conformably overlies the Snapper Point Formation, Conjola Sub-Group, Shoalhaven 
Group (Gostin & Herbert 1973). The UMS outcrops between the northern end ofWairo 
Beach in the south and the southern end ofMollymook Beach in the north. 

Previous Work 

Previous workers, Brown (1925) Gostin (1968), Gostin & Herbert (1973), Runnegar 
(1980) and Scott (1984) recognised faulting at UlIadulla. Brown (1925) determined 
contortions within the Wandrawandian Siltstone to be contemporaneous with the 
formation of beds, with later faulting and beds being underthrust from the west. 

Scott (1984) recognised two episodes of 
deformation. D1, ESE directed thrusting 
and D2, WNW directed thrusting. He . 
noted that all structures at U1laduUa were 
contemporaneous with thrusting and that 
deformation was pre-lithification and a 
consequence of gravity generated 
movements down a palaeo slope to the 
ESE. 

Tectonic Model 
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Jones et al. (1984), postulated a southern 
extension of the New England Orogen, 
south from Newcastle, parallel and off 
shore from the present coastline in their 
foreland basin model for the Sydney 
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BaSin. They named the southern .....,. .................. (' ... ~ • 
extension the "Currarong Orogen". ..... ......... (197]) ... >-(, ... ) 

This foreland basin model was based on proposals of Conaghan uS 

et al. (1982) demanding a mega-cycle regressive-transgressive 
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succession. The model necessitates two principal sediment types, 10 

quartzose sediments which are transported from the craton in the 1 
west and labile sediments that expand westward into the basin • 

I 
from a growing orogen in the east. . '. '. ' . I • 
The mega-cycle for the foreland basin formation is initiated by uplift of an orogen 
(Currarong Orogen) associated with volcanism and coeval subsidence of the foreland 
basin and flooding. Increased basin depth results from structural loading of the 
Currarong Orogen to the east. Cratonic sourced quartzose sediment is shed into the 
forming basin. As the orogen continues to expand and rise, the proximal piedmont is 
folded and thrust. With continued growth of the piedmont, material from the orogen 
dominates the foreland basin and cratonic quartzose sands retreat. As tectonism 
declines, the orogen settles and the piedmont retreats, resulting in quartzose sands again 
prograding from the craton toward the orogen. 
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Scott (1984) showed the mega-cycle succession of Jones et aJ. (1984) to be evident at 
UIIaduIla. The top part of the Snapper Point Fonnation satisfied the initial stage of 
quartzose sediments derived from the craton. The labile sediments of the VMS/wS, 
derived from the Currarong Orogen to the east, satisty the next stage of the model. The 
mega-cycle is completed with a final stage comprising the deposition of the westerly 
thickening quartzose NOWTa Sandstone. 

Composition of U1ladulla Mudstone (UMS) 

The evidence for the reinterpretation lies in structures within the VMS. The VMS thins 
to the west. Siltstones and mudstones dominate the unit with beds of sandstone 
interspersed through the sequence. Gostin (1968) described eight sections within the 
VMS . This has been simplified further (figure 2), section A represents the top of the 
Snapper Point Fonnation and sections B to E ] the VMS. Within the central part of unit 
"C" is a chaotic zone of defonned sediments. 

Sandstones are immature and the beds range in thickness from fine wispy bands to 
greater than I metre. Glacial dropstones and glacial till are found in the sandstone beds. 
Fossils most commonly occur in the siltstone and mudstone beds and are occassionally 
concentrated in some sandy beds. 

Dykes 

Both sedimentary and igneous dykes occur within the sequence. The sandstone dykes all 
appear to be downward injected and consistently strike N-S with very sharp contacts. 
When seen in profile the sedimentary dykes exhibit shortening with ptygmatic folds 
developed. 

An igneous dyke, possibly micromonzonite, associated with the Milton Monzonite, 
intersects the VMS north ofUlladuIla harbour. An isotopic age of 245 ± 0.6 Ma (Facer 
& Carr, 1979) has been assigned the Milton Monzonite (outcrops -3 km to the west). 
At the southern entrance to Burrill Lake are another two igneous dykes. Elphinstone 
(1984) described each dyke, one as an alkali dolerite and the other a micromonzonite. 

STRUCTURE 

Between Wairo Beach and Mollymook Beach, thrust, reverse, splay, divergent and strike 
slip faulting are exposed on the rock platfonns. Strike-slip faults displace beds up to 20 
m with one major fault acting as a transfer fault. The transfer fault has thrusts 
propagating nonnal to the fault with thrusting on the northern side being west over east 
and on the southern side east over west. Thrusting within the rock platfonn has a west 
over east signature (Wiles, 1993). 

Thrusting seen in profile in the cliffs has a NW vergence. These faults exhibit as 
imbricate thrust slices that asymptotically curve downwards to join a sole thrust. In 
places the sole thrust is shown to be the reactivated roof of a decollement horizon. 
Faulting at Dolphin Point contains a gouge and breccia horizon. 

Folding of siltstone/mudstone is confined to the "chaotic" zone of unit "C" (figure 2). 
This zone is constrained by discrete floor thrusts and roof thrusts. Many characteristics 
of soft sediment defonnation and tectonic defonnation are evident in the zone and 
include folded overturned beds which abut faults. The cloSe proximity of dislocated 
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recumbent folds to thrust planes are indicative of thrusting (McClay, 1987). Fold axes 
parallel the strike-slip faults and folds are detached along the thrust surface. 

Microscopic deformation reveals feldspathic greywackes with mica laths wrapping 
around quartz grains and S) developed in the alignment of a fine grained matrix. Thin 
sections of mudstone/siltstone reveal S) dtveloped with alignment of biotite, illite and 
muscovite. Pressure solution of quartz grains is almost non existent, but where 
developed is very faint and parallels S) (Wiles, 1993). Minimal overburden (Goslin 
1968; Elphinstone, 1984) was involved during deformation of the UMS, therefore depth 
of burial was insufficient for pressure solution to become well developed. 

The siltstone/mudstone facies that dominates the "chaotic" unit C has slid as a partly 
consolidated mass during deformation. However the more competent sandstone beds 
have fractured through brittle failure. This fracturing acts as a conduit for dewatering. 
Sand within the thicker sandstone beds is loosened by the upward expelled water, fills 
the dewatering conduit and creates a downward tapering sandstone dyke. When the 
pressure is released, the fracture seals allowing pressure to rebuild as a crack-seal 
sequence. Ptygmatic folding of sand dykes could be a result of either compaction or 
later thrusting on the pre-existing fault surface producing folds that shorten the dykes. 

Two distinct cleavages are developed in the UMS. One cleavage has a SE-NW 
orientation and the other NE-SW. Generally the cleavages are defined by an alignment 
of mica grains cutting bedding. 

Maximum east-west compression produced packages of sediment thrust WNW over 
ESE. As thrust sheets slip over their bases, small areas may lock from time to time, 
resulting in the propagation of a new branch of the main fault above or below the locked 
region. The process has produced many fault slivers along major faults. 

Sequence of Deformation in the Foreland Basin Model 

Phase 1: The megacycle commenced within the top part of the craton derived quartzose 
Snapper Point Formation. As uplift and volcanism initiated or regenerated the eastward 
Currarong Orogen a coeval foreland basin formed and flooded. Progradation from the 
west of the quartzose craton-derived Snapper Point Formation slowly terminated. 

The UMS and WS, derived from the growing Currarong Orogen to the east were 
deposited as the piedmont expanded. Water saturated, semi-lithified mudstone/siltstone 
began dewatering during D). Evidence of this process is seen with the development of 
sand dykes. 

Sand dykes, a feature of soft sediment deformation, are oriented normal to cr 1. Sand 
dykes associated with faults indicate a high water content within the sediments. The 
presence of a fluid phase in the UMS facilitated deformation by reducing the resistance 
of slip along planes of potential movement. 

As E-W compression persisted, horses developed in east verging duplex structures 
(figure 3). Discrete floor and roof thrusts constrained the duplex structure (decollement 
horizon). Within the decollement horizon many thrusts truncated folds and other thrusts. 
D) was confined to the central part of unit "C". 

Phase 2: Deposition became more labile as the Currarong Orogen expanded and the 
WS prograded across the basin cratonward. Localised locking occurred during the 
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second phase on eastward moving roof and floor thrusts. With continued east - west 
compression the locked thrusts finally detach along the roof thrust as a back thrust and 
slickenlines develop on some thrust surfaces. 

Back thrusting transferred rocks above the roof of the decollement toward the NW 
(figure 3). A change of crl by -20' followed localised locking of the east directed 
thrusting. 

Sytlised cross-section of east directed dupl~ (0.) 
8t. west directed back lluusting (0,) at tnJaduUa 

Strike-slip faulting was the last compressional deformation. Some of these faults acted 
as transfer faults with thrust, splay and reverse faults developed normal to strike-slip. 
The strike-slip faults developed to transect thrust faults ofD I and imbricate thrusts ofDz. 

Phase 3: Tectonism declined. The orogen settled and the piedmont began to retreat. 
Cratonic quartzose sands prograded eastward toward the diminishing Currarong Orogen. 
Extensional collapse D3 followed the cessation ofE-W compression. Rocks were totally 
consolidated at D3 as fractures cut all earlier deformations, exotic clasts and concretions. 

Comparison with the Northern End orthe Sydney Basin 

Deposition of the northern Sydney Basin is similar to the southern Sydney Basin. E-W 
compression in the northern Sydney Basin resulted in folds and thrusts propagating 
westward on a decollement. With progressive compression the SW directed Hunter
Mooki thrust developed. The thrust was rotated about an axis along the Peel Fault 
resulting in sinistral strike-slip faulting. Tectonostratigraphic terranes of the Southern 
New England were "dispersed" during rotation. Released stress resulted in 
backthrusting in the Tamworth belt (Collins et aI1993). 

Glen and Beckett (1989) interpret the Hunter Thrust as a major splay thrust from a 
basement decollement. The major folds of the Hunter Coalfields are associated with 
mapped faults of proven or inferred thrust movement. The relationship is indicative of a 
thin-skinned style of deformation. Therefore the Hunter Coalfields form part of a thrust 
belt formed during the Hunter-Bowen Orogeny, a west directed fold and thrust 
movement. 

Collins et aI. (1993) consider that prior to oroclinal bending in the late Permian, the New 
England Orogen was an elongate volcanic arc subduction/accretion complex which 
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extended at least 2000 Ian along the Pennian eastern margin of Gondwana. Therefore it 
seems likely that the Currarong Orogen is in fact the southern extension of the New 
England Orogen and deformed during the Hunter-Bowen Orogenic event. 

Age Constraints 

Collins el 01. (1993) described the Gloucester Basin north of Newcastle as "a single but 
complex compressive, Late Pennian tectonic event, the Hunter-Bowen Orogeny" , 
commencing at -260 Ma. Initiation of deformation in the Sydney Basin is approximated 
by an unconfonnity developed along the eastern flank of the Lochinvar Anticline. 

Movement on the Peel Fault is dated at 266-255 Ma by Rb-Sr techniques of micas 
(Landenberger el 01. 1993). The micas recrystallised during ductile shearing asociated 
with the formation of major southern New England Fold Belt "dispersal" faults (Collins 
el 01. 1993). 

Zircons from the Thornton Claystone, an altered ash-fall tuff were used for dating by 
Gulson el 01. (1990). An age of 266 ± 1 Ma placed a time constraint on the 
commencement of the deformation of the northern end of the Sydney Basin. The 
Thornton Claystone is directly beneath an unconfonnity on the eastern flank of the 
Lochinvar Anticline. 

An age of 256 ± 4 Ma was obtained by Gulson el 01. (1990) from Zircons within the 
Awaba Tuff, an horizon within the Newcastle Coal Measures. The Newcastle Coal 
Measures reflect the period of maximum rapid labile deposition into the northern Sydney 
Basin and therefore the period of maximum uplift of the Hunter-Bowen Orogeny. 

An age for a tuff layer within the WS in the southern Sydney Basin has been recorded by 
Veever el 01. (1990) at 260 Ma. The tuff band is the first ash fall related to the 
convergent magmatic arc of the Currarong Orogen. 

Part of a Westward Migrating Fold Belt 

Initial deformation (DI) within the UMS occurred shortly after deposition. Dewatering 
processes were active and rocks were semi-consolidated. By using the above age 
constraints, DI and D2 of the UMS can be correlated with (D1) within the Hunter-Bowen 
Orogeny. 

Both the northern and southern extremities of the Sydney Basin exhibit similar styles of 
deformation:-

I) Upward propagation of thrusts and folds as a result ofE-W compression 

2) Folds and thrusts transferred along a decollement 

3) Thrust propagation toward the west 

4) Rotation of a block alters compressional direction 

5) Back thrusting 

6) Strike Slip faulting 

7) Release ofE-W compression 

8) Timing ofDI -260 Ma. 
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GlelUl and Beckett (1989) show a cross-section through the northern Sydney Basin and 
southern New England Fold Belt revealing a profile of a westward propagating fold and 
thrust belt. By the late Permian to Triassic, the leading edge of the thrust front had 
migrated west to become fixed in its approximate present position, the Redmanvale and 
Mount Ogilvie faults. 

The leading edge of the thrust belt in the southern Sydney Basin is seen in the 
deformation at UlIadulla. Bulk transport is to the east as thrust blocks moved up 
through the stratigraphy rather than down. Had movement been downward, thrusting 
would have been directed to the west. The upward thrusting easterly propagated thrusts 
have slipped on the roof of the decollement. 

CONCLUSION 

Deformation in the UMS is a result of tectonic processes and not soft sediment 
slumping. Deformation occurs when the rocks are semi-consolidated and fluid content is 
high. There are three deformational events at Ulladulla, D\ and D2 are both 
compressional (E-W directed) and D3 is extensional:-

D\ An east verging duplex between a discrete roof and floor thrust 

D2 West verging backthrusts, propagating from the roof of the duplex 

D3 Extension collapse and fractures develop, penetrating all pre-existing strata 

Thrusting is intimately linked to E-W compression generated from a more easterly 
orogen, the Currarong Orogen, probably the southern extension of the Hunter-Bowen 
Orogeny. 

Timing of deformation is constrained by correlation with pre- and syn- orogenic volcanic 
layers in the northern Sydney Basin between 265 - 255 Ma (Gulson el al. 1990). The 
age is the same as that postulated by Collins el 01. (1993), for the Hunter-Bowen 
Orogeny. It is suggested that the deformation seen in the UMS is the leading edge of the 
Hunter-Bowen Orogeny in the southern Sydney Basin. 
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INTRODUCING THE WANGAT ANTICLINE 

W.PRATI 
NSW Dept. Mineral Resources 

INTRODUCTION 

In the north-western quarter of the Dungog 1:100 000 Geology Sheet (Roberts et al. 
1991a), is an unmapped area in excess of 500 lan2

• Most of this area encompasses the 
remote, elevated, partly inaccessible, rugged and densely vegetated Gloucester Tops and 
its foothills (figure 1). 

This report presents the results of mapping of the central-southern part of this unmapped 
area. The mapping has been undertaken as an informal project combined with other 
recreational interests. 

LOCATION 

The project area is located between 10 Ian and 33 Ian north of Dungog and is 
approximately bounded by the Chichester Dam catchment on the west, the Problem 
Creek Thrust in the east, Whispering Gully in the north and the previously mapped area 
in the south (figure 1). 

The project area is dominated by the Wangat Anticline, a relatively large southerly 
plunging anticline in Lower Carboniferous rocks of the Gresford Block of the New 
England Orogen. The Wangat Anticline is named after the Wangat trig. which is located 
on the crest ofthe anticline. 

The axis of the anticline forms the eastern boundary of the catchment of the Chichester 
Dam. Access by the public to the catchment area of the dam is prohibited by the Hunter 
Water Board and, as the work undertaken has been ofan informal nature, permission for 
access has not been requested and no fieldwork carried out in the catchment area: The 
vast majority of the remaining area in the project area lies within the Chichester State 
Forest. 
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STRUCTURAL SETTING 

The project area is located in the eastern part of the Gresford Block of the south-eastern 
Tamworth Trough. The eastern part of the Gresford Block is bounded by the Camyr 
Allen and Williams River Faults on the west and east respectively. 

The Wangat Anticline is situated in the area between the Brownrnore and Majors Creek 
F auIts of the eastern part of the Gresford Block. The anticline is bounded by the inferred 
Wangat River Syncline and the. Telegheny Syncline on the west and east respectively 
(figure 2). 

REGIONAL GEOLOGY 

To the west and south of the project area, the regional geology has been detailed by 
many workers, in particular Lindley (1984), and, together with the area to the east of the 
Majors Creek Fault and the area to the north of the Gloucester River, synthesised by 
Roberts et al. (1991b). 

STRATIGRAPHY 

The surrounding area comprises a sequence of Early Carbonifcrous rocks from the 
Tournasian Bingleburra Formation to the late Visean Chichester Formation. To date, 
only rocks of the Flagstaff Formation have been identified in thc project area and these 
are predominantly turbidic sandstones and siltstones of the Allyn River Member. 

LITHOLOGY 

The rocks are predominantly thickly bedded, coarse to medium-grained, green to blue
grey sandstone with occasional beds of siltstonc. On the anticline two interbedded 
horizons of dark grey thinly-bedded fine siltstone have been recognised within the 
Flagstaff Formation and both are thought to be part of the Allyn River Member. Thc 
lower horizon is exposed at the entrance gates to the Chichester Dam and in Jerusalem 
Creek at GR 792305·, while the upper is exposed at the Dundungra Falls at GR 
00776374 and in the Teleghcny River at GR794390. A section below the lower black 
siltstone is exposed on the road from the Chichester Dam entrance gatcs to the river 
crossing below the spillway. 

As the topography approximately parallels the anticlinal structure over a considerable 
area and, in the absence of distinctive marker horizons, it is difficult to determine the 
stratigraphic position of an outcrop withirt the formation. 

Lindley (1984) recognised a diversity of lithological units within thc Flagstaff Formation 
and defined five members, including the Allyn River Member to which all rocks in the 
project area are thought to belong. Future work may recognisc other members. 
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PALAEONTOLOGY 

While the area to the south-west of the project area contains an abundance of fossil 
localities, including type locations for faunal zones, no invertebrate fossils have been 
found in-situ to date in the project area. The only fossil material found comprises woody 
fragments, a poorly preserved specimen of Leptophleum and, in Whispering Gully Creek, 
a cobble of crinoidal siltstone has been found. 

South of the project area, at Bendolba, fossils of the Delepinea aspinosa zone occur and· 
1.5 kID further south, at Byrons quarry, fossils of the lnjlatia elegans subzone of the 
Delepinea aspinosa zone occur. The type section for the lnjlatia e/egans subzone 
occurs at Brownmore. 

DEPOSITIONAL ENVIRONMENT 

Roberts et aL (l99Jb) note that regional sedimentological studies by Lindley (1981) 
indicate that active downfaulting along the lines of the present Camyr Allen and Williams 
River Faults produced a deep trough within an area that previously had received shallow 
shelf sediments. This trough filled with turbidites of the lower Flagstaff Formation over 
1000 m in thickness. Subsidence of the trough appears to have taken place early in the 
0. australis - /. elegans Chron. The trough shallowed southward beyond the project 
area into shelf conditions throughout the chron. Submarine fans built out into the 
trough. Deposition of conglomerate within fan, channels and turbiditic sand and mud on 
the flanks and adjacent to the fans filled the trough prior to the end of the chron to form 
the shallow marine Dungog Embayment. Within this embayment, deposition of shallow 
marine sand (Brownmore and Lostock Sandstone Members of the Flagstaff Formation) 
alternated with the accumulation of oolites, calcarenites and minor coraIIine limestone 
(Bandon Grove Limestone Member, Verulam Limestone Member). 

STRUCTURE 

The Wangat Anticline is teardrop shaped in plan, being more tightly folded in the north. 
The northern limits of the structure have not been determined. In the south, the anticline 
is closed by the convergence of its eastern and western boundaries, the Wangat River 
and Telegherry Synclines. The plunging nose of the anticline closes the valley of the 
Williams River north of Dun gog. 

The northern part of the Wangat River Syncline is probably axial plane faulted whereas 
the Telegherry Syncline is axial plane faulted, with the Telegherry River following the 
fault trace. As this fault trace rises 260 m to cross Middle Road at the head of the valley, 
the trace is diverged by at least 300 m to the east, indicating that the fault is a thrust 
dipping at less than 45 0 to the west. 

The Telegherry Thrust converges with the Problem Creek Thrust and near this join the 
trace of the Problem Creek Thrust is diverged approximately 100m to the east as the 
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trace rises 70 m to cross Frying Pan Road, indicating that the fault plane dips at less than 
45° to the west. 

Northwards, a converging axial plane faulted anticline and syncline together with a strike 
fault lie between the Teleghe1l)' Thrust and the Problem Creek Thrust with which they 
also converge. The amount and direction of displacement on these faults has not been 
determined. 

In the far north-east of the project area, in the vicinity of the Karuah River, the Problem 
Creek Thrust converges with the Majors Creek Fault. 

On the eastern flank of the Wangat Anticline, as the strike direction of the strata on the 
nose of the plunging anticline curves away from the bounding axial plane fault, strike 
faults splay from the bounding fault and terminate at radial dip faults. These faults occur 
in the vicinity ofKokata Creek GR 790396, Brushbox Gully GR 795367 and Bland Hill 
GR 810320. At the last location the strike fault terminates at the Mulconda Creek Fault 
which appears to be an axial plane fault along the axis of the Wangat Anticline. 

Small faults and sheared zones together with minor folds on a scale of a few metres to 
over 100 m are common in the area, for example at GR803357. 

Structural cross sections A-AI, B-Bl and C-Cl as located on figure 2 are presented in 
figure 3. 

DISCUSSION 

The major folding event in the New England Orogen, the east-north-east compressive 
deformation event 3 of Roberts et aJ. 1991, produced a series of north-north-west 
orientated folds. It is postulated that the considerable thickness of competent sandstone 
of the Flagstaff' Formation limited the tightness of the folds and produced the core of the 
Wangat Anticline. Continued compression produced axial plane faulting which permitted 
further shortening by thrusting the core of the anticline over its t1anking folds with the 
indicated westerly dipping fault planes on the eastern limb and inferred easterly dipping 
fault planes on the western limb. 

This configuration where the Flagstaff Formation forms a gently dipping anticline with 
cuspate flanking synclines contrasts with the usual situation in the region of areas of 
shallowly dipping synclinal zones alternating with steeply dipping, cuspate antic1inal 
zones as noted by Roberts et aJ. (1991 b) who cite the configuration of the Flagstaff' 
Formation to the south in the vicinity of Dun gog. 

The compression, and hence shortening, was most intense in the north where on the 
Wangat Anticline the limb dips are steeper, the core more elevated and the width of the 
anticline is narrower, giving the tear drop shape. The axial plane is also possibly faulted 
here. 
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In the south the convergence of the flanking synclines around the plunging nose of the 
anticline possibly results from the local thinning of the more competent sandstone beds as 
the trough shallowed southwards. 

CONCLUSION 

Now that the basic structural framework is evident, further work is required in the area 
to link this framework the current structural and stratigraphic geology to the north, east 
and west. 

A more detailed examination of the lithologies of the rocks in the newly mapped area and 
of type sections of the members of the Flagstaff Formation will assist in better detailing 
of the stratigraphy. 

Some work has been undertaken in the south-west where problems in reconciling the 
structures have been encountered. 

*NOTE 

Grid references refer to the Allynbrook 9233-3-N, Chichester 9233-4-S and Gloucester 
Tops 9233-4-N 1 :25 000 topographic sheets. 
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PALAEOMAGNETIC INVESTIGATION OF 
BASALTIC SEAMOUNTS WITHIN LATE 
PALAEOZOIC ACCRETIONARY PRISM, NEW 
ENGLAND OROGEN, EASTERN AUSTRALIA 

PG FLOOD & GD ACTON 
Dept Geology & Geophysics, University of New England, NSW 

The New England Orogen (NEO) of eastern Australia provides a unique opportunity 
for the study of Mid to Late Palaeozoic accretion along the convergent margin of 
Gondwana. The accretionary prism of NEO contains numerous occurrences of 
shalIow-water limestones ranging in age from Ordovician to late Carboniferous. 
These limestones are surrounded by deep-water turbidites and radiolarian cherts. 
Volcanics underlying the limestones display igneous flow textures, variable degree of 
crystallization, partial chloritization and a moderate degree of metamorphism to 
greenschist facies assemblages. Preliminary geochemical analysis of the volcanics 
associated with the limestones indicate high Ti and Nb values consistent with an 
origin related to intra-plate hot spots. The compositions of the volcanics, in general, 
are similar to oceanic-island basalts (OIB) and they are interpreted to be remnants of 
accreted seamounts. Preliminary palaeomagnetic results from limestones and 
volcanics near Ashford indicate that at least one of these seamount remnants came 
from a near-equatorial region. Additional palaeomagnetic studies of these seamounts 
will provide a unique opportunity to decipher the history of hot-spot activity within 
the Panthalassa Ocean and their subsequent amalgamation, accretion, and dispersion 
within the convergent margin of eastern Gondwana. 
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HISTORY & SCALE VARIATIONS OF 
DEFORMATION IN THE SYDNEY BASIN 

DCPPEACOCK 
Dept. Geological SCiences, University of Plymouth, PL4 8AA, UK 

The Sydney Basin covers an area of about 36,000 kml and contains 
Penno-Triassic sediments up to 4 km thickness, including imponaru: coal deposits. It has 
therefore been extensively described (e.g. Branagan et al. 1979, Lohe et al. 1992). There 
is, however, no published model for the structural development of the Basin as a whole. 
This may be because of the spatial variability of defonnation, with adjacent mines often 
showing matkedly different patterns of defonnation. The apparent complexity has 
developed even though the strains are low, with the cross-sections of Shepherd (1991, 
fig. 2) indicating less than 1 % strain. 

This paper describes the defonnation in one mine (Fig. 1) and discusses 
the role of relay ramps and other types of transfer ZOTU!S (Fig. 2). A preliminary model 
is presented for the development of faults and folds in the Basin (Fig. 3). It is suggested 
that the pattern of deformation becomes more complex as the analysis becomes more 
detailed, and that this complexity is partly caused by transfer zones. 

DEFORMATION AT WEST CLIFF COLLIERY 

West Cliff Colliery (1500 51'E, 34°14'S) is about 30 km north of 
Wollongong. The BulIi Seam is mined, this having a working thickness of 2.2 to 2.7 m, 
and dips mostly of less than 2°. Fault movement senses have been identified using steps 
on surfaces with slickenside lineations, coal-filled pull-aparts (releasing bends) in the 
overlying sandstone, and by using displaced joints. Five fault sets have been identified: 

1) The latgest faults are WNW-to NW -striking normal faults, with throws of up to 
42 m and which indicate approximate NE-SW extension. They show evidence of 
dextral reactivation, with the lateral tips often showing only strike-slip 
displacement. 

2) There are some smaller NE-striking normal faults in the south of the mine, 
indicating a minor phase of NW -SE extension. 

3) Some WNW-striking faults show only dextral displacements. Lohe et al. (1992) 
suggest that these may have displacements of up to at least 30 m, although the 
throws are usually less than 1 m. 

4) NNW- to N-striking sinistral faults occur, with throws of mostly less than 0.5 m. 
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Figure 1: Map of West Cliff Colliery based on 1:10,000 scale mine plans. Faults and 
the Bulli Seam floor structure contours (metres above datum, which is 10,000 m below 
sea level) are shown. Fault throws are in metres, with ticks on the downthrow side. 
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5) Two NE-striking thrust zones occur, with throws of less than 0.2 m. 

The strike-slip faults and thrusts indicate a period of approximate NW -SE 
contraction. The sinistral faults and thrusts appear to be located in transfer zones 
between the Sawpit, Stokes and O'Hares faults. These transfer zones (Fig. 2) were 
probably reactivated as strike-slip relay ramps, which are zones of folding and faulting 
between overstepping strike-slip faults which accommodate a component of throw on the 
strike-slip faults (peacock & Sanderson in review). High stresses and strains can develop 
in strike-slip relay ramps, which probably caused the sinistral faults and thrusts to 
develop. Lohe et af. (1992) and Memarian & Fergusson (1994) identify complex 
deformation histories in the Southern Coalfield of the Sydney Basin. This complexity is 
not apparent at West Cliff Colliery, where the main deformarion events were NNE
extension followed by NW -contraction. 

MODEL FOR THE DEFORMATION mSTORY OF THE SYDNEY BASIN 

A preliminary model is given here for the Basin (Fig. 3). Because of the 
spatial variability of the deformation, the model was initially based on only the largest 
structures, i.e. those shown on a map of the whole Basin. Other deformation events have 
been recognised, such as uplift along the Great Dividing Range (poppin pers. com.), but 
this model includes only the events which appear to have effected the whole Basin. 

Stage 1: NE-SW extension 

Evidence for this event (Fig. 3a) includes: 1) NW-striking normal faults at 
West Cliff and elsewhere. 2) Normal reactivation of approximately N-striking basement 
faults, including the Lapstone Structure, which may have undergone sinistral transtension. 
3) WNW-striking dykes (Memarian 1994). 4) WNW-striking stone rolls (Agrali 1987), 
which appear to be a form of boudinage in some coal seams. 5) NW -striking joints 
(Memarian & Fergusson 1994). 

Stage 2: NE-SW contraction 

Evidence for this event (Fig. 3b) includes: 1) The Hunter Thrust System. 
2) NW-striking folds and thrusts. 3) Possible dextral reactivation of basement faults, 
including the Lapstone Structure. Evidence for this includes NW-striking folds at left
steps between N-striking faults in the Lithgow area (Poppin pers. com.). 4) NNE
striking joints (Memarian & Fergusson 1994). The folds and thrusts are concentrated in 
the north, near the Hunter Thrust, showing that deformation increased northwards. There 
is no evidence for this event at West Cliff Colliery. 

Stage 3: NW-SE contraction 

Evidence for this event (Fig. 3c) includes: 1) Transfer zones between 
WNW-striking normal faults were reactivated as strike-slip relay ramps, in which NNW
striking sinistral faults and NE-striking thrusts were developed. 2) NE-striking folds 
occur. 3) The basement faults show evidence of sinistral transpression, including the 
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Figure 2: Block diagram of a relay ramp. which is an area of reorientated bedding 
between two overstepping nonna! faults which dip in the same direction (Larsen 1988. 
Peacock & Sanderson 1994b). The tenn transfer zone refers to areas between 
overstepping nonna! faults which need not dip in the same direction (Morley et al. 
1990). b) Detailed map of the relay ramp. showing the complexity of minor faults that 
can occur (e.g. Griffiths 1980. fig. 4). 
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Lapstone Structure (Branagan & Pedram 1990). NE-striking folds are developed at right
steps along N-striking faults in the Lithgow area (Poppin pers. com.). 4) Sinistral 
transpression may have occurred on the Hunter Thrust (Collins 1991). 5) Memarlan & 
Fergusson (1994) use joints to infer E-W and NNW-SSE contraction events. These may 
represent local reorientations of an overall NW -SE contraction. The maximum principal 
stress appears to have been refracted to an approximate E-W trend near the Hunter 
Thrust, and possibly near Nowra in the south, where the folds are refracted to a N-S 
strike. 

FACTORS CAUSING COMPLEXITY IN THE SYDNEY BASIN 

Several factors have caused complexity in the deformation of the Basin, 
including: 

1) Complex stresses, strains and fault patterns have developed in relay ramps and 
other transfer zones (Fig. 2), particularly where they have been reactivated as 
strike-slip relay ramps. 

2) Basement faults, such as the Lapstone Structure, have influenced deformation. 
3) There have been temporal variations in stress, with at least three main periods of 

deformation (see above). 
4) There have also been spatial variations in stress, such as the refraction of NE

striking folds to a N -S strike near the Hunter Thrust. 

These factors have hindered interpretation of the Basin, with greater complexity 
becoming apparent as the observations become more detailed (Fig. 2). When examining 
a region or area, the largest structures should be examined first, with the smaller 
structures then being interpreted in relation to the large structures. Peacock & Sanderson 
(1994a) show that the pattern of faulting in the Chalk at Flamborough Head also 
becomes more complex as it is examined in more detail. Care needs to be taken, 
therefore, when using strains and deformation patterns measured at one scale to 
extrapolate to other scales. 
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QUATERNARY SOIL LANDSCAPES & 
MAJOR PHYSICAL CONSTRAINTS TO 
DEVELOPMENT WITHIN THE NEWCASTLE· 
PORT STEPHENS AREA 

CL MURPHY & LE MA TIHAI 
Soil Conservation Service, Dept. Conservation & Land 
Management 

The Department of Conservation and Land Management is mapping soil 
landscapes over the central and eastern portions of the state at a 
scale of 1: 1 00 000. The mapping not only provides a broad scale 
detailed database of the soil and landscape properties (including 
laboratory analysis of chemical and physical properties for all soil 
materials) but also identifies major limitations for both rural and 
urban development. The mapping is digitised on GIS and a multitude of 
specific purpose derivative maps can be produced readily form the 
broad database. The Quaternary soil landscapes of the Newcastle -
Port stephens area is presented as a poster along with a derivative 
map which depicts the major physical limitations for urban 
development. 
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THE NEWCASTLE COALFIELD REGIONAL 
GEOLOGY MAP 

SP HAWLEY, RA GLEN, CJ BAKER & JS BRUNTON 
NSW Dept Mineral Resources 

The Newcastle Coalfield Regional Geology Map is the latest in a series of 1:100,000 
scale coalfield maps to be produced by the Coal and Petroleum Geology Branch of the 
NSW Department of Mineral Resources. To date, maps of the Hunter Coalfield 
(Beckett 1988, Glen and Beckett 1993) and the southern part of the Western Coalfield 
(Yoo 1992) have been published. Maps of the remainder of the Western Coalfield, the 
Gunnedah Coalfield and the Southern Coalfield are currently in preparation. 

The first draft of the Newcast1e Map was prepared by Chris Baker who amalgamated a 
number of existing maps which covered various parts of the coalfield. Sean Hawley then 
further refined this map and added fault and dyke information from colliery workings 
plans, as well as compiling a set of notes to accompany the map. Richard Glen carried 
out detailed field mapping in the Lochinvar Anticline area with the results being 
incorporated onto the Newcast1e Map. This work led to a new interpretation of the 
Lochinvar Anticline (Glen 1993). 

As well as the surface geology, the Newcastle Map shows the outlines of existing colliery 
holdings and coal exploration areas, and the locations of 103 strategic drillholes 
throughout the coalfield. These drillholes are listed in a table on the map sheet showing 
the sections of the stratigraphy that they intersected. The accompanying notes focus 
mainly on the stratigraphy and geological history of the Newcastle Coalfield, and 
endeavour to provide a comprehensive bibliography for further reference. The 
Newcastle Map will be updated and revised in future editions as new information 
becomes available. 
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REGIONAL STRATIGRAPHIC SECTIONS OF 
THE NORTHERN COALFIELDS 

J MOLONEY 
NSW Dept Mineral Resources 

Abstract 

Stratigraphic cross sections of the Northern Coalfields, have been produced as part of a 
regional basin correlation project. 

On a coalfield scale, stratigraphic correlations are adequate to demonstrate the regional 
development of the coal measures. The sections are used in the assessment of areas 
where more exploration may be required to determine the specific characteristics of the 
coal seam. They can also assist in land use assessments, to protect the coal resource or to 
identifY areas for potential allocation. 

Reproduced here, in schematic form, are five representative sections from the Gunnedah, 
Hunter and Newcastle Coalfields. 

Figure 1 shows the Gunnedah Coalfield North-South section line. The section shows the 
development of the Permian sequence from the Narrabri Area, in the north, to the 
Caroona -Quirindi area in the south. The Black lack Group exhibit a marked inrease in 
thickness to the south. The datum for the section is the Digby Formation 

Figure 2 is an West-East section line of the Gunnedah Coalfield located to the south of 
Narrabri. The section shows the western limit of the Permian sediments, the Bohena 
Trough and the oniap of the Early Permian strata on the eastern side of the Boggabri 
Ridge. This section clearly shows the thick development of the Maules Creek Formation 
to the east of the Boggabri Ridge. 

Figure 3 is the Hunter Coalfield West-East Section. This section shows the development 
of the Permian Coal Measure sequence from the Goulbum Valley area, in the Western 
Coalfield, into the Hunter Coalfield. The datum for the section is the Watts Sandstone. A 
westward thinning of the Foybrook Formation, from its thick development in the 



289 

JULIE MOLONEY 

CamberweU Anticline area, to the Goulbum Valley is evident. A similar trend is seen in 
the Bumamwood to Mt Leonard Formations of the Jerrys Plains Sub Group. 

The North-South Hunter Coalfield section (figure 4) is from Scone in the north to Broke 
in the south. The section shows the relatively constant thickness of the coal measure 
section along strike. The datum for the section is the Watts Sandstone. Of note is the non 
development of the transgressional Archerfield Sandstone and Bulga Formation in the 
north of the section. The disappearance of this marker horizon in the Scone area 
hindered correlations in the area (Bamberry 1994 per. comms.) 

The Newcastle Coalfield North-South section line (Figure 5) shows the development of 
the Newcastle and Tomago Coal Measures along strike. The datum for the section is the 
Waratah sandstone. 
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REGIONAL STRATIGRAPHIC SECTIONS OF THE NORTHERN COALFIELDS 

Codes IdentifYing Boreholes in Cross Sections 

GI 
G2 
G3 
G4 
GS 
G6 
G7 
G8 
G9 
GlO 
Gil 
GI2 
Gl3 
Gl4 
GIS 
Gl6 
GI7 
Gl8 
Gl9 
G20 

HI 
H2 
H3 
H4 
HS 
H6 
H7 
H8 
H9 
HIO 
HIl 
HI2 
HI3 
HI4 
HIS 
HI6 
HI7 
HI8 
HI9 

NI 
N2 
N3 
N4 
NS 
N6 
N7 
N8 
N9 
NIO 
Nil 

DM Killarney DDH I 
DM Turban DDH I 
DM Denison DDH I 
DM Millie DDH I 
DM Howes Hill DDH I 
DM Doona DDH I 
DM Caroona DDH I 
DM Gunnadilly DDH I 
DM Parsons Hill DDH I 
DM Arraownie DDH I 
DM Dampier DDH I 
Amoseas Bohena DDH I 
DM Parks DDH 3 
DMTurrawanDDHI 
DM Boggabri DDH S 
DM Boggabri DDH 4 
Amax Boggabri DDH 16 
Amax Boggabri DDH 8 
Amax Boggabri DDH 13 
Amax Bo~l!lIbri DDH 10 

DM Goulburn Valley DDH I 
DM Doyles Creek DDH IS 
DM Denman DDH 9 
DM Denman DDH 8 
Carpentaria Exploration Denman DDH 64 
Bayswater Strowan DDH I 
Bayswater Strowan DDH S 
DM Liddell Propecting DDH 2 
Goldfields Durham DDH I 
DM Scone DDH 5 
DM Stratheam DDH I 
DM Stratheam DDH S 
DM Doyles Creek DDH 14 0 

Amco Hunter Valley DDH 4 
Elecom Mt Arthur DDH 52 
Elecom Hunter Lani1lo DDH I 
DM Doyles Creek DDH 7 
DM Doyles Creek DDH II 
DM ~Ies Creek DDH 12 

Millers IronbaIk DDH 54 
Jabas Strockrington DDH I 
F AI West Wallsend DDH I 
C &:. A Cardi1fBorehole DDH I 
DMAwabaDDH2 
Hanwright Point Woistoncroft DDH I 
C &:. A Chain Valley DDH 15 
Elecom Vales Point DDH I 
AGUOXY Bottle DDH 4 _ 
Elccom Tuggerah Dooralong DDH 7 
Elecom HawkesbWTV Lisarow DDH I 
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