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CHAPTER 1

INTRODUCTION

1.1 PURPQSE AND SCQOPE QF THE STUDY

A number of large volume silicic ignimbrites (Appendix I)
are present in the Lower Carboniferous terrestrial sedimentary
succession in the Hunter Valley of New South Wales, at the
southern end of the New England Orogen. These ignimbrites have
been described in many stratigraphic-~ and sedimentary-based
studies and some of them have been chemically analysed in
regional studies of the petrogenesis of the Hunter Valley
volcanics. But a detailed study of individual ignimbrites,
including their mineralogy and petrology remained to be done.

Stratigraphers and sedimentologists have postulated that
the ignimbrites originated from a ‘volcanic arc’ located west
of the main ignimbrite outcrop, as the ignimbrites increase in
thickness and the interbedded sedimentary rocks coarsen in that
direction. The ‘arc’ is not exposed and its exact nature and
position is still a matter of debate. Volcanological aspects of
the arc such as the type of volcanoes, their location, and
spacing, have been largely ignored and this thesis researches
these unknowns.

Six ignimbrites units, in different parts of the Hunter
Valley in the southern part of the New England Orogen, are far
more widespread than others within the Lower Carboniferous
succession. They overlap each other at their margins and
consequently} crop out almost continuously along the entire
length of the Hunter Valley. In this study, these six
ignimbrites are extensively sampled and analysed, both
mineralogically and geochemically, and flow lineations and
directions have been determined from orientated slabs of the

ignimbrites they were then used to locate the source volcanoes.
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Once the location of the source volcances had been determined,
the available geophysical data of the region (gravity and
magnetics) was investigated to determine if this data could be
used in support of the determined locations of the source

volcanoes.

1.2 THESIS FORMAT

The format of this thesis departs slightly from a normal
thesis. The aim here, 1in preparing and presenting this
research, is to have it ready for publication at the same time
as having it ready for binding in the thesis. As a consequence,
the general layout of the thesis is as Macquarie University
regulations demand, but the main body of the thesis is not in
true thesis format. i.e. the body of the thesis is in chapters,
as the regqulations require, but each chapter, as a distinct
part of the study, is written in the accepted form of research
papers.

This first introductory chapter consists largely of
previously published material to provide the necessary
background information on which this study is based. This
includes a description of the aims and scope of the study, the
location of the study area, and the tectonic and geological
setting of the study area. Following this introduction, are
four chapters (papers) that all relate to the central aim and
theme of the thesis as explained in Chapter 1.1. Each paper
(chapter) contains its own introduction, summary of previous
work, results, discussion, conclusions, and bibliography. The
papers are planned to be submitted to different journals but at
this time all of the papers are written in the format of the
Australian Journal of Earth Sciences. Paper 1 (Chapter 2) is to
be submitted to the Australian Journal of Earth Sciences, and
Paper 2 (Chapter 3) to the Bulletin of Volcanology. Paper 2
duplicates a little of the data presented in Paper 1 but two

different reader audiences are reached by these two journals.
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EIGURE 1.1

The three map areas of study in this thesis.
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Paper 3 (Chapter 4) is planned to be sent to the Journal of
Volcanology and Geothermal Research and Paper 4 (Chapter
5), to the Australian Journal of Earth Sciences as well.
Following a concluding chapter, the final part of this
thesis consists of extended appendices which contain all of the
data gathered or used in this research. This includes sample
localities, flow lineation data (methods, statistics and rose
diagrams), previous chemical analyses, computer programs, and

some lithological and mineralogical notes.

1.3 THE STUDY AREA

The study area is bounded by longitudes 150° 25’E and 1520
30’E and latitudes 32° 00’S and 32° 45’S and it is situated on
the eastern and northern side of the Hunter River Valley in
New South Wales, Australia. Three map districts are considered
in detail and they have been termed the Muswellbrook-Rouchel
District, the Paterson District, and the Port Stephens District
(Fig 1.1). These areas extend for a combined distance of about
170 km, from approximately 10 km north of the township of

Scone, south to Port Stephens.

1.4 GEOLOGICAL SETTING

A detailed 1:50,000 geology map of the Rouchel District
has been presented by Roberts and Oversby (1974) and 1:100,000
geology maps of the Hunter-Myall region are soon to be
published (Roberts and Engel, In press). These cover the
Paterson District and northern part of the Port Stephens
District. I thank Professor John Roberts, from the University
of New South Wales, who made preliminary copies of these maps
available to me as it was the availability of these maps that
made this area most suitable for this study.

The study area lies at the southern end of the Tamworth

Belt along the eastern side of the New England Orogen (Fig



FIGURE 1.2
The study area with respect to the major tectonic elements
of the New England Orogen.
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FI 1
Generalised geological map of the southern part of the Tamworth Belt (after Roberts
1985b) . The thick black line is the Hunter Fault System.
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1.2). The Tamworth Belt, is bounded by the Hunter Fault System
(including the Mooki Fault), and the Permo-Triassic Sydney
Basin sequence, to the west and south, and by the Peel Fault
System to the east (Fig. 1.2). The Hunter Fault System consists
of several sub-parallel, NW-SE trending faults which occur
mainly in the Carboniferous strata, although some faults also
displace parts of the adjacent Permian Sydney Basin strata.
Roberts and Engel (1987) describe about 40 km of the "Hunter
Fault" between Muswellbrook and Singleton as a low angle (139),
northeast dipping thrust, with the Carboniferous succession
being thrust over the Sydney Basin strata. But east of this low
angle thrust area, the "Hunter Fault" diminishes in importance
and dies out completely near Maitland.

Although the Hunter Fault System consists of a set of sub-
parallel, connecting faults, in all figures in this thesis it
is simply depicted by a line at the position that the
Carboniferous succession and the Permian Sydney Basin sediments
are Jjuxtaposed.

The rock succession in the study area consists of
stratified Devonian to Upper Permian sedimentary (marine and
continental) and volcanic sequences which are intruded by small
Lower Permian granitoids (Fig.l1.3). This broad statement, and
the generalised geological map (Fig.1.3) hide the actual
complexities of the outcrop and stratigraphic relations of more
than 40 Carboniferous formations defined in the southern part
of the Tamworth Belt (Fig.l1.4). However, these complexities
have little bearing on this study and are therefore not
described here. Roberts and Oversby (1974) and Roberts and
Engel (In press) describe these details at length.

The Lower Carboniferous succession in the southern part of
the New England Fold Belt is essentially a regressive
sedimentary sequence which has a number of ignimbrites inter-
bedded throughout it (Fig 1.4). The outcrop map of these
ignimbrites (Fig 1.5) shows that they are largely confined to

the western edge of the Tamworth Belt, close to the Hunter



FIGURFE 1.4

Time-stratigraphic diagram of the Lower Carboniferous facies in the Tamworth Belt (after

Roberts and Engel, 1987). Ignimbrites of this study (and shown on Fig. 1.6)

are coloured
red.
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FIGURE 1,5
Map showing the outcrops of the Lower Carboniferous ignimbrites (stipple). Thick black

line is the Hunter Fault System.
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Fault System.

A study of the six most widespread silicic ignimbrites
form the basis of this thesis and their position in the
regional stratigraphy is shown in Fig. 1.4. The oldest of the
ignimbrites are early Viséan in age and they occur within the
Isismurra Formation in the Muswellbrook-Rouchel District. They
have been named herein the Curra Keith ignimbrite, Oakfields
ignimbrite, and MCCullys Gap ignimbrite. The Martins Creek
ignimbrite, of Late Viséan age, crops out mostly in the
Paterson District within the Newtown Formation although it
also extends into the Muswellbrook=-Rouchel District where it is
the uppermost ignimbrite in the Isismurra Formation. The base
of the Nerong Volcanics, in the Port Stephens District, is
regarded as equivalent in age with the Martins Creek ignimbrite
(Roberts and Engel, In press) and within the Nerong Volcanics
are two very widespread ignimbrites, interbedded with
volcaniclastic sediments, which have been named herein the Port
Stephens ignimbrite and Nelson Bay ignimbrite.

Descriptions of these six ignimbrites and their enclosing

epiclastic rocks are given at appropriate places in the thesis.

1.5 TECTONIC SETTING

In the accepted terminology of the tectonics of eastern
Australia the study area lies in the southern part of the
Tamworth Belt of the New England Orogen (Fig 1.2), the
easternmost and youngesf part of the Palaeozoic Tasman Fold
Belt.

From the 1920’'s approximately 400 research papers and
theses have been written on aspects of the New England Fold
Belt and, as a consequence of this profusion of literature, the
terminology and names of individual tectonic components have
changed repeatedly. As a general rule, most of these
publications expound a slightly different view of the Fold

Belt’s development and it 1is therefore difficult for the
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TECTONIC YARROL NEW ENGLAND
ELEMENT OROGEN OROGEN
VOLCANIC Connors-Auburn Kuttung Volcanic
REGION Arch Chain
SHELF Yarrol Shelf Tamworth Shelf
SLOPE AND SUB- Wandilla Woolomin
DUCTION COMPLEX Slope and Basin Slope and Basin
TABIE 1.1

Palaeogeographic names given to the major tectonic elements of the Yarrol
and New England Orogens in the New England Fold Belt as recorded in
Roberts and Engel (1980), except the Kuttung Volcanic Chain is defined in
this thesis.

outsider to learn any details of the tectonics of the New
England Fold Belt quickly. The most recent publications
concerning the tectonic development of the New England Orogen
(Harrington and Korsch 1985; Murray et al 1987; Roberts and
Engel 1987) summarize much of the earlier work and included
extensive reference lists. The aim here therefore, is to give
to the outsider a brief synopsis of the New England Fold Belt
and cite the most significant contributions to the
understanding of the Fold Belt that have been published within
the last decade or so.

The New England Fold Belt is usually transversely divided
into two main components, Day et al (1978) naming the southern
part, the New England Orogen, and the northern part, the Yarrol
Orogen (Fig.l.6). The naming of these two parts of the fold
belt as orogens has held'favour for over a decade, but recently
(Murray et al 1987) considered them as provinces in a single
orogenic unit since according to them, both of the orogens
"have a similar stratotectonic and structural history". These
similarities were first examined by Day et al. (1978), who
stated that both orogens consisted of essentially three
stratotectonic elements: a western volcanic arc, a central
narrow continental shelf or unstable forearc basin; (Murray et

al. 1987), and an eastern continental slope and ocean basin
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FIGURE 1.6
The study area with respect to the major palaeo-enviromental
provinces in the Tasman Fold Belt and the distribution of

Carboniferous rocks in the New England and Yarrol Orogens
(after Roberts 1985a). Note, the Woolomin Slope and Basin is
referred to as the Tablelands Complex, and the Tamworth
Shelf as the Tamworth Belt in this thesis.
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REFERENCE TECTONIC UNIT

Korsch (1977) Tamworth Belt Tablelands Complex

Leitch (1974) Zone A Zone B
Depositional Terrestrial and Deep Marine
Environment shallow Marine
Deformation Moderate Severe
Metamorphism Burial Regional
Granite Uncommon Widespread
Intrusions
TABLE 1.2

The principal differences between the two major subdivisions in the New
England Orogen (after Leitch, 1974).

presumably with a trench and related to a west dipping
subduction zone (Table 1.1). Murray et al. (1987) postulated
that the present 200 km of dextral displacement of the Yarrol
Orogen from the New England Orogen (Fig 1.6) is best explained
by large-scale transform faulting in the Middle and Late
Carboniferous. The Yarrol Orogen has no bearing on this thesis
so that it is considered no further.

The volcanic region that formed along the western edge of
the New England Orogen, was active during much of the
Carboniferous, and it was called a volcanic chain by Leitch
(1975) However, more recently it has been named the Kuttung Arc
by Harrington and Korsch (1985). This thesis, examines the
concept of a volcanic chain versus a volcanic arc and it finds
that in the soutern part of the New England Orogen, at least,
is best called a volcanic chain. It is thus named herein as the
Kuttung Volcanic Chain (Table 1.1).

Korsch (1977) named the continental shelf [or forearc
basin? (Murray et al 1987)] the Tamworth Belt, and the slope
and basin and subduction unit the Tablelands Complex (Fig.
1.2). These are the preferred names used throughout this
thesis. Note, however, that the Tamworth Belt has been termed
the Tamworth Shelf (Fig. 1.6) in palaeogeographic studies (Day
et al 1978; Roberts and Engel 1980), and the Tablelands Complex

13
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has had many names, including Woolomin-Texas Block (Scheibner
1973), Woolomin Slope and Basin (Day et al 1978), Central
Complex (Roberts and Engel 1980), the Central and Southern
Tablelands (Korsch and Harrington 1981), and the Texas-Woolomin
Block (Murray et al 1987). Leitch (1974) first detailed the
differences between the Tamworth Belt and the Tablelands
Complex (Table 1.2) although, at that time, he simply referred
to them as Zone A and B respectively.

The Tamworth Belt existed from the Late Devonian to the
Early Permian (McPhie 1982; Roberts and Engel 1987) with the
Kuttung Volcanic Chain lying along its western edge. It was a
region of shelfal sedimentation and it received both fluvial
and shallow marine sediments in the west, and it deepened
towards the bounding Peel Fault in the east. The Tablelands
Complex, on the other hand, was originally a continental slope
and basin province (Day et al 1978; Roberts and Engel 1980)
which received deep oceanic sediments that were accreted in a
stack of thrust sheets (Murray et al 1987) as part of a
subduction complex (Cawood 1982; Flood and Fergusson 1982;
Fergusson 1984; Fergusson and Flood 1984)

A recent contribution to the tectonic history of the
Tamworth Fold Belt was provided by Klootwijk (1985). He
indicated that (palaeo)magnetism in the Lower Carboniferous
(Viséan) volcanics in the Muswellbrook-Rouchel District (in the
study area), had low inclination and this disclosed that these
rocks were initially magnetised close to the equator. On the
other hand, rocks of similar age within the Australian Craton
in North Queensland, were shown to have been magnetised
(initially) at about 30° south. If this palaeomagnetic data
from altered Carboniferous rocks is accepted as being accurate,
then the Yarrol-New England Orogen was, during the
Carboniferous, a separate terrane that was located north of the
Australian continent (craton). This terrane is suggested to
have "docked" with the craton prior to the end of the

Carboniferous, before deposition of the Namurian Spion Kop
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FIGURE 1.7

Bouger gravity map of the southern part of the New England Orogen. The Hunter Fault is
not shown but it virtually runs parallel to, and slightly east of Highway 15. Drawn from
the preliminary, unpublished 1:50,000 Bouger Gravity map (based on the Singleton and
Newcastle 1:25,000 topographic sheets) compiled by the Australian Bureau of Mineral
Resources, Geology and Geophysics, Canberra.
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Conglomerate (in the northern New England Orogen) (Klootwijk
1985) . The Spion Kop Conglomerate is the first sedimentary unit
in the New England Orogen succession to contain cratonic
sediments (Leitch and Willis 1982).

The most recent tectonic interpretations of the tectonic
development of the New England Fold Belt have been in terms of
tectonostratigraphic terranes (Scheibner 1985; Leitch and
Scheibner 1987; Blake and Murchey 1988). The Tamworth Belt 1is
considered as a single terrane of fore-arc (sediment)
accumulation whereas the Tablelands Complex is divided into
several fault-bounded terranes. Murray et al (1987) elaborated
the views of many previous authors on the remarkable similarity
between the New England Fold Belt (Fig. 1.2) and the convergent
margin in western California. They modeled the development of
the Fold Belt on the Californian example and Blake and Murchey
(1988) developed the idea further and showed the likeness of
the terranes in the ‘Tablelands Complex’ with terranes in the
Californian Franciscan Complex. They conclude with the
statement that "the late Palaeozoic New England Fold Belt ....
had a tectonic history similar to that recently proposed for

the late Mesozoic and early Cainozoic of California”.
1.6 REGIONAL GRAVITY SETTING

Figure 1.7 is the Bouger Gravity mab of the study area.
There is an obvious regional slope to the gravity values, from
a maximum of +80 mGals off shore of Port Stephens to a minimum
of -40 mGal near Scone. This relates to the gradual thickening
of the Australian continent crust westwards from the edge of
the continental shelf.

A number of anomalies in the regional trend are present
spaced throughout the region and attention is drawn here to
negative anomalies, immediately southwest of Muswellbrook and
southeast of Port Stephens, and the positive anomaly at

Maitland. These anomalies have relevance with the locations of

16



CHAPTER 1 - Introduction

the ignimbrite sources determined in this study.

1.7 GRID REFERENCES

All grid references cited in this thesis refer to the
1,000 metre interval Australian Map Grid on the Australian

1:100,00 (and 1:25,000) topographic map series.
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CHAPTER 2

FLOW DIRECTION INDICATORS IN IGNIMBRITES DELINEATE AN LOWER
CARBONIFEROUS VOLCANIC CENTRE IN THE UPPER HUNTER VALLEY, NEW
SOUTH WALES, AUSTRALIA

2.1 ABSTRACT

Flow lineations and limited flow azimuths were determined
for three extensive Lower Carboniferous outflow ignimbrite
sheets (Curra Keith ignimbrite, MCCullys Gap ignimbrite and
Oakfields ignimbrite), to determine the position of their
eruptive centre. These ignimbrites are present within the
Native Dog Member of the Isismurra Formation, and they Ccrop
out on the easternside of the Hunter Fault in the Muswellbrook-
Rouchel District in the Hunter Valley, New South Wales. Flow
lineations are determined by the statistical analysis of flow
aligned crystal and pumice clasts on slabs of the ignimbrites
that have been cut from the bedding plane (parallel to the
foliation).

The determined flow lineations were projected until they
intersected and distinct clustering of the intersection points
occurs with each of the ignimbrites. The source area of the
Curra Keith and MCCullys Gap ignimbrites was determined to have
been located approximately 4 kms north of Muswellbrook and the
source of the Oakfields ignimbrite to be about 12 kms south of
Muswellbrook. These source areas lie on the western side of
the Hunter Fault, where Permian strata of the Sydney Basin are
now exposed at the surface. The source areas have been
displaced relative to the outcropping ignimbrites by the
Hunter Fault. However, the source areas lie on the eastern
periphery of a nearly circular, mostly negative gravity
anomaly which is inferred to outline a 15 - 20 kms diameter

caldera. The caldera is 1likely filled with 1low density
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pyroclastics and/or is underlain by 1low density ‘granitic’
rock, and it is now buried below the Sydney Basin strata. The
coincidence of the gravity anomaly with the determined position
of the sources of the ignimbrites suggests that displacement
along the Hunter Fault, in this area, 1is either essentially
vertical or that the lateral and thrust displacement, that

occurs on the northern parts of the fault, is absent.

2.2 INTRODUCTION

Initial stimulus for this study began with the (production
of the) detailed map of the Rouchel District (Roberts and
Oversby 1974) which showed the Lower Carboniferous rock
succession to contain several large-volume ignimbrites. The
ignimbrites occur within a regressive sedimentary succession,
where they are interbedded with terrestrial fluviatile and
shallow-marine volcaniclastic sediments. Twelve or more
ignimbrite units are present in the succession, which is
predominantly composed of conglomeratic sands (that were)
deposited on an alluvial fan or piedmont plain, from braided
rivers (Isismurra Formation, Roberts and Oversby 1974). Three
ignimbrite units were found to be far more extensive than any
of the others and they crop out over almost the entire Rouchel
District, and extend further south into the Muswellbrook area.
These three ignimbrites, named the Curra Keith, Oakfields and
MCCullys Gap ignimbrites, were chosen to find their source as
their extensive and consistent outcrop indicated that their
flow were not influenced by a pre-existing topography and they
were likely emplaced on a flat alluvial surface. Thus,
modifications to the primary flow direction by secondary, post-
emplacement flowage (rheomorphism) (which can occur on steep
slopes after the ignimbrite comes to rest) (Wolff and Wright
1981: Suzuki and Ui 1982), was deemed to have been unlikely.

Roberts and Oversby (1974) argued, on the basis of south-

and southwest-wards increases in both the degree of welding and
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thickness of the ignimbrites, that the source vent of the
ignimbrites lay in that direction. Furthermore, it 1is now a
generally accepted concept that the source of these ignimbrites
were located on a volcanic chain which lay somewhere west of
the outcropping ignimbrites (Harrington and Korsch 1985,
Roberts and Engel 1987). But, the actual location of the
volcanoes (vent sites), and the nature of the volcanic centres
are unknown and this research aimed to qualify determine these
unknowns.

This paper first describes the methods devised to determine
the flow directions of the ignimbrites in the Muswellbrook-
Rouchel District, and then discusses the way in which, and

where the source volcano(es) of the ignimbrites were located.

2.3 PREVIQUS WORK

The determination of primary flow directions of
pyroclastic flows has been successfully achieved in the past by
the study of the primary fluidal textures in ignimbrites.
Schmincke and Swanson (1967) first documented flow structures
in ignimbrites after their study of the Miocene ignimbrites on
Gran Canaria. Soon after, Elston and Smith (1970) developed a
technique for statistically determining the flow directions of
pyroclastic flows by measuring the preferred orientation of
crystals and clasts in thin sections of the Pleistocene
ignimbrites from the Valles Caldera. The methods of Elston and
Smith were subsequently used by Rhodes and Smith (1972) and
Aldrich (1976) to identify the flow directions of O0Oligocene
ignimbrites on the Mogollon Plateau, New Mexico, by Sides
(1981) for the Grassy Mountain ignimbrite in Missouri, U.S.A.,
by Suzuki and Ui (1981, 1982, 1983) for the Holocene Ata
pyroclastic flow deposit, and Ui et al. (1983) for the Koya
ignimbrite, both in southern Kyushu, Japan. Minmura (1984) and
Potter and Oberthal (1987) have wused the imbrication of pumice

clasts to determine the flow directions of the Pleistocene
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pumice-flow tuffs near Bend, Oregon and the Otowi ash flows in
the Jemez Mountains, New Mexico, respectively. Ellwood (1982)
determined flow directions of Oligocene ignimbrites in the San
Juan Mountains, Colorado by measuring magnetic susceptibility
fabrics in the ignimbrites which were produced by the flow
alignment of magnetic grains in the ignimbrites.

All of these previous studies'of flow directions in
ignimbrites deal with geologically ‘young’ ignimbrites, in that
the oldest is Tertiary. Moreover, in each of these areas of
study the actual source caldera of the ignimbrite was
previously known or it actually cropped out. In contrast, the
Lower Carboniferous ignimbrites in the Muswellbrook-Rouchel
District are distinctly ‘old’ and they cannot be related to any
exposed volcanic structure. Their eruptive centres is assumed
to be displaced, relative to the present outcrop of the
ignimbrites, by the Hunter Fault System and are assumed to be
buried beneath the Permian sedimentary succession of the Sydney

Basin.

2.4 REGIONAL GEOLOGY

The Muswellbrook-Rouchel District (Fig. 2.1), in central
eastern New South Wales, lies (essentially) within the southern
part of the Tamworth Belt of the New England Orogen (Fig. 2.1,
Inset). The western margin of the New England Orogen is the
Hunter Fault System, which passes through the district in a
arcuate north-northwest trend, just east of the townships of
Scone, Aberdeen and Muswellbrook. It separates the Devonian-
Carboniferous succession (Fig. 2.1) of the Tamworth Belt from
the Permo-Triassic Sydney Basin succession.

Detailed mapping of the Muswellbrook-Rouchel District
(Roberts and Oversby 1974; Roberts and Engel, In press) shows
that the pre-ignimbrite succession 1is predominantly marine,
consisting of sandstone, mudstone and limestone. Then, just

prior to the volcanism the area was uplifted and terrestrial
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FIGURE 2.1

Generalised geology map of the Muswellbrook-Rouchel
District. The post-ignimbrite units also includes the syn-
ignimbrite sediments.

Inset shows the position of the study area with respect to
the outcrops of the Carboniferous succession in the New
England Orogen in Eastern Australia.
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FIGURE 2.2

Time-space diagram of the stratigraphy in the Muswellbrook-Rouchel District
(after Roberts and Oversby, 1974). AC = Ayr Conglomerate, CKI = Curra Keith
ignimbrite, MGI = MCCullys Gap ignimbrite, OI = Oakfields ignimbrite, HVI =
Happy Valley ignimbrite, MCI = Martins Creek ignimbrite.

sedimentation and intermittent eruptions of ignimbrite, with
incursions of marine sediments from the east, continued in the
area until the end of Lower Carboniferous (Fig. 2.2). The
generalised geology map of the Muswellbrook-Rouchel District
(Fig. 2.1) omits the complexities of the stratigraphy shown in

Fig. 2.2 and it simply shows the distribution of the pre-, syn-

and post- ignimbrite strata in the area.

2.4.1 Stratigraphy
A time-space diagram (Fig. 2.2) of the district based on
the work of Roberts and Oversby (1974) shows an essentially
regressive sequence through the Lower Carboniferous.
The pre-ignimbrite strata include the Dangarfield (Roberts
and Oversby 1974) and Waverley (Manser 1968) Formations which

are laterally equivalent units that transgress from one to the
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other in the central parts of the District around Upper
Rouchel. The Dangarfield Formation consists of marine
sandstones, shales and limestones whereas the Waverley
Formation is essentially non-marine, to paralic sandstones and
conglomerates.

The Isismurra Formation, named by Manser (1968), dis-
conformably overlies the Waverley and Dangarfield Formations
and it is the equivalent of, and the modern name of the Kuttung
Series (Sussmilch and David 1919) that Osborne (1928a & b,
1950) mapped in the Rouchel district. The lowest member of the
Isismurra Formation, and the unit upon which the ignimbrites
were emplaced is a coarse polymictic conglomerate named the Ayr
Conglomerate (Roberts and Oversby 1974) . It contains abundant
granite (up to 80%), ignimbrite, volcanic breccia and 1lithic
sandstone clasts and it is assumed to be the product of initial
uplift (and erosion) of the basement with the conception of
volcanism in the west.

Conformably overlying the Ayr Conglomerate is the Native
Dog Member (Roberts and Oversby 1974) which contains the most,
and the greatest thickness of ignimbrites in the Isismurra
Formation. Sandstone, pebbly sandstone and conglomerate are
interbedded with the ignimbrites in the Native Dog Member and
these sediments are little different from the underlying Ayr
Conglomerate except that they contain more clasts of volcanic
rocks and fewer of plutonic rocks. The Ayr Conglomerate and the
Native Dog Member are both terrestrial units containing only
rare plant fossils.

The Woolooma Formation (Roberts and Oversby 1974) is a
sequence of shallow marine siltstone, mudstone and minor
limestone which interfingers with the Isismurra Formation in
the east. (The transition zone between the Woolooma Formation
and the Isismurra Formation marks the position of the palaeo-
shoreline in the Muswellbrook-Rouchel District in the Lower
Carboniferous (Roberts and Oversby 1974; Roberts and Engel

1980)) . The interfingering of the two formations indicates that
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there were fluctuating incursions of the sea into this area
from the east at the same time as the volcanism in the west.
Thin (20-30 cm) shard-rich tephra horizons, some of which can
be mineralogically correlated to the Native Dog Member
ignimbrites, occur throughout the Woolooma Formation. The most
distal parts of the larger ignimbrites seem to transgress into
the marine sediments and a 3 metre thick, planar bedded
(reworked) volcaniclastic unit in the Woolooma Formation in the
Upper Rouchel region is probably the marine equivalent of the
Curra Keith ignimbrite. There is no evidence of any of the
ignimbrites having been emplaced intact in a marine
environment.

The Mount Johnstone Formation, first described by
Sussmilch and David (1919), disconformably overlies the
Isismurra Formation to the south of the Muswellbrook-Rouchel
District. The basal disconformity occurs at about the Viséan-
Namurian boundary and it marks the end of volcanism in the
Muswellbrook—-Rouchel District. A conglomerate layer at the base
of the Mount Johnson Formation grades upwards into lithic
sandstone, pebble conglomerate, and siltstone and Roberts and
Engel (1987) stated

"....the lower part of the Mount Johnstone Formation contains clastic
material that was derived from the Australian continent west of the
volcanic arc, which suggests that the arc by this time was no longer an
eroding high area".

2.4.2 Structure

The Muswellbrook-Rouchel District has imposed upon it an
intricate fault pattern which overprints a terrain of broad
open folds that, according to Roberts and Oversby (1974) "“occur
within several geometrically interdependent Dblocks". Leitch
(1974) described the Tamworth Belt, including the Muswellbrook-
Rouchel District, as "mildly folded but intensely faulted".
Figure 2.1 omits the complexities of structure since a detailed
discussion of the faults and their inception is included in
Roberts and Engel (in press). Only the elements of structure

that have relevance to this study are discussed here.
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FIGURE 2.3

Logans Mountain, viewed west from Rouchel Road. This cuesta-type landscape
is typical of the Muswellbrook-Rouchel District which reflects the strong
geological control on the topography. Scarp faces are normally fault
scarps and the Jlow-angle dip slopes form on resistant beds of
sandstone/conglomerate and ignimbrite.

The Hunter Fault 1is more appropriately called the Hunter
Fault System since it is a network of several NW-SE trending,
sub-parallel faults which occur mainly in the Carboniferous
strata although several also displace parts of the adjacent
Permian Sydney Basin strata (Summerhayes 1982) . The relative
sense of movement on most of the faults has been west or south
side down. Roberts and Engel (1987) described the Hunter Fault
in the Lake Liddell area (Fig. 2.1) as a low angle (130),
northeast dipping thrust, with the Carboniferous rocks thrust
over the Sydney Basin strata. The |line shown as the Hunter
Fault on Figs. 2.1, 2.8, 2.9 and 2.10 1is 1in detail several
interconnecting Tfaults that juxtapose the Carboniferous rocks
and the Permian Sydney Basin sediments. This fault Iline is

taken to be the western margin of the New England Orogen.

The Muswellbrook-Rouchel District is also characterised by
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extensive faults that have a north-northeast orientation which
normally trend perpendicular to strike of the beds, and they
terminate against the "Hunter Fault". Most of the faults
contain, sometimes quartz-hardened, fault breccias, and rare
slickensides show vertical movements only. No evidence has been
found for strike-slip movement on the Hunter Fault System in
this district nor on the many other faults that occur
throughout the district. Roberts and Engel (1987) state that
there is "little stratigraphic displacement between adjacent
fault blocks" .

Many of the faults have decreasing throw along strike and
this has broken the terrain into tilted fault-blocks where dips
rarely exceed 300, except where beds have been steepened
immediately adjacent to some faults. These tilted fault blocks,
with resistant ignimbrite and conglomerate units within thenmn,
exert control on the topography of the district and produce a
cuesta-type landscape (Fig. 2.3).

The outcrop pattern of the Carboniferous strata in the
Muswellbrook-Rouchel District (Fig. 2.1) is principally
controlled folds. Fold axes, and strata, essentially trend
parallel to the Hunter Fault, although in the Upper Rouchel
area fold axes trend NE-SW. Roberts and Oversby (1974) describe
the folds as plunging "gently to both the north and south at
angles that do not exceed 10 degrees”.

Folding in this part of the New England Orogen is
considered by most workers to have taken place during the Late
Palaeozoic Hunter-Bowen Orogeny and the faulting to have

occurred both during and after that orogeny.

2.4.3 Metamorphism and Alteration

The Carboniferous succession in the Muswellbrook-Rouchel
District is only mildly metamorphosed, so that the original
rock structures are still largely intact. Immediately southwest
of the Muswellbrook-Rouchel District, Offler and Diesel (1976)

delineated three =zones of metamorphism in the Carboniferous
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Fiqure 2.4

Measured section through the Native Dog Member at Summer
Hill, McCullys Gap (G.R. Rouchel Brook 123320-122316).

Sample locations (*) and the flow azimuths determined from
the samples are shown.
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rocks on the basis of =zeolite mineralisation and variations in
the reflectance of phytoclasts. In order of increasing grade
the zones are 1. Clinoptilolite-heulandite, 2. Laumontite and
3. Prehnite. Following this zonation the rocks in the
Muswellbrook-Rouchel District are in the clinoptilolite-
heulandite zone.

In thin section the original vitreous components of the
ignimbrites (shards and pumice) are usually wholly devitrified
and often pseudomorphed by zeolites. Both the devitrification
minerals and the original crystals of plagioclase are partially
altered to sericite and zeolite, and hornblende and biotite are
both altered to chlorite. In contrast, the same vitreous
material in the interbedded sedimentary rocks and airfall
tephras show only some replacement by zeolites, no
devitrification and much less alteration, and both feldspar and
mafic minerals appear ‘fresh’. This indicates that
devitrification (recrystallisation) of the ignimbrites probably
occurred during or soon after their emplacement, probably as a
result of slow cooling and vapour phase activity. The zeolites
appear to have formed both during the later metamorphism and
alteration. The tephras and epiclastic sediments have not
undergone devitrification, probabaly due to their ‘cool’
emplacement, and have only been affected by metamorphism and
alteration.

The main secondary minerals observed in the rocks of the
Muswellbrook-Rouchel District are quartz (chalcedony), albite,
sericite, illite, chlorite, rarely cela-donite, heulandite and

probably mordenite.

2.5 MAJOR IGNIMBRITE UNITS

The Native Dog Member is a 300 metre thick volcanic
sequence consisting largely of ignimbrites with thin interbeds
of conglomerate, sandstone and ash-fall deposits. A measured

section through the Native Dog Member in the MCCullys Gap Area
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FIGURE 2.5

(A,a) Curra Keith lomimbrite

(A Bedding-parallel surface. Arrow shows the flow lineation and azimuth
determined for this sample (MU 36417, G.R. Singleton 097552) .

(@ Photomicrograph of bedding-parallel section, taken slightly out of

focus to reveal the shard-rich matrix. Note the Y-shaped shards with
long prongs in direction of flow. (MU 36411, G.R. Singleton 088462,
Plane Polarised Light).

(B,b) MSCullvs Gap lomimbrite

® Bedding-parallel surface. Flow Hlineation and azimuth is shown. (W
36475, G.R. Rouchel Brook 122318).

(G Photomicrograph of bedding-perpendicular section shows the ignimbrite
to be densely welded, with the matrix shards deformed around the crys-
tals. Determined flow direction is from right to left. (MU 36476, G.R.
Rouchel Brook 122318, Plane Polarised Light).

(C,c) Oakfield3 lomiJiibrite

© Cliff section at the base of the unit at the locality of Figure 2.4
showing the 1large pumice lenticles that are a feature of this
ignimbrite (G.R. Rouchel Brook 122317).

(© Photomicrograph of bedding-perpendicular section, shows the ignimbrite
to be moderately welded with devitrified glass shards and flattened
pumice. (MU 36443, G.R. Aberdeen 083410).
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(Fig. 2.4) shows the relative positions of the ignimbrites in

the member.

2.5.1 Curra Keith Ignimbrite (CKI)

The Curra Keith ignimbrite is the lowermost ‘quartz-free’
ignimbrite of the Curra Keith Tongue (Roberts and Oversby,1974)
and it is the basal unit of the Native Dog Member.

Qutcrops of the Curra Keith ignimbrite abut against the
Hunter Fault northeast of the township of Muswellbrook and the
unit extends to the northern and eastern edge of the
Muswellbrook-Rouchel District (see Fig. 2.8). It 1is thickest
adjacent to the Hunter Fault, where it has a measured thickness
of 80 metres in the MCCullys Gap area and it thins to a minimum
of about 8 to 10 metres at Upper Rouchel. The Curra Keith
ignimbrite is a rhyodacite (Chapter 4) and it
characteristically contains up to 25 modal % orange (and
sometimes white), highly sericitised andesine (An3g-An3g)
crystals and crystal fragments set in a normally beige-
coloured matrix (Fig. 2.5.A). Biotite crystals were originally
present but they are now replaced (pseudomorphed) by chlorite
and opaque oxides. The matrix of the ignimbrite is wholly
devitrified to a finely crystalline mosaic of sericitised
feldspar and opaque dust which partly masks an original partial
to densely welded vitroclastic microstructure (Fig. 2.5.a).

A distinctive feature of the Curra Keith ignimbrite,
besides a lacking of quartz crystals, is its fine grain-size,
as it contains only rare lapilli-sized pumice and 1lithic
fragments.

A fine grained and now cherty co-ignimbrite ash, enriched
in wvitric components, rests on top of the Curra Keith
ignimbrite, in a quarry in this ignimbrite near Glenbawn Dam

(Fig. 2.6).

2.5.2 Oakfields Ignimbrite (OI)
The Oakfields ignimbrite is the uppermost ignimbrite of
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Figqure 2.6

Section through the now disused quarry in the Curra Keith
Ignimbrite about 2kms west of Glenbawn Dam (GR Scone
086476) . Lower diagram is a cross section of the quarry and
the upper diagram shows a vertical column through the
quarry. Solid circles denote sample locations, triangles
represent lithic fragments. Scale is in metres.

The rose diagrams show the flow lineation detail
determined for each sample; top left number is the sample
number, bottom left number is the number of measurements,
top right 1is the vector azimuth, and bottom left is the
vector strength as a percentage. Small ticks outside the

rose diagrams show the vector mean for the rose.
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the Oakfiélds Tongue of Roberts and Oversby (1974) and it is
the uppermost ignimbrite unit in the Native Dog Member.

The Oakfields ignimbrite is a purple, cliff-forming unit
that crops out with a similar distribution to the Curra Keith
ignimbrite, but it is more extensive in the southern parts of
the Muswellbrook-Rouchel District (see Fig. 2.9). Its maximum
thickness is at least 70 metres in the MCCullys Gap Area (Fig.
2.4), and not 20 metres as recorded by Roberts and Oversby
(1974) . This ignimbrite is also a rhyodacite, very similar in
chemistry to the Curra Keith ignimbrite (see Chapter 4). It has
a distinctive purple coloured matrix, which contains abundant
orange crystals and abundant lenticular pumice clasts (Fig.
2.5.C). In thin section, it has a slightly welded (deformed)
eutaxitic texture (Fig. 2.5.c¢), and up to 20 modal % of the
rock mass consists of orange zeolitised-sericitised andesine
crystals, and biotite now largely altered to chlorite and
opaque oxides. The lenticular pumice clasts form up to 35% of
the ignimbrite and accidental lithic fragments constitute up
to 15% of the rock mass in the lower parts of the flow in the
MCCullys Gap area (Fig. 2.4).

Welding in the Oakfields ignimbrite accords with the
welding model described by Smith (1960) in that the greatest
degree of welding (flattening) of pumice occurs about 10
metres above the base of the ignimbrite in the MCCullys Gap
section (Fig. 2.4), and welding decreases towards both top and
bottom of the flow. It is invariably welded to some degree at
the base of the unit but the upper few metres are essentially
unwelded.

Sparks et al (1973) and Fisher (1979) interpreted inverse
grading of pumice clasts in ignimbrites as a consequence of the
added buoyancy of the larger pumice clasts, in a moving flow.
The more dense lithic clasts, on the other hand, are normally
graded as the larger denser clasts sink through the flow the
most. The Oakfields ignimbrite exhibits normal grading of both

pumice and lithic clasts. The pumices from zones of the
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ignimbrite where welding is almost absent, in thin section,
have a dense fibrous appearance and low vesicularity, with
narrow hair-like tubes that open at both ends to the exterior
of the clasts. Thus, these features suggest that the pumice
was probably abnormally "dense" (heavy) which caused it to

behave in a similar manner to the lithic fragments.

2.5.3 MCCullys Gap Ignimbrite (MCI)

Previously undifferentiated as a major outflow sheet in
the Rouchel District, the MCCullys Gap ignimbrite (new name)
(Fig. 2.5.B) is also much more extensive than other ignimbrites
in the Native Dog Member (Fig. 2.2). It is thickest at MCCullys
Gap, where it is at least 30 metres thick, and throughout the
area of its outcrop (see Fig. 2.8) it shows little wvariation in
thickness.

The MCCullys Gap ignimbrite is a trachyte (see Chapter 4).
It is conspicuous, in hand specimen, by having a brown matrix,
which is invariably densely welded (Fig. 2.5.b). It contains up
to 45 modal % yellowish-white andesine crystals and less than 5
% biotite crystals that are now replaced by chlorite and opaque
oxides. Normally graded 1lithic fragments of a similar
composition to the ignimbrite are abundant throughout the unit.
Top and bottom contacts of this ignimbrite, similar to all of
the ignimbrites in the Muswellbrook-Rouchel District, are
rarely exposed, which made it impossible to determine

meaningful lateral variations in the size of lithic fragments.

2.6 INVESTIGATION TECHNIQUES AND METHODOLOGY

2.6.1 Determination of Flow Lineations

Flow directions of ignimbrites have mostly been determined
by employing the same methods of Elston and Smith (1970), who
measured the preferred orientation of elongated crystals and
pumice clasts (the flow 1lineation), resulting from primary

flow, in oriented petrographic thin sections. However, it was
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found that the same crystal orientation measurements could be
made on sawn slabs of the ignimbrites, using a specially
adapted Dbinocular microscope which reduced both sample
preparation time and cost. As a consequence, the accuracy of
the data obtained in this study, compared with the earlier
work, was significantly increased. A description of methods
used are in Appendix III.

Oriented samples of the ignimbrite were collected from the
field and the flow lineation vectors were determined from the
"bedding" plane in each sample. The bedding plane, in most
samples, 1is also a flattening plane.

A tally of alignments of crystals and elongated pumice
clasts was made directly from the cut bedding plane surface,
using a specially modified binocular microscope (Appendix III).
In the previous studies of flow lineations in ignimbrites only
crystals with elongation ratios (length:width) greater than 2:1
were measured (e.g. Elston and Smith 1970; Rhodes and Smith
1972; Suzuki and Ui 1982). However, the large surface area of
the slabs used in this study exposed significantly larger
crystal populations to survey than those that can be obtained
from thin sections, and it was thus possible to be more
discriminating in the objects measured. Consequently, only
"pencil-like", euhedral, prismatic crystals were measured,
since they are the most affected and aligned by flow and no
crystal was measured if it did not have at 1least a 3:1
length:breadth ratio. Elongated pumice lenticles were also
measured. A new flow-alignment phenomenon that can be
measured was discovered, as a consequence of the larger surface
area of the ignimbrites being viewed,. A crystal train is a
string of aligned crystals, which in themselves have no
elongation, but the string has, and they are normally isolated
within the matrix (Fig. 2.7). Each crystal string and pumice
fragment measurement was considered equal to a single crystal
measurement.

The vector mean, a statistically determined average of the
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FIGURE 2.7

Photomicrograph of a crystal train, a measurable flow lineation structure
in ignimbrites. (MU 36450, G.R. Rouchel Brook 122313, Image length 5.5 mm)

crystal orientations, was calculated for each sample. They were
then corrected to account for tectonic tilt by stereo-
graphically rotating the bedding surface, back to the
horizontal, about the fold axis. The corrected vector means are
deemed the flow Ilineation and it is these that are shown on

Figs. 2.4, 2.5, 2.6, 2.8 and 2.9.

2.6.2 Determination of Flow (Azimuths) Directions

While flow lineations could be obtained from all samples
taken, it was not as easy to determine flow azimuths due to the
alteration of the Muswellbrook-Rouchel District ignimbrites,
which often obliterated any flow fabrics in the matrix. Elston
and Smith (1970) defined six criteria that can be used to
determine the direction of flow, namely (@) Forked-shaped glass
shards, where one prong, Jlonger than the others, points away

from the source; () Penetration effects, where pumice
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fragments are deformed by more rapidly moving crystals
orientated in the direction of flow; (3) Blocking effects,
where small particles pile up behind larger, slower-moving
fragments: (4) Spindle-shaped objects, which are aligned
parallel to the flow lineation with their blunt ends facing
toward the source; (5) Eddy effects similar to those reported
by Cummings (1964) in rhyolite lavas, where large fragments
develop eddy currents on their leeward sides; (6) Imbrication
of crystals and clasts, where they dip back towards the source.

The first five of these criteria were successfully used
to determine flow azimuths in this study but imbrication could
not be used as post-emplacement compaction (induration) of the
ignimbrites has flattened any imbrication that may have been

present.

2.7 STATISTICAL TREATMENT

To compare the results of this study to those of Elston
and Smith (1970) and others, the crystal-lineation data
obtained in this study were analysed, using their Fortran IV
program, provided to me by Professor Elston. This program,
first, requires each set of data to be grouped into 10-degree
class intervals and using the vector method (Krumbein 1939;
Pincus 1956) it determines, for the set of data, the vector
mean (flow lineation) and vector magnitude. It also carries
out the Tukey Chi-Square test (Tukey 1954, in Middleton 1965)
as well as a standard Chi-Square test.

The same sets of data were also analysed using a second
program, which has evolved over a number of years, though
various workers, at Macquarie University. This program treated
the data individually without having to first group them in
class intervals. It calculates vector mean and magnitude and it
plots a rose diagram to illustrate the data set. Examples of
the rose diagrams produced by this program are shown on Fig.
2.6, and the rose diagrams of all of the flow lineation data

determined in the Muswellbrook-Rouchel District are presented
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in Appendix V.

Vector magnitude is a measure of dispersion about the
vector mean and it is expressed as a value ranging between 0
and 100%. The statistical strength of the vector mean increases
as the value increases, such that 100% indicates a perfect
orientation and 0% indicates an entirely random orientation.
The Chi-Square wvalues denote the departures of the observed
data from a completely random distribution and their
significance is assessed at the 90% probability level. For 2
degrees of freedom and 90% probability, Chi-square equals 4.61
and any data sets with Chi-square values less than 4.61 are

rejected.

2.7.1 Accuracy of the Data Obtained

Before accepting that flow lineations could be obtained
and used to determine the flow directions of the Carboniferous
ignimbrites in the Muswellbrook-Rouchel District, some
preliminary tests were carried out, to determine the
consistency and strength of the flow lineations that could be
obtained.

The first test was to determine if a flow lineation could
be duplicated from different slabs of the same sample. Two or
sometimes three Dbedding-parallel planes were cut in 5
different samples of the Curra Keith ignimbrite and 5 samples
of the Oakfields ignimbrite. Measurements of crystal lineations
were made on all of the cut surfaces so that some samples had
flow lineations determined from 6 different surfaces. It was
found that the flow lineations determined on the surfaces on
either side of the same cut were within 50 of each other and
those determined from all of the surfaces of a single sample
were within 80 of each other.

A second test was carried out to determine the variation
of the flow lineations in several samples of the ignimbrite,
from different vertical positions, in the same outcrop. This

was considered to be of critical importance for further
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No of Av Tukey Av Vector Total Av
Ignimbrite Samples Chi-Sq Strength Area Grain
(%) (cm2) Counts

Muswellbrook—Rouchel District

CKI 34 (1) 37.72 45 2952 88
MCI 10 24.89 36 1027 80
01 28 (1) 41.87 48 2485 86

Mogollon Plateau

RCR 18 (4) 17.91 23

w

91
ASQL 29 (4) 21.16 24

N

130

(4) = number of samples not significant at 90% confidence level

TABLE 2.1
Comparison of the flow 1lineation data obtained from the Carboniferous
ignimbrites in the Muswellbrook-Rouchel District (CKI = Curra Keith

ignimbrite, MCI = MCCullys Gap ignimbrite, OI = Qakfields ignimbrite) with
that from the Tertiary ignimbrites on the Mogollon Plateau, New Mexico
(Rhodes and Smith 1972: RCR = Railroad Canyon Rhyolite, ASQL = BApache
Springs Quartz Latite).

sampling, since Suzuki and Ui (1982) had shown that flow
lineations in the lower parts of the Ata Pyroclastic Flow
Deposit tended to lie parallel to the slope of the underlying
topography, whereas in the upper parts of that flow they were
aligned in the direction of flow.

Seven samples were collected from different levels of the
Curra Keith ignimbrite in a disused quarry (Fig. 2.6) Jjust-west
of Glenbawn Dam (which provides the only near complete section
through an ignimbrite in the Muswellbrook-Rouchel District).
The flow-lineations obtained from these samples agreed within
50 of each other in the lowest half of the flow unit but in
the upper half of the flow, where the crystal sizes are
smaller, the flow-lineations varied significantly and seemingly
unsystematically (Fig. 2.6). A similar trend was found in four
samples of the Oakfields ignimbrite, where the upper third of
unit produced flow lineations that are askew from the lower two
thirds (Fig.2.4). However this trend was not found in the

MCCullys Gap ignimbrite as it gave flow directions within 140
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of each other throughout its entire preserved thickness (Fig.
2.4).

Varga (1983) calculated that approximately 100
measurements of crystal orientations are needed to calculate a
statistically significant flow lineation vector in ignim-
brites, if the data are determined from thin sections. But the
results presented here show that it is not the amount of data
collected that determines the strength of the flow-lineation
vectors obtained, but it is determined by the quality (the
degree of spread) of the data . At least 100 measurements were
aimed for in this study but even on some large slabs this was
not always possible and the data were not rejected because of
it. Smaller data sets were commonly obtained from samples of
the distal parts of the flow units, where the crystal tend to
be smaller and 1less abundant, as compared with the more
proximal parts of the ignimbrites.

To show the relative strength of the results obtained in
this study, where slabs rather than thin sections were used,
Table 2.1 presents a summary of results obtained here and those
obtained by Rhodes and Smith (1972) in their study of the
Tertiary-aged ignimbrites on the Mogollon Plateau, New Mexico.
There 1s no way of comparing the strength of individual
lineations obtained in the two areas, without measuring a
sample from each area using the same method, but it is
noticeable from data in Table 2.1 that the ‘slab’ data has much
greater statistical significance. This is demonstrated by the
higher average vector strengths and Chi-square values of the
Muswellbrook—-Rouchel data, and the lower number of data sets
rejected due to the calculated statistical parameters falling

below the 90% confidence level.
2.8 RESULTS

2.8.1 Flow Lineation Patterns

Statistically acceptable flow lineations were determined
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from 34 samples of the Curra Keith ignimbrite and a summary of
their statistics 1is included in Table 2.1. Figure 2.8 shows the
flow lineation data for both the Curra Keith and MCCullys Gap
ignimbrites. The flow lineations for the Curra Keith ignimbrite
show a distinct fanning arrangement through a sector of 120
degrees, from a northerly trend in the northern part of the
Muswellbrook-Rouchel District around to the southeast in the
southern part. However, samples 413, 414, 437 and 438 do not
follow the main fan shape and it is probable that they have
been affected by a pre-existing (palaeo~)topography (see later).

Ten flow lineations obtained from the MCCullys Gap
ignimbrite follow a similar fan-shaped pattern to the Curra
Keith ignimbrite and it is for this reason that they are both
plotted on Fig. 2.8 and both used to determine their apparent
common source area.

The 28 flow lineations determined from the Oakfields
ignimbrite (Fig. 2.9) reveal a 90 degree sector of a fan. The
majority of these lineations trend in a northeasterly direction

although, in the south, they bear around to the east.

2.8.2 Direction of Flow (Flow Azimuths)

Only 18 flow azimuths (directions) could be determined
with any confidence from the ignimbrites in the Muswellbrook-
Rouchel District but they unequivocally pointed to the
northeast and east. Therefore the ignimbrites flowed in these
directions from their source 1located west of their present

outcrop.

2.8.3 Location of Ignimbrite Source Areas

To locate the actual position of the source of the
ignimbrites the flow lineations were projected back 1in the
direction of the source, until they intersected, and quite
distinct clustering of the intersection points appeared (Figs.
2.8 and 2.9). As only a certain number of intersections (I) are

possible from a given number of lines (n) then I = n! - n, and
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contours of percentages of the total number of intersections
could be drawn about the clusters. Contours enclosing 50% of
the total possible intersection points, on Figures 2.7 and 2.8,
define relatively small areas and the source vent for the
ignimbrites are assumed to have been located somewhere within
this area. Smaller clusters of intersection points within the
50% contour enabled 25% contours to be drawn and it 1is
considered that, within this contour, the source vent was most
likely located. Thus, the area within the 25% contour is

hereafter referred to as the source area.

2.8.4 Source Areas.

It should be noted that the flow lineations obtained from
the distal parts of the ignimbrite have not been used to help
determine the source areas of each of the ignimbrites. They
tend not to follow the flow directions closest to the
determined sources as which is a distinctive fan-shaped
pattern.

Intersections of the lineations of the Curra Keith and
MCCullys Gap ignimbrites cluster well and their determined
source area is centered about 4 km north of Muswellbrook (Fig.
2.8). The lineation intersections of the Oakfields ignimbrite
overall do not cluster as tightly as the Curra Keith ignimbrite
but the 25% contour encloses about the same area. The
determined source area of the Oakfields ignimbrite is centred
about 12 km SSW of Muswellbrook, at about the present position
of Mount Arther. (The contours around the source area of the
Oakfields ignimbrite are elongated since the <collected
lineation data is derived from only a 90 degree quadrant which
results in the intersections spread out in the direction of the
flow).

The closest outcrops of Curra Keith ignimbrite are thus,
about 7 km distance from its determined source area and it is
in these most proximal parts of the ignimbrite that the

strongest fan-shaped flow pattern occurs. Farther from the
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Fiqure 2.10
Residual gravity map and profile of the gravity anomaly in
the Muswellbrook area. The cross-section of the anomaly is

drawn parallel to the regional Bouger anomaly gradient which
becomes increasingly more negative to the west due to the
increasing thickness of the continental crust.The location
of the determined source areas of the ignimbrites (solid
black shading) are shown by the ‘stars’. Stippled area is
the Carboniferous rocks and unstippled is the Permian Rocks.
Dashed line denotes the Hunter Fault and the axis of the
Muswellbrook Anticline (MA) is shown.
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source, the fan-shaped pattern begins to lose its definition
and irreqularities appear in the otherwise simple pattern.
This could reflect the decreasing velocity of the flow as it
moved further from its source and the increasing influence of a
regional palaeo-slope (see later) on the flow as the velocity
of the flow decreased, or as illustrated by the ignimbrite-
producing pyroclastic flows in the 1980 eruption of Mt St.
Helens (Rowley et al. 1981; Wilson and Head 1981), it could
represent paths of individual lobes within the flow, that
spread out in the toe of the flow as the distance from the
source increased. The most proximal outcrops of the Oakfields
ignimbrite, on the other hand, are no nearer than about 18kms
from their indicated source area, and a radial flow lineation

pattern is thus less pronounced.

2.8.5 Source Areas and Gravity Anomalies

There is no surface expression of the postulated source
areas of the ignimbrites as they lie on the opposite side of
the Hunter Fault, where the Permian Sydney Basin succession now
crops out. This indicates that the sources have either been
relocated by movement on the fault or they are just buried,
under at least 200m of the Permian strata. The preliminary
1:50,000 Bouger Gravity map (based on the Singleton and
Newcastle 1:25,000 topographic sheets) (Fig. 1.7) published by
the Australian Bureau of Mineral Resources, Geology and
Geophysics reveals a conspicuous, mainly negative, anomaly in
the exact viscinity of the two determined source areas. A
residual gravity map of the anomaly (Fig. 2.10), which has been
generated by removing the regional gravity trend (Fig 2.10,
profile), shows two 6 mGal gravity lows combined with a 2 mGal
gravity high, which altogether form a roughly circular anomaly,
15 km in diameter. The source area of the Curra Keith and
MCCullys Gap ignimbrites occur on the northwest perimeter of
this anomaly whereas the Oakfields ignimbrite source area falls

on its southern perimeter.
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Nalaye (1977) calculated average rock densities of 2.6 +
0.05 tm=3 for the Carboniferous rocks and 2.45 + 0.02 tm~3 for
the Permian Rocks in the Hunter Valley, and it is this density
contrast that produces the generally negative gravity values
over the Carboniferous strata on the easternside of the Hunter
Fault and the westward increasing positive gravity values over
the Permian Sydney Basin succession, which thicken in that
direction. The Permian Sydney Basin is underlain by
Carboniferous strata (Summerhayes 1982).

To produce the predominantly negative gravity anomaly over
the source areas, requires either a zone of increased crustal
thickness in the confines of the anomaly or, more likely, a
confined body of abnormally low density material in the
subsurface. Minmura (1984) explained that a negative gravity
anomaly is produced over low density (dacitic) rocks which have
accumulated over volcanic vents (as flow and domes) which have
subsequently been buried. This is possibly the situation for
the gravity anomaly in the region of the source area of
ignimbrites in the Muswellbrook-Rouchel District, but a more
favoured explanation for it is one that is described by Seager
and Brown (1979) and Yokoyama (1981) for the negative gravity
anomalies over the Organ and Krakatau Calderas, respectively.
That 1is, the anomaly is likely derived from the effects of a
now-buried caldera, with a diameter of about 12-15 km, which is
filled with a pool of low density, rhyolitic lavas and
pyroclastics. Moreover, the caldera is probably underlain by a
(sub-caldera) intrusion of ‘granitic’ composition. The rise in
gravity, out of the anomaly, is considered to reflect the rise
onto the caldera rim. The fact that the indicated source areas
of the ignimbrites in the Muswellbrook-Rouchel District lie on
the periphery of the anomaly supports the concept and the
position of the caldera since ignimbrite vents are commonly on
the caldera ring fracture, as these appear to be.

One could possibly argue that the gravity anomaly is

produced by the Muswellbrook Anticline, whose axis is shown on

49



CHAPTER 2 - Flow Direction Indicators in Ignimbrites

Fig. 2.10. It is a major structure within in the Permian strata
and it extends into the southeastern part of the anomaly.
Furthermore, the anticline extends into the Carboniferous
succession below the Sydney Basin, as the core of the anticline
is regarded as a palaeo-high in the Carboniferous strata by
Summerhayes (1982) and Roberts, pers. com., with the Permian
sediments draped over it. Magnetic maps (Survey by Austirex in
1984 for the Geological Survey of New South Wales, Camberwell,
Dungog, and Buladelah 1:100,000 sheets) support this premise,
as strong magnetic intensities characteristic of the
Carboniferous rocks continue wuninterrupted across the fault in
the region of Lake Liddell into the Permian along the axis of
the anticline. However, the shape of the gravity anomaly in the
area of the ignimbrite source areas does not reflect the NE-SW
trend of the Muswellbrook Anticline. Furthermore the higher
density Carboniferous rocks in the anticline, enclosed by the
lighter Permian rocks, would produce a positive gravity effect.
Thus, the Muswellbrook Anticline is unlikely to be the cause of
the anomaly.

It 1is possible that the Carboniferous core of the
Muswellbrook Anticline 1is a remnant of the Kuttung Volcanic
Chain, of which the source caldera of these ignimbrites was a

part of.

2.8.6 Pre-Ignimbrite Topography

The strong radial fan-shaped flow pattern shown by the
flow lineations in the Muswellbrook-Rouchel District
ignimbrites are similar to those found in other 1large scale
ignimbrites (Schmincke and Swanson 1967; Elston and Smith 1970;
Rhodes and Smith 1972); Ui et al. 1989). This flow pattern, on
some diverse volcanic 1landscapes, indicates that the
pyroclastic flows, <close to their source, were 1little
influenced by pre-existing topography. Their distribution
mainly resulted from unrestricted radial movement of the flows,

away from their eruptive vents.
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The Curra Keith ignimbrite lies conformably on the Ayr
Conglomerate and an isopach map of the Ayr Conglomerate drawn
by Lindley (1981) shows that it smoothed out a previously
irregular topography. Isopachs of the conglomerate thin from
200+ m at Upper Rouchel to 40 m in the west, and to only a few
metres as it laps onto a basement high, the early Kuttung
Volcanic Chain, on the western side. The conglomerate is 50
m thick under the westernmost outcrops of the Curra Keith
ignimbrite in the MCCullys Gap area. In the west, the isopachs
parallel the Hunter Fault and those in the east run parallel
with the most distal outcrops of the Curra Keith ignimbrite.
This indicates that the Ayr Conglomerate was deposited over
an outwash plain that was some 25 to 30km wide, between the
basement high in the west and the coast in the east, both of
them running in a similar trend to that of the present trend of
the Hunter Fault. The fluvial conglomerate and pebbly sandstone
interbedded with the ignimbrites are compositionally and
lithologically similar to the Ayr Conglomerate and they
indicate that (epiclastic) deposition was not interrupted by
the emplacement of the ignimbrites. A ‘smooth’, flat
depositional surface, on which the ignimbrites flowed, appears
to have persisted until the hiatus at the end of the Viséan,
prior to the deposition of the Mount Johnson Formation.

While the strong radial flow pattern in the proximal parts
of the ignimbrites suggest that no significant relief was
present on the surface on which the ignimbrites were emplaced,
inspection of the flow direction pattern in the distal parts of
the Curra Keith ignimbrite (Fig. 2.8) reveals two significant
disruptions from the overall fan shape. The first occurs about
a line passing, in a ENE direction, through MCCullys Gap. North
of this 1line, the flow directions are predominantly aligned
northeast, but south of the line the flow directions abruptly
swing around to an easterly direction. Furthermore, this line
corresponds with a marked thinning of the Curra Keith

ignimbrite; in the east it is only preserved as a thin,
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reworked remnant of the original deposit. It 1is, therefore,
postulated that a low northeast-striking ridge, trending in the
direction of the ENE line (Fig.2.8), existed prior to the
emplacement of the Curra Keith ignimbrite and that it deflected
the flow in the two different directions. The ignimbrite was
probably originally emplaced on this ridge but was eroded and
reworked soon after, thus expalining its present absence from
this area. The deposition of the reworked volcaniclastics,
‘equivalent’ of the Curra Keith ignimbrite in the east
suggests that the ridge did not extend as far as that locality.

The ridge must have been higher than the depositional
surface on the top of the Ayr Conglomerate, which suggests that
it was either an erosion remnant of a once higher depositional
surface of the conglomerate or, more likely, a basement high
that protruded above the depositional surface.

The second perturbation in the overall fan-shaped pattern
of the flow lineations is a noticeable swing in the lineation
vectors of samples 413, 414 437 and 438, from an expected
northeast direction to a 1line of easterly directions. This
consistent trend in the lineations suggest that the flow here
was also directed by some topographic feature. The favoured
explanation is that there was a channel cut into the fluvial
plain which directed this part of the flow. This channel,
according to the flow directions, appears to have run parallel
to the postulated ridge, at the base of the slope on its
northern side.

The disruptions to the fan-shaped pattern evident in the
Curra Keith ignimbrite does not occur in the MCCullys Gap
ignimbrite. Thus, it is thought that by the time of the
emplacement of the MCCullys Gap ignimbrite, the ridge and
channel had effectively been buried by the ignimbrites and
sediments that succeeded the emplacement of the Curra Keith

ignimbrite.
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DISTANCE VOLUME CALDERA

IGNIMBRITE (km) (km3) DIAMETER (km)
Fish Canyon Tuff 100 3000 28
Upper Bandelier Tuff 30 200 20
Crater Lake Pumice Flow 58 25 10
Valley of Ten Thousand Smokes Ig. 22 12 9
Rio Caliente Ignimbrite 20 30 12
Shikotsu pyroclatic flow deposit 40 80 12
Hakone pyroclastic flow deposit 18 15 10
Aso III pyroclastic flow deposit 70 175 20
Ito pyroclastic flow deposit 80 110 19
Taupo Ignimbrite 80 30 20
Whakamaru Ignimbrite 48 150 18
Bali Ignimbrite 40 20 11
Muswellbrook—~Rouchel Ignimbrites
Curra Keith Ignimbrite 30 45 12-15
Oakfields Ignimbrite 40 90 12-15

TABLE 2.2

Ignimbrite travel distances, erupted volumes and diameters of the source
calderas compared with the ignimbrites in the Muswelbrook-Rouchel
District.

Note: the ignimbrite volumes, even though they are published, are mostly
only estimates as no account is made of co-ignimbrite ash fall,
caldera-fill and subaqueous deposits. Erosion has also reduced the
preserved volume and extent of these ignimbrites and this could mean
that many of these volumes and travel distances are underestimates.

2.8.7 Size of the Ignimbrites

It is impossible to calculate the actual volume of the
ignimbrites in the Muswellbrook-Rouchel district since tops and
bottoms of units are rarely exposed and this meant that the
true thickness of the ignimbrites were not always measurable.
There is also no way of assessing the volume of the caldera-
fill deposits which sometimes constitute a significant part of
an ignimbrites erupted volume, e.g. the ignimbrite thickness in
the Grizzly Peak caldera Colorado is reported to be 2.7 km
(Fridrich & Mahood 1987). Furthermore, in many places there has
been the erosive removal of the upper, non-welded parts of the
ignimbrites and even the complete removal of parts of the Curra
Keith ignimbrite, which probably occurred soon after their
emplacement. Thus, only remnants of initially much thicker and
more extensive units are preserved. However, a determination
of minimum volumes of the outflow sheets of the ignimbrites has

been attempted, by assuming a constant thickness in an arc
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across the fan-shaped units, through particular measured
sections. Once, having obtained these volumes they are compared
with other ignimbrites in respect of the distances that they
traveled, as well as with the size of the caldera from which
they were derived (Table 2.2). Smith (1979) demonstrated that
there is a close correlation between caldera size and volume of
the erupted silicic ignimbrite and associated pyroclastics.

The minimum distances traveled by the ignimbrites in the
Muswelbrook-Rouchel District are highlighted on Figures 2.8 and
2.9. The most distal outcrops of the Curra Keith ignimbrite are
about 10m thick about 30 kms from its source, northwest of
Upper Rouchel, and is at least 80 m thick in its most proximal
area, at MCCullys Gap. Thus, the volume of the exposed
ignimbrite, calculated from a decreasing thickness over a the
1300 sector of its outcrop, is 16km3. If it was originally a
circular deposit, as most large scale ignimbrites are (e.g.
Taupo Ignimbrite (Walker 1981a, 1981b), Ata pyroclastic flow
(Suzuki and Ui 1981), Upper Bandelier Tuff (Smith and Bailey
1966) and Bishop Tuff (Bailey et al. 1976)), then the minimum
volume of the outflow sheet would be about 45 km3. The Upper
Bandelier Tuff traveled the same distance as the Curra Keith
ignimbrite (Table 2.2) but it is a significantly larger volume
unit with an estimated volume of 200 km3. The Oakfields
ignimbrite crops out over a 90 degree sector from 70 m thick
closest to source, to 10 m thick in the far north of the area
near Gundy, about 40 kms from source. The exposed outflow sheet
volume is calculated to be some 23 km3, but if it was similarly
distributed evenly about its vent, then it would be about 90
km3 in volume. The Shikotsu Pyroclastic Flow Deposit in Japan
traveled the same distance as the Oakfields ignimbrite (Table
2.2) and it, with an estimated volume of 80 km3 indicates that
the two ignimbrites were probably of the same order of
magnitude of eruption.

The calculated volumes of the Curra Keith and Oakfields

ignimbrites, the proposed 12-15 km diameter caldera, and the
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30-45 km travel distances of the ignimbrites compare well with

other ignimbrites of similar magnitude (Table 2.2).

2.9 DISCUSSION

2.9.1 Rheomorphism vs Primary Flow

Flow lineations (fabrics) in ignimbrites are generally
regarded to form and align during the primary late-stage
laminar phase of the pyroclastic flow (Schmincke and Swanson
1967; Elston and Smith 1970, Rhodes and Smith 1972), and be
oriented in the direction of the flows movement. However, Wolff
and Wright (1981) showed that the directional fabric in highly
welded tuffs on Gran Canaria and Pantelleria, are largely due
to secondary mass flowage (rheomorphism). The flow fabrics in
the ignimbrites are thus oriented in the direction of the local
palaeo-slope on which they were emplaced, and not in the
direction that the flow moved. Suzuki and Ui (1981, 1982, 1983)
and Ui et al. (1981) showed that flow directions in 1lower
parts of valley-fill deposits of the Ata Pyroclastic Flow are
orientated (sub-) parallel to valley directions but were
parallel to the slope on the steep valley sides. These
observations presumably prompted Cas and Wright (1987, p.250)
to state

"the fact that ignimbrites generally slope away from their source wvolcano
has suggested to some workers that these directional fabrics are likely to
reflect flow direction.... We have shown ....... that this 1line of
reasoning is not wvalid."

Furthermore, they suggest that

"measuring palaeocurrents (flow directions) in ignimbrites, especially
‘ancient’ ignimbrites, must be viewed with considerable caution",.

Moreover, Ui et al. (1989 p. 115) state

"that grain alignment analysis must be used with care when attempting to
determine the location of an unknown source"

as they demonstrated that the nature of preferred grain

alignments varied within the different kinds of ignimbrite i.e.

small scale valley confined (high-aspect ratio) ignimbrites
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versus large scale plateau-forming ignimbrites, versus thin but
widespread (low aspect-ratio) ignimbrites.
However, the observations of Ui et al. (1989) also include

..grain orientations show better alignment in welded deposits and high-
aspect ratio ignimbrites ....

..significant grain orientation is obtained only in the middle part of
thin flow units

..the grain orientation is parallel to the source direction in the
proximal area or on a pyroclastic flow plateau, but is random or
parallel to the regional slope direction, as well as to the pre-flow
valley and ridge direction, in the medial and distal areas of large-
scale pyroclastic flow deposits and in small-scale valley-ponded
pyroclastic flow deposits."

These observations differ 1little from the observations
made in this study. The consistency of the flow directions
throughout the thickness of the welded MCCullys Gap ignimbrite
endorses the statement of Ui et al. (1989), that best and
consistent flow directions are obtained from welded parts of
ignimbrites. As do the flow directions obtained from the lower
parts of the Oakfields and Curra Keith ignimbrites, since they
are most consistent in orientation where the welding is most
intense.

Elston and Smith (1970) clearly showed that the flow
lineations in the 1large scale Mogollon Plateau ignimbrites,
which encircle their ‘known’ source caldera, pointed back to
that caldera. The determined flow directions were radially
arranged about the caldera and showed only some disturbance
from the complex volcanic topography on which they were
emplaced. Furthermore, the previous studies of Rhodes and Smith
(1972), Aldrich (1976), Sides (1981), Ellwood (1982), and
Potter and Oberthal (1987), to locate either a previously known
or otherwise conspicuous source of ignimbrites, all determined
flow direction fabrics in large-scale ignimbrites. They too had
little indication, in the flow directions obtained, of an
influence from the pre-existing topography.

The studied ignimbrites in the Muswellbrook-Rouchel
District are similarly large-scale, welded ignimbrites and
they flowed out onto an expansive, flat depositional surface

with only some minor channeling of the ignimbrite indicated in
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the Curra Keith ignimbrite. The flow directions obtained in
this study, overall, are strongly radially arranged, especially
in the proximal and medial parts of the ignimbrite units, and
they must therefore strongly reflect the primary movement of
the pyroclastic flow.

To close this discussion of rheomorphic versus primary
flow grain alignments in ignimbrite, the rheomorphic structures
in ignimbrites that Wolff and Wright (1981) described, such as
folded fiamme, extensional structures, and imbricate structure
are not a feature of all ignimbrites, so that all ignimbrites
should not be tarred with the same rheomorphic brush.
Rheomorphism in ignimbrites has, to date, mainly been observed
in either alkalic or peralkalic ignimbrites (Wolff and Wright
1981), or from ignimbrites that had unusually high emplacement
temperatures (i.e. wusually parts of bimodal basalt-rhyolite
associations, as in the Lebombo Rhyolite (Natal) or Snake River
Plains ash flow tuffs (Idaho)), which after deposition and
welding have viscosities orders of magnitude lower the calc-
alkaline ignimbrites that this and all of the previous studies
have concentrated on (Prof. W.E. Elston pers com. 1989).
Rheomorphic structures are not found in any of the ignimbrites

in the Muswellbrook—-Rouchel District.

2.10 CONCLUSIONS

The main conclusion of this study is that since flow
directions can be determined from the Lower Carboniferous
ignimbrites in the Hunter Valley then there is no reason why
the same procedure cannot be used for well preserved large-
scale ignimbrites of any age. The provisos, being (1) that they
are large-scale ignimbrites, (2) they are 1little deformed,
whereby the original horizontallity of the flow unit is
preserved or easily restored, (3) the ignimbrite is, at least
in part, welded so that the original flow fabric is preserved,

and (4) the relief over which the ignimbrite traveled is low.
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Evidence that this procedure works with more than Jjust the
Lower Carboniferous ignimbrites in the Muswellbrook-Rouchel
District (Buck 1985, 1986), I have helped students successfully
determine flow directions in the Upper Carboniferous Rhylstone
Tuff (Langworthy 1986), an Upper Carboniferous ignimbrite in
the Currabubula Formation (unpubl.), and some Tertiary basalts
lava flows in the southern Sydney Basin (unpubl.).

The determination of flow directions in ‘ancient’
ignimbrites should be viewed as another tool in mineral
exploration. Most volcanic exhalative, epithermal and
hydrothermal mineral and base metal deposits in the world are
located below or close to the volcanoes or calderas that
produced them. Prior to this study the position of the source
volcano of the Muswellbrook-Rouchel District ignimbrites was
not known. Several companies have held exploration licenses in
the outcrop area, trying to locate the ignimbrite source vents,
which they hoped would reveal mineralisation. This study shows
the source of the ignimbrites to be located well outside the
area of the outcropping ignimbrites. As the volcanic centre in
this instance is buried below a thick pile of Permian strata,
any future exploration in the Muswellbrook-Rouchel District,
for mineralisation related to the Lower Carboniferous Volcanic
Centre, would require subsurface exploration methods.

There are many hidden volcanoes and calderas around the
world and determining the actual location of some of them,
using flow directions in ignimbrites and combining this
information with other accepted exploration procedures, could

lead to new discoveries of economic base metal concentrations.
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CHAPTER 3

LOWER CARBONIFEROUS CALDERAS IN A VOLCANIC CHAIN, REVEALED BY
FLOW DIRECTIONS 1IN IGNIMBRITES, NEW SOUTH WALES, AUSTRALIA.

3.1 ABSTRACT

Lower Carboniferous ignimbrites that crop out extensively
in the southeastern part of the New England Orogen in eastern
Australia, occur within a thick sequence of volcaniclastic
rocks along the western edge of the Tamworth Belt. Flow
lineations and some azimuths were determined for five of the
most extensive ignimbrite outflow units and they are used to
determine the location of the volcanic centres from which the
ignimbrites originated. The five ignimbrites examined are named
the Curra Keith and Oakfields ignimbrites which crop out in the
Muswellbrook-Rouchel District, the Martins Creek ignimbrite
which occurs throughout the Paterson District, and the Port
Stephens and Nelson Bay ignimbrites that crop out in the Port
Stephens District.

Flow-lineation vector means were determined from 120
samples of the ignimbrites and each of the flow patterns in the
outflow units exhibit a strong radial arrangement, except for
the ignimbrites in the Port Stephens District which principally
have a single north-northwest flow direction. By projecting the
lineation vectors in the opposite direction of the movement of
the pyroclastic flows, until they intersected, a clustering of
the intersection points allowed relatively small areas to be
defined as most likely to have contained the source vents. Four
different source vents could be determined.

The ignimbrite sources do not crop out, as they have been
displaced from the ignimbrite outflow units, by movement on the

Hunter Fault. Now younger Permo-Triassic sediments of the
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Sydney Basin Succession crop out at the surface at the location
of the sources. However, nearly circular gravity anomalies
with magnitudes (6-18 mgals), typical of those over Cenozoic
calderas, occur in the region of all three of the determined
sources. Thus, under the Permo-Triassic succession, the sources
of the Lower Carboniferous ignimbrites are three calderas and
they are 1likely infilled with lavas and pyroclastics of a
similar silicic composition to the ignimbrites. A granitic
intrusion forms the root of at least one of the calderas. The
calderas are named Muswellbrook, Maitland and Port Stephens.
They lie about 60 km from one another and they occur on an
arcuate line, that is convex towards the west, parallel to the
present western margin of the Tamworth Belt. The calderas are
located between 5 and 10 km west of the Hunter Fault and they
delineate the eastern edge of a Lower Carboniferous volcanic
chain.

The correspondence of the determined ignimbrite source
calderas with the gravity anomalies indicates that, except for
vertical movements, on this part of the Hunter Fault there has
been insignificant strike-slip movement and thrust movement is

less than about 2 km in isolated places.

3.2 INTRODUCTION

Large scale (plateau-forming) silicic ignimbrites of Lower
Carboniferous age crop out, extensively along the western edge
of the Tamworth Belt (Korsch, 1977) in the New England Orogen
(Day et al, 1978) in eastern Australia. It 1is now generally
accepted that these ignimbrites were derived from the Kuttung
(continental volcanic) Arc (Harrington and Korsch 1985; Roberts
and Encel 1987) which lay along the western side of the Belt,
some distance inland from a westward dipping subduction =zone.
However, the volcanoes and the pyroclastic flow deposits
(ignimbrites) in typical present day continental volcanic arcs

(e.g. the Andes, Indonesia, Alaska, Aleutians, the Cascades
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FIGURE 3.1

Location of the study area in relation to the major elements
of the New England Orogen. The Hunter Fault and its northern
extension, the Mooki Fault, separate the mainly Devonian and
Carboniferous rocks of the New England Orogen from the
Permo-Triassic Sydney Basin.
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(USA) etc.) contrast with existent regions with large scale
ignimbrites, similar to those in the Tamworth Belt. 1In
continental volcanic arcs the ‘usual’ volcanoes are large
andesitic¢ strato-volcanoes, arranged along the front of a
subduction zone, and they typically erupt only small-scale,
valley-confined ignimbrites. On the other hand, the regions
with modern (Cenozoic) large scale ignimbrites are widely
documented as having calderas as the sources of the
ignimbrites, and they are sited in either intracontinental
rifts (e.g. western USA and central Chile) or the continental
extensions of oceanic back arcs (e.g. southern Japan and the
central North Island, New Zealand).

This paper details the position and spacing of the Lower
Carboniferous ignimbrite sources, relative to the outcropping
ignimbrites on the Tamworth Belt, and it describes the
character of those source volcanoes. In doing this, a new model
of the Kuttung ‘Arc’ is conceived.

Elston and Smith (1970) pioneered a method of determining
flow directions of ignimbrites by measuring the orientations of
elongated shards, pumice fragments and crystals in thin
sections. They showed that statistically determined flow
lineations in samples of the Bandelier Tuff indicated flowage
radially away from its known source, the Valles Caldera. The
success of their technique has been endorsed by comparable flow
direction studies by Rhodes and Smith (1972), Aldrich (1976),
Sides (1981), Suzuki and Ui (1982), Minmura (1984) and Ui et
al. (1989), and Potter and Oberthal (1987) have succeeded in
determining ignimbrite flow directions from the imbrication of
pumice clasts.

The oldest ignimbrites in which flow directions have been
determined, are the Oligocene-Miocene ignimbrites on the
Mogollon Plateau, New Mexico (Rhodes and Smith 1972) and many
consider it inappropriate to use the method with much older
ignimbrites. However, most of the Lower Carboniferous

ignimbrites in the Tamworth Belt are very well preserved for
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FIGURE 3.2

Qutcrop map of the Lower Carboniferous ignimbrites (stipple) in the southern end of the
Tamworth Belt. Defined districts relate to detailed maps of Figs 3.5, 3.7, 3.9 and 3.11.
The thick black 1line represents the Hunter Fault System. (Compiled from Roberts and
Oversby 1974 Roberts and Engel 1987)
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their age, still with ‘fresh’ glass lenses in densely welded
parts (Wilkinson 1971). Additionally, they have a low grade of
metamorphism (Offler and Diesel 1976) and are only slightly
deformed in broad open folds (Roberts and Engel In press). Flow
lineations (and some azimuths) were be determined from 117
orientated samples of the five most widespread ignimbrites in
the southern part of the Tamworth Belt and from these the

location of the ignimbrites source vents could be established.

3.3 REGIONAL GEOLOGY

The study area lies at the southern end of the Tamworth
Belt in the Palaeozoic New England Orogen (Fig 3.1). The
Tamworth Belt (Korsch 1977) is bounded by the Mooki and Hunter
Faults in the west, and the Peel Fault in the east. It formed
between a volcanic system along its western side, and a
subduction complex, now called the Tablelands (or Central)
Complex (Korsch, 1977), on its eastern side (Fig 3.1).

The Tamworth Belt was a region of continental and shelf
deposition (Roberts and Engel, 1987) and it existed from the
upper Devonian through to the Permian. During the Lower
Carboniferous, the southern part of the Tamworth Belt, in the
region of the study area, ignimbrites from the volcanoes in
the west, were frequently emplaced and interbedded with fluvial
volcanicastic sediments. The Carboniferous sea encroached into
the area from the east and marine siltstones and mudstones, of
equivalent age to the ignimbrites and interbedded fluvial
sediments, indicate that the sea progressively deepened towards
the east.

The Tablelands (Central) Complex, during the Lower
Carboniferous, 1is described as having been a continental slope
and basin province (Day et al., 1978; Roberts and Engel 1980),
at which time it received mainly deep ocean sediments, which
are preserved as a typical subduction complex (Cawood,1982 and

Fergusson, 1984).
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FIGURE 3.3

Schematic time-stratigraphic section of the southern Tamworth Belt to show
the respective positions of the ignimbrite units referred to in this paper
(after Roberts and Engel 1987) .

A convergent plate boundary with a westward dipping
subduction zone is generally believed to have shaped the New
England Orogen and the volcanoes along the western side of the
Tamworth Belt have been assumed to be a consequence of the
subduction. Leitch ((1975) described the source of the volcanics
rocks, which crop out along almost the entire western edge of
the Tamworth Belt, as a volcanic chain, which lay to the west
trending parallel to the subduction zone. This chain of
volcanoes was named the Kuttung (continental volcanic) Arc by
Harrington and Korsch (1985).

In the study area, the western boundary of the Tamworth
Belt 1is the Hunter Fault (Fig 3.1) and along this fault the
Lower Carboniferous Tamworth Belt succession has been brought
Jjuxtapose to the younger Permo-Triassic coal-bearing
sedimentary strata of the Sydney Basin.

The Tamworth Belt succession, 1including the ignimbrites,
is gently folded and highly fractured by a system of faults,
with one set that runs parallel to the Hunter Fault and

another that runs oblique (NNE) to it. As a consequence,
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ignimbrites crop out discontinuously (Fig 3.2), with exposures
occurring in separate fault-blocks. Although the ignimbrites
that crop out closest to the Hunter Fault do so almost
continuously along the length of this part of the Belt. Figure
3.3 illustrates the stratigraphic position of the ignimbrites
in the study area and the relationship between them and the
Lower Carboniferous terrestrial and shallow marine succession

in the Tamworth Belt.

3.4 METHODS AND TECHNIQUES

3.4.1 Determination of Flow Lineations and their Statistical
Significance

Measurements of preferred flow aligned structures in the
ignimbrites were made using a method derived from the work of
Elston and Smith (1970) who measured crystal and pumice
orientations in oriented petrographic thin sections. Large sawn
slabs of ignimbrite were substituted for the thin sections and
the same kind of measurements were made on them according to
the methods described in Appendix III. The slabs were cut
parallel to the bedding (plane of flattening) of the unit and
by using a specially adapted binocular microscope a tally of
the orientations of prismatic crystals and elongate pumice
clasts on the slab surfaces was compiled. The data was then
analysed using the same vector method as Elston and Smith
(1970) which determines a lineation vector mean, and vector
strength, and the Tukey Chi Square Test (see Middleton 1965)
was applied to assess the significance of the resultant mean.
As in all previous flow direction studies of this kind (Elston
and Smith 1970; Rhodes and Smith 1972; Suzuki and Ui 1982) a
90% probability level whereby (Tukey) Chi-square for two
degrees of freedom 1is greater than 4.61 1is considered
statistically significant. Or in other words, the data was
rejected if the Chi-square value was less than 4.61. The vector

mean is taken to represent the flow lineation and it is this
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FIGURE 3.4

The Curra Keith (rhyolitic) ignimbrite from a medial-distal location of
its outcrop, showing small orange-stained plagioclase crystals in a beige
coloured shard-rich matrix. The circular features are a common feature in
this 1ignimbrite, and they have been dubbed “bloodspots® . They are in
fact, orange-red, hematite-stained centres surrounded by black Fe-oxides
that have formed during alteration. (MU 36436, G.R. Woolooma 177537) .

vector that 1is plotted on the accompanying maps. The vector
magnitude is a measure of dispersion about the vector mean
where, a value of 100% 1indicate perfect parallelism of all

lineations and o% indicate completely random orientations.

3.4.2 Determination of Flow Directions

The Tflow directions (azimuths) of the ignimbrites were
determined using the criteria described by Elston and Smith
(1970) and Rhodes and Smith (1972) and these include @)
Forked-shaped glass shards, where one prong, Jlonger than the
others, points away from the source; (@ Penetration effects,
where pumice fragments are deformed by more rapidly moving
crystals orientated in the direction of Fflow; (3 Blocking
effects, where small particles pile up behind larger, slower-
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Flow lineations and azimuths determined for the Curra Keith
ignimbrite.
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moving fragments; (4) Spimdilkeshhppdd objexttss which are
aligned parallel to the flow lineation with their blunt ends
facing toward the source; (5) Eddy effects similar to those
reported by Cummings (1964) in rhyolite 1lavas, where large
fragments develop eddy currents on their leeward sides; and
(6) Imbrication of crystals and clasts, where they dip back

towards the source.

3.4.3 How the Source Areas were Located

To locate the position of the source vents of the
ignimbrites the flow lineation vectors were projected in the
opposite direction of the determined azimuths (flow directions)
until they intersected. Due to a well developed radial flow
pattern in the ignimbrites (see later) the points of
intersection clustered in confined areas and as only a certain
number of intersections (I) are possible from any given number
of lines (n); then I = n! - n , and contours of percentages of
the total possible intersections could be constructed. A 50%
contour was first constructed about the greatest cluster of
points and a 25% contour was drawn around the area of maximum
concentration within the 50% contour.‘The source vent for the
ignimbrite is assumed to have been 1located within the
constructed contours and the area within the 25% contour is
favoured to contain the vent and it is thus called the source

area.

3.5 IGNIMBRITES AND THEIR SOURCES

3.5.1 Curra Keith Ignimbrite

The Curra Keith ignimbrite (Fig 3.4) was emplaced in about
the middle Viséan (Fig 3.3) and it is the oldest ignimbrite
considered in this, as well as any other study, of flow
directions of ignimbrites. It outcrops against the Hunter Fault

northeast of the township of Muswellbrook and it extends to the
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No of Av Tukey Av Vector Total Total

Ignimbrite Samples Chi-Sq Strength  Area Grain
(%) (cm?) Counts

Curra Keith Rhyolite 34 (1) 37.72 45 2952 3118
Qakfields Rhyolite 28 (1) 41.87 48 2485 2467
Martins Creek Dacite 27 53.28 57 3277 2523
Port Stephens Rhyolite 29 51.60 56 4501 2350
Nelson Bay Dacite 11 48.00 55 1819 932

(1) = number of samples not significant at 90% confidence level.
TABLE 3.1

Summary of the flow lineation data obtained from the Lower
Carboniferous ignimbrites from the Kuttung Arc in the southern
part of the Tamworth Belt.

IGNIMBRITE DISTANCE (km) VOLUME (km3)

Fish Canyon Tuff (USA) 100 3000
Upper Bandelier Tuff (USA) 30 200
Valley of Ten Thousand Smokes Ig. (USA) 22 12
Mount St. Helens (USA) 8 10
Rio Caliente Ignimbrite (S.America) 20 30
Puricipar Ignimbrite (S.America) 35 100
Aso III pyroclastic flow deposit (Japan) 70 175
Ito pyroclastic flow deposit (Japan) 80 110
Hakone pyroclastic flow deposit (Japan) 18 15
Taupo Ignimbrite (NZ) 80 30
Whakamaru Ignimbrite (NZ) 48 150
Bali Ignimbrite (PNG) 410 20
LOWER CARBONIFEROUS IGNIMBRITES *
Curra Keith Ignimbrite 30 45
Oakfields Ignimbrite 40 90
Martins Creek Ignimbrite 60 150
Port Stephens Ignimbrite 45+ 120
Nelson Bay Ignimbrite 45+ 85
TABLE 3.2

Minimum distances traveled and bulk volume estimates of some better known

ignimbrites (Compiled from Tables 8.1 and 8.2, Cas and Wright 1987).

* vVolumes of the Lower Carboniferous ignimbrites are only estimates as
they have been determined by calculating the volume of the exposed
ignimbrite out-flow sheets, which were then amplified to account for
an original circular distribution. The volumes of any caldera-fill
deposits are incalculable.
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northern and eastern edge of the Muswellbrook-Rouchel District
(Fig 3.5).

It is thickest adjacent to the Hunter Fault where it has a
measured minimum thickness of 80 metres in the MCCullys Gap
area, and it thins to about 10 to 15 metres in its most distal
outcrops. The Curra Keith ignimbrite has a rhyolitic
composition (Chapter 4.5) and it characteristically contains up
to 25 modal % orange (and in some cases white), sericitised
andesine (An3(-An3g) crystals and phenocryst fragments (Fig
3.4) set in a beige coloured matrix. Biotite crystals are also
present but they have been partially or totally replaced by
chlorite and opaque oxides. The crystals are most commonly
crystal fragments. The matrix is wholly devitrified to a finely
crystalline mosaic of sericitised feldspar and opaque dust
which partly masks an original, partial to densely welded
vitroclastic microstructure. The most characteristic feature of
the Curra Keith ignimbrite is that it contains little coarse
material with only rare lapilli-sized pumice and 1lithic
fragments throughout its entire outcrop.

Statistically valid flow lineations were determined from
33 of the 34 collected samples of the Curra Keith ignimbrite
with a collective total of 3,118 grains measured on a total
surface area of 2,952 cmZ2 (Table 3.1). The flow lineations show
a distinct fanning arrangement through a sector of 120 degrees,
from a northerly trend in the northern part of the
Muswellbrook~Rouchel District around to the southeast in the
southern part, with flow directions towards the east and
northeast (Fig 3.5). Sample numbers 413, 414, 437 and 438 do
not fit the main fan shape and here the flows direction may
have been influenced by a channel, cut in the alluvial plain
(Chapter 2.8.6), on which the ignimbrite was emplaced.

Ten flow lineations from another ignimbrite in the
Muswellbrook-Rouchel area (the MCCullys Gap ignimbrite) (Fig
3.5) follow a similar fan-shaped pattern to that of the Curra

Keith ignimbrite. These two ignimbrites appear to have had a
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FIGURE 3.6

The Oakfields (rhyolitic) ignimbrite from a medial location of its
outcrop, showing Tflattened pumice clasts and abundant plagioclase
crystals. Vector shown is the flow direction (vector mean) determined from
this specimen. (MU 36462, G.R. Dawsons Hill 129286) .

common source area.

The 1intersection points of the lineations from the Curra
Keith ignimbrite (and McCullys Gap ignimbrite) cluster well and
their source area is determined to be centered about 4 kms
north of Muswellbrook.

The most proximal outcrops of the Curra Keith 1ignimbrite
thus occur in the McCullys Gap area, about 7 km from the
determined source area and the most distal outcrops occur 1in

the Gundy, Upper Rouchel area about 30 km from source. The
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Flow lineations and azimuths determined for the Oakfields Ignimbrite.

78



CHAPTER 3 - Lower Carboniferous calderas

Upper Bandelier Tuff traveled at least 30 km from its source
(Elston and Smith 1970), the Valles Caldera, and for further
comparison, the travel distances of some Cenozoic ignimbrites

are presented in Table 3.2.

3.5.2 Oakfields Ignimbrite

The Oakfields ignimbrite (Fig 3.6) is a purple coloured,
cliff-forming unit that outcrops with a similar distribution to
the Curra Keith ignimbrite, except that it is more extensive
in the southern parts of the Muswellbrook-Rouchel District. It
has a similar rhyolitic composition to the Curra Keith
ignimbrite (Chapter 4.5), is at least 70 metres thick and is
distinctive in having orange crystals and abundant lenticular
pumice clasts (Fig 3.6) in a conspicuous purple coloured
matrix. Thin section examination of this ignimbrite reveals a
considerable variation in the degree of welding although the
matrix generally has a distinctive eutaxitic (often deformed)
texture and the crystals which form up to 20 modal % of the
ignimbrite consist essentially of orange (zeolitised-
sericitised) andesine, and biotite now largely altered to
chlorite and opaque oxides. Lenticular pumice clasts form up to
35 modal % of the ignimbrite and accidental lithic fragments
constitute up to 15 modal % of the ignimbrite in the lower
parts of the flow.

Welding in the Oakfields ignimbrite occurs in similar
zones as those described by Smith (1960). In the thickest
parts of the ignimbrite the greatest degree of welding
(flattening) of pumice and shards occurs about 10 metres above
the base of the ignimbrite, and both welding (and flattening)
of pumice decreases tow